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ABSTRACT

A hierarchical approach to production planning for complex manufacturing sys-
tems is presented. A single facility comprising of a number of work-centers that
produce multiple part types is considered. The planning horizon includes a sequence
of time periods, and the demand for all part types is assumed to be known. The pro-
duction planning problem consists of minimizing the holding costs for all part types
as well as the work-in-process, and backlogging cost for the end items. We present a
two-level hierarchy that is based on aggregating parts to part families, work-centers
to manufacturing cells and time periods to aggregate time periods. The solution at
the aggregate level is imposed as a constraint to the detailed level problem which
employs a decomposition based on manufacturing cells. This architecture uses a
rolling horizon strategy to perform the production management function. We have
employed perturbation analysis techniques to adjust certain parameters of the opti-
mization problems at the detailed level to reach a near-optimal detailed production

plan.

INTRODUCTION




Production planning consists of determining the quantities of products to man-
ufacture in a sequence of time periods in order to optimize a certain criterion while
satisfying constraints such as capacity of resources. This problem is further com-
plicated by endogenous (e.g. resource failures) as well as exogenous (e.g. delayed
receipts of raw material and unexpected changes in demand) random events. The re-
sulting optimization problem is extremely large and complex. Maxwell et al. (1983)
stress the need to develop and implement a generic production planning system by
stating: “Billions of dollars are wasted in US each year by manufacturers of discrete

parts because of inadequate procedures for controlling inventory and production.”

Two distinct approaches to production planning have been adopted in the litera-
ture. The first is a monolithic approach, wherein the entire problem is formulated as
a large mixed-integer linear programming-type problem. The second is a hierarchi-
cal approach which partitions the global problem into a series of sub-problems that
correspond to different hierarchical levels and are solved sequentially, such that the
solution at each level imposes constraints on the solution of the subsequent lower level.
The major advantages of the hierarchical approach are: (i) reduction of complexity,
and (ii) gradual absorption of random events; for other advantages see (Dempster et

al., 1981).

Hax and Meal (1975) conducted some pioneering work in the area of hierarchical’
production planning (HPP). They considered a multi-plant firm with four decision
levels. The highest level performs the distribution of products to individual plants,
and is solved once. The next three decision levels address the management of a single
plant. The concept of a rolling horizon is employed to perform repetitive open-loop
optimizations. Bitran and Hax (1977, 1981) further refined Hax and Meal’s method-
ology for a single stage production system and Bitran et al. (1982) extended this
methodology to a two-stage process. These models considered three levels of aggre-
gation for products: (i) items, (ii) families, and (iii) types. Graves (1982) adopts a

different approach to the problem and introduces feedback between decision levels.



Following the product aggregation scheme of Hax and Meal, the problem is formu-
lated as a monolithic mixed integer program, which is decomposed by Lagrangian
relaxation. The best values of the Lagrangian multipliers are determined by an iter-
ative procedure which may be interpreted as a feedback mechanism in the Hax-Meal
framework. Aardal et al. (1990) present another hybrid approach to the mixed inte-
ger problem suggested by Graves. It is emphasized that the Hax and Meal model, and
its extensions, are based on a special cost structure, and the proposed aggregation
schemes are relevant to only a particular class of production systems. Furthermore,

no spatial and time decompositions of the production system are proposed.

Axsater (1981), Hillion et al. (1988), Meier (1989), Nagi (1991), Thompson and
Davis (1990) and Thompson at al. (1993) address a double aggregation scheme over
products and machines, where at the top layer the entities of relevance are machine
cells/departments and part families. This class of literature does not address ag-
gregation of time periods. Mehra et al. (1993) have addressed aggregation of time
periods, but for single work-center case. Gabby (1975), Erschler (1986), Saad (1990),
Pienkosz and Toczlowski (1993) derive necessary and sufficient conditions for the con-
sistent disaggregation of the Hax and Meal model. The sub-optimality issues have

been addressed by Dempster et al. (1981).

Designing an HPP system which is optimal for a given manufacturing system re-
mains an open problem. To address this issue we propose a two-level hierarchy which
is based on aggregating parts to part families, work-centers to manufacturing cells and
time periods to aggregate time periods. The optimization problems at the aggregate
and detailed level of the proposed hierarchy have been formulated. The solution at
the aggregate level is imposed as a constraint to the detailed level problem which em-
ploys a decomposition based on manufacturing cells. This architecture uses a rolling
horizon strategy to perform the production planning. We adjust some parameters at
the detailed level to obtain the best possible performance of the HPP system. These

parameters are typically related to local decisions at each level, which cannot be de-
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rived from the solution of the previous upper level. We propose an iterative approach
that is closely linked to Perturbation Analysis (PA) to determine near optimal values
of these parameters.

We determine cost gradient estimates with respect to parameters of interest and
use them to obtain to obtain near-optimal values of the parameters. We have pre-
sented a numerical example to demonstrate the effectiveness of the proposed hierar-
chical approach. To the best of our knowledge, it is the first time that simultaneous
aggregation of parts, work-centers, and time periods is considered, and PA is employed

in HPP systems.

HIERARCHICAL PRODUCTION PLANNING

In this section, we present a two-level problem to illustrate the proposed hierarchi-
cal production planning approach, which is based on a triple aggregation scheme: (i)
parts are grouped into part families, (ii) work-centers are grouped into manufacturing
cells, and (iii) elementary periods are aggregated into sub-periods.

The two levels in the proposed hierarchical structure are (i) the aggregate (or
high) level that plans production for part families on cells within sub-periods and
(ii) the detailed (or low) level that computes the disaggregation of the high level
solution to determine the production plan for part types on work-centers during
elementary periods. At the high level, the criterion is both to minimize inventory
costs related to inter-cell work-in-process (WIP) as well as to families of finished parts,
and backlogging costs for families of finished parts. At the low level, the criterion
is to minimize both the inventory and WIP costs of finished part types as well as
backlogging costs of finished parts. Thus, we introduce a hierarchy among inventories;
priority is given to inter-cell and end-product inventories. The disaggregation is
performed over a short term horizon, z (z < H where H is the planning horizon).
Production planning is usually performed on a rolling horizon basis. That is, although

the high level solution is computed over H, only a part of it (over z) is implemented,
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followed by a recomputation of the plan after z based on the actual state of the system.

This is done in order to incorporate the future demands/forecasts progressively.

The aggregation approach and the hierarchical production planning problem are

discussed below.

Problem formulation

We consider a single manufacturing facility consisting of a number of manufac-
turing resources or work-centers. A number of part types are manufactured in the
facility. Each part type is produced following a certain routing or a sequence of oper-
ations, each operation is performed on a particular work-center. The processing time
of each operation is given; set-up times are ignored in this treatment.

We limit ourselves to a two-level hierarchy in order to present the proposed ap-
proach design method and to evaluate its effectiveness. In this paper we assume that
the temporal aggregation has been defined a priori. Furthermore, the aggregation of
parts to families and machines to cells satisfy the following: (i) Parts belonging to the
same family follow a common sequence of cells during their manufacture. Note that
it is not necessary for parts to follow the same machine sequence. (ii) Parts belonging
to the same family have similar processing times within each cell. This requirement
will result in homogeneity of flows. We consider a planning horizon H consisting of
Z sub-periods (aggregate time periods). Each sub-period is divided into z elementary
periods (detailed time periods) of duration T each. Parts are due and new orders
arrive at the beginning of these elementary periods. T is supposed to be much larger
than the maximal amount of time needed to perform one operation. Furthermore,
z x T, which is the duration of a sub-period, is much larger than the time needed to
complete the set of operations performed on any type of part in any cell. We also
assume that: (i) at most, one operation related to a given part is performed during

one elementary period, and (ii) a part visits at most one cell during each sub-period.

The production planning problem consists of determining the number of opera-



tions of each part type to be performed on the work-centers during each elementary
period of the planning horizon in order to minimize the total inventory holding and
backlogging costs. The notation employed in this problem is as follows:

(i) P = {p1,p2,---,pn} is the set of N part types, (ii) M = {mq,mq,...,my} is the
set of M work-centers, (iii) R; is the manufacturing routing, i.e. the sequence of
operations that part type p; must undergo. The total number of operations required
for part type p; is denoted by nj, (iv) I;, is the holding cost of one unit of part
type p; for one elementary period after its w-th operation is completed, (v) B; is
the backlogging cost of one unit of finished part type p; for one elementary period,
(vi) t;,, is the processing time of w-th operation of part type p;, (vii) &;,(7) is the
indicator function; assumes a value equal to 1 if machine m; is required for w-th
operation of part type p;, and 0 otherwise, (viii) df is the external demand of part
type p; at the beginning of the k-th elementary period, and which must be satisfied
by the end of that period, (ix) sf‘o is the raw-material inventory for part type p, at

the end of k-th elementary period, (x) S%,w is the initial inventory of part type p, at

k

the end of w-th operation (at the beginning of the first elementary period), (xi) s7,,

is the inventory of part type p; at the end of k-th elementary period and at the end
of w-th operation after satisfying the demand; negative values indicate backlog, (xii)
uf’w is the production volume of part type p; related to the w-th operation on pj,
during the k-th elementary period.

The problem can be formally modeled by the following linear program:

(Problem P1 ) minimize
Zxz N ny X X
> 3 { (35 o alt) + B x =)} )
k=1 j=1 \ \w=1
subject to:
s";,w = sf,;l + u_’;,,w - u.’;’w s (2)
k k=1, ok ik
Jiny DTy + uj’nj (17’ (3)




forj=1,2,...,.N,k=1,2,...,Z x z in constraints (2) — (6);
for w = 1,2, ...,n; in constraints (5) — (6);
for w=1,2,..,n; — 1 in constraint (2);

for i =1,2,..., M in constraint (4);

The symbol [e]* implies max{0,e}. The objective function (1) consists of both (i)
the inventory holding costs of work-in-process (for w = 1,2,...,n, — 1) and finished
parts (w = n;) and (ii) the backlogging costs of finished parts over the entire planning
horizon. Constraints (2) and (3) represent the state equations of the inventory levels.
Note that the inventory level at any operation of a part is only updated at the end of
the elementary period. Also, no more than one operation can take place on a specific
part in a single elementary period. The capacity constraints on the work-centers
for all the elementary periods of the horizon are represented by (4). Constraint (5)
denotes that the total instances of an operation on a certain part within an elementary
period cannot exceed the number of parts contained in the upstream buffer at the
end of the previous elementary period. Finally, (6) represents the non-negativity of
production.

Note that although the objective function in (1) is non-linear, it can be trans-

formed into a linear one by adding constraints as shown below.

Zxz N ™y

minimize S Y3 PE,

k=1 j=lw=!l
subject to :



k
Pj’w 2 Ij,w X S?»w; w=1,2, ey Ty (7)

Pﬁnj > —B, x Sf,nﬁ (8)
P;fw >0; w=1,2,..,n; (9)

forj=1,2,...,N,k=1,2,...,Z x z in constraints (7) - (9).
where P;fw is the inventory/backlogging cost related to the w-th operation and to the
k-th elementary period.

Although this LP problem is simple to formulate, there are several reasons why
it cannot be solved easily or implemented in practice: (i) the LP is of a very large
dimension for a typical manufacturing system and planning horizon, (ii) detailed
information about the demand of part types is not known for the entire horizon,
(iii) the demand is subject to change due to order cancellations and acceptance of
new orders, and thus the monolithic formulation requires frequent recomputation and
excessive computation time, (iv) this formulation does not allow random events to be
absorbed with a computation effort proportional to the impact of the random event,
and (v) this formulation does not allow different criteria to be used at different levels
of hierarchy.

These problems necessitate a hierarchical approach to the production planning
problem. In addition, the hierarchical structure is parallel to a corporate management
hierarchy and thus provides significant assistance to the overall management function.

The following paragraphs outline the hierarchical approach.

Aggregate level problem

The problem at the aggregate level considers the production planning of part fam-
ilies on manufacturing cells during sub-periods of the planning horizon (H). Notation

related to the aggregate level is as follows:




(i) F = {p1, P2, ....Px} is the set of N families; note that N < N, (i) C =
{c1,c2,.., e} is the set of M manufacturing cells; note that M < M, (iii) 7' x z
is the length of a sub-period, (iv) ﬁf is the macro-manufacturing process, i.e. the
sequence of macro-operations a part family 5 must undergo, where, 7is represents
the number of macro-operations, (v) I 7, 18 the inventory cost of one part unit in
representative family p; after the g-th macro-operation of p; is completed, (vi) By is
the backlogging cost of one part unit in representative family 5 at the final production
stage, (vii) ﬂ}fq is the production volume of parts in family p; related to ¢g-th macro-
operation during the s-th sub-period, (viii) 7§, 1s the processing time related to g-th
macro-operation of one unit of part type in representative family p; during the s-th
sub-period, (ix) D} is the demand of parts in family py at the beginning of the s-th

sub-period and is given from

Df = Z > dk. (10)
k=(r-1)xz11 j € Py

The macro-manufacturing processes (macro-routing) are developed from aggre-
gating work-centers into cells according to the aggregation rules presented above. In
order to obtain this aggregation, we consider the routing of each part j € gy, R;, and
we define a set of fy subsets (sub-routings) { RY;q =1,2,...,72;} where ¢ is the rank
of the macro-operation in the macro-manufacturing process of family p;. Note that
several value of ¢ may correspond to the same cell. Each sub-routing 72;’ corresponds
to one of the cells visited by part p;, and alternatively, each sub-routing corresponds

to one macro-operation of its family p;. That is:

nf
Rj= U R}, and R§(\R) =0, for a #b.

g=1
Note that R;l corresponds to the g-th macro-operation of family p;, if j € p;. Let
Z(j, g) be the last operation of the sub-routing R; and Z(j, q) be the set of operations

of Ri, except the last one.



The computation of inventory/backlogging costs and processing times for families
can be obtained from Eqs. (11) - (13). In fact, these parameters depend on the
production volume of the part type u . However, since the production volumes are
known only after solving the detailed level problem, we use the weighted average of

the costs and processing times with respect to the parts demand, i.e.,

.= (Dj HR"H) YOOY #x T b (11)

(k—1) xz+1] € Py weRg
-1
_ Zxz Zxz
By = S (d* x B;) (12)
k:ljeﬁj k::ljepj
-1
_ ZXz . ZXz "
I, = d! (¢ x L) (13)
“=ijep ) Ejen
for w € Z(j, q) in Eqn. (13).
The symbol [|-]| represents cardinality. The aggregate level problem can be for-

mally stated as a linear program similar to P1. The problem consists of deter-
mining the production @}, over the entire planning horizon for all families at each
macro-operation. The production parameters at this level (inventory/backlogging
cost, processing time) correspond to macro-operations of families over sub-periods.
The criterion at the aggregate level is minimization of: (i) the inventory holding costs
of work-in-process between cells and finished families, and (ii) the backlogging costs
of finished families, over the entire planning horizon. The inventory is estimated at
the end of each sub-period (instead of elementary periods in P1) for all part families
f € F at the end of each macro-operation. The capacity constraints of the aggregate
level problem are applied to cells for all sub-periods of the planning horizon. The

aggregate level problem is presented in Chu et al. (1993).

Detailed level problem
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The detailed level problem consists of determining the production plan for part
types on work-centers during elementary periods of the first sub-period. Recall that
we solve only the first sub-period in our rolling horizon approach to determine the
production volume uf,w (for the w-th operation of part type p,, during the k-th
elementary period; k£ = 1,2, ..., 2), respecting the aggregate high level solution ﬂ},q.
The criterion is to minimize the holding cost of all part types (end items and work-in-
process), and backlogging costs for end items over the first sub-period. In addition,
the low level problem adopts a decomposition-based approach in which the overall
planning problem is solved by considering the manufacturing cells independently.
This is also referred to as spatial decomposition and is consistent with CIM industrial

practice. In order to make the problem definition concise we have defined some sets

presented below.

G(j,v) represents the set of operations for part p; that are performed in cell c,.
Let J(j,v) be an indicator function which takes the value of 1 if the last operation in

the routing of part p, is performed in cell ¢, and 0 otherwise.

Since, the demand for part types is known only for the cell that is in charge of
the final stage of the manufacturing process, we define the parameters o (j € py) as

the ratios of the expected production u*

5w of part type p; to the expected production

of parts in family 5, during the k-th elementary period, where k = (k — 1) x z +

1,...,6 %z

k
o u =,
of =22 wel(jq) (14)
Ufg

Note that;

' Z af’q =1; (15)

For each cell ¢,, where ¢, € C, the detailed level problem can be formally stated by

the following linear program:
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(Problem P2(v))

z N
mintmaize ZZ Z I % [8.];,w]+ +
k=1j=1 weg(j,?))

B, x J(j,v) x [—s* +)

j,TLJ
subject to :
k k-l k ko
Sjw = Sjw T Yiw ~ Yjwld

for w € G(j,v) such that (w + 1)-th operation is not performed in ¢,

ko k-1 E gk,
Siw = Sy + Uy d]"

if the last operation of R; is performed in ¢,

ko _ k-1l k k

. 1
Siw = Sjw T Ui — Qg gq1 X Ug gy

(16)

(18)

(19)

forw # njand w € Z(4,q); g being the index of macro-operation for part p, performed

in ¢,

N
> Y {0l xub, x W) ST ica

j=1 weg j, ’l))

k k-1

g < Sya—1> w € G(j,v)

zZ
Z Z u?,n] :’H’}',ﬁf; fer

k=lj € Py

if the last macro-operation of Ry is performed in c,;

z k4
ko _ -1 k .
Z Uy = Upy x Z &5 45
k=1 k=1
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for all macro-operations of R, performed in ¢,; w € Z(j, q)

uf’w > 0; w € G(j,v) (24)

forj=1,2,..,N; k=1,2,...,z and j € py in constraints (17)-(19), (21), (23), (24);
for k =1,2,...,z in constraints (20),(22).

The objective function (16) consists of: (i) the inventory holding costs of work-in-
process, and (ii) the holding and backlogging costs of finished parts, over the first sub-
period. Constraints (17) to (19) represent the state equations of the inventory levels.
The capacity constraints on the work-centers m; belonging to cell ¢, for all elementary
periods of the horizon are represented by (20). Constraint (21) denotes that the total
instances of a certain operation in an elementary period cannot exceed the number
of parts present in the upstream buffer at the end of the previous elementary period.
Constraints (22) and (23) denote the production volume constraints imposed by the
aggregate level. Constraint (22) represents the cumulative production of family py
related to the n;-th operation for the entire first sub-period. This value is imposed by
the solution of the aggregate level problem. Constraint (22) is applied only if macro-
operation fiy is performed in cell ¢,. Constraint (23) represents the production of
part p; related to the last operation in sub-routing ’R;’ for the entire first sub-period.
This value is determined from the solution of the aggregate level problem and the
parameter alpha for that part type summed over the elementary periods of the first

sub-period. Constraint (24) represents the non-negativity of production.

In this formulation, we observe that the demand is known only for the cell that is in

charge of the final stage of the manufacturing process. Thus, we use the parameters

af,q (see constraint 19) to determine the demand requirement of parts during the
intermediate macro-operations. A perturbation analysis-based algorithm is used to
determine the near-optimal value of these parameters. This algorithm is presented

below.
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GRADIENT ESTIMATION USING PA

As seen in the previous section, the optimization problems P2 at the detailed level
include the control parameters af,q the value of which are not known a priori. We seek
to obtain the near-optimal value of these parameters by adjusting them iteratively. To

obtain the new set of of

74> which reduces the cost function, we evaluate the gradient

of the cost function with respect to these parameters at each iteration.

To estimate these derivatives efficiently we use Perturbation Analysis (PA). Con-
sider the optimal value of cost function (16), say Y, which is a function of vector of
random parameters . ¥ = Y(a) where a = [aﬁq] iq=1,2,..,05j€ f€F,k=
1,2,...,Z x z. While using PA the optimization is done by recursive reassignment of

the control parameter vector a to the series of random vectors {a, }°_, as follows:

a™! = o™+ A4, VaY(a™).

Here ?aY(a’") is the estimate of the gradient and A,, = diag[al,,...ak].

Blum (1954a, 1954b) has shown that if we define the sequences {a¢ }&_,, @ =
1...k such that lim, e a, = 0,Vi; 0, a8, = o00,Vi; 22 (a},)? < o0,Vi and
VaY () is an unbiased estimate of VoY (), then the sequence {a™}%_, con-
verges asymptotically to at least a local optimum of Y. For our simulation we chose
ai, = ab/m,Vi which satisfies all the conditions discussed above.

The gradient estimation proposed in this paper is carried out in two steps. We

first perturbed the parameters 35,

k=Kxz

K __ k
'Bj,q - Z &g

k=(K—-1)xz41

of each sub-period and estimate the value of the gradient /V\IBY(,B’”) such that the
inventories of parts at the end of a macro-operation remain same at the end of all
successive sub-periods. Secondly, we perturb parameters c and estimate the value of

the gradient /V\aY(am) such that the part inventories at the end of a macro-operation
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remain invariant at the end of that sub-period, and all successive sub-periods. The
small perturbations are represented by Aﬁfq and Aaf,q for the first and second step,
respectively. In this paper, we present the procedure for the gradient estimation of
the second step. The gradient estimation of the first step can be performed in a

similar manner.

Gradient estimation w.r.t parameters «

Consider the parameters Aa¥ . |, such that Eq. (25) is satisfied.

7.0+
k=KXxz
Y. Adk,=0; Vg (25)
k=(K-1)xz+1
Note that Aaf ., may have both positive and negative values. Let As¥ (w € Z(j,q))
be the change in inventory 5 » due to perturbations Aa7 o+1- 1t will be seen below
that due to Eq. (25), the eﬁ"ect of Ao ik =(k—1)xz+1,...,k X z is limited

to inventories of part types related to operations w € R;’ which are performed during

the k-th sub-period. The change in inventory s¥,,, (w € Z(4, q)) due to perturbations

Aok (k= (k—1)xz+1,...,6 X z) can be obtained from Eq. (19) as follows:
K—1)xz+1 L
As;w = A 4, q+1) X Ufgpr
K—1)x 242 K—1)xz+1
Asg,w )x2 = (Aa§ lH'l +
K—1)xz+2\ _
Aoz.g,q“)x ) X Uf 1
Furthermore from Eq. (25)
Kxz _ (K—1)xz+1 K—1)x242
Asir = — (A P 4 AeiT DR
(F=1)xz+3 K _K
Dajgr -+ Day) qx+z1) X Ufgt1

= 0

Substituting the new value of inventories in criterion (16) and taking derivatives, we
get

QDX+l
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_ ([ g;::v 1)><z+l+A (K— l)xz—H] + [5(’” 1)><2+2+A (K- 1)><2+2] 4+ ..+

Jw
K,xz 1+A :“$J><z1o X—Iﬁ) x I.
Sjw ‘5 Uf g+t Jw

6Y/8 fﬁ 1)XZ+2

Jtl+1
([ A

<
Kxz—1 HKxz—1 =K
[sj,w + Qs ] > X e X L

aYy/ aaf;jfl =~ 0
where

1if sk, + A'Syw > 0 and AS,’;,w #0

7,0
o

[ + AS] w} = 0if Asw =
—o0 if 5]w + Aa]w <

Note that the inventory at the end of the x x z-th elementary period does not change
by Ao (IZ+PXZ+1 Aa]'fllxlz i.e. Asfu? = 0. Hence, the impact of Aa¥ ., which
satisfies Eq. (25) is local and it effects only the production volume of the part-types
corresponding to the macro-operation and sub-period under consideration.

To illustrate the procedure of gradient estimation with respect to variable Aaj -

we consider the following example. Let for part type j € py, s;w = 80,3_7,w =
50,82, = 20,z = 3,a},, = 100. If Aej,,, = 02,Ad2,,, = —0.15 and
AaJ ¢+1 = —-05, then from the above equations, the values of change in inventories

are - Ask, = —(0.2) x 100 = —20; As?,, = —(0.2— 0.15) x 100 = —5; As?, = 0, and
the value of gradients are - 0Y/dq; ., = —200;9Y/d02 ,, ) = —100;0Y/dad ;) ~ 0.

Algorithm to update « iteratively

We present an algorithm to update the value of the parameters a. We first

evaluate perturbations AfJ] dnd then perturbations Aa

Algorithm APA

A. Update parameters (3
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B. Update parameters o
Step 1: Estimate Gradient with respect to parameters a}",q

forallpe F,q=1,2,...,ny—land k=1,2,..., 72

e choose a value of variable ss (ss = stepsize)

e estimate the value of Asg'fu Dxatl Asg-ffu_l)xz“*l (w e Z(4,9))
e estimate the value of (9Y/6a§flﬁ)xz+l ., Y /O §’Z+f xzhaol

Step 2: Sort Positive and Negative Gradients

Let
W:(]) — {k ]GPI,OY/O(MI‘ >0,a;‘q760;

Vee{(k—1)xz+1,...,6x 2}}
WZ(]) — {k ] € ﬁf, aY/OCV;Q,(I <0
VEe{(k—1)xz+1,...,6x z}}
K4 1 1 —k —ak
Wi(j) ¢« min {mmkqu(j)(l @),

D
oI V) }
Step 3: Estimation of Aa‘,

( =%
8Y/8a§"‘ 5o min(ss, Wr(4)) if k€ W (4)
Z == . 0Y/ oy,
kqu(j)
aY/aaf'q . Py . TR, -
Aot —{ B0 min(ss, Wr(5)) if k € W(4)
kqu(j)
0 if 9Y/dak, > 0
\ and a.;?"q =0
. Ak
e of = (a;?,q + Aa;?,q) X (1 + —R‘—iﬂm‘ )

Step 4: Analyze

if of, > 1 then
o 55+ §5/2;
o W) ¢ WiG)/2
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e go back to Step 2

ALGORITHM FOR HPP

In this section we present the algorithm used to solve the production planning
problem. In this approach, the aggregate level optimization problem is solved first.
The detailed level problems are then solved for all manufacturing cells at the beginning
of each sub-period. The gradient estimates of the cost function Y («) are carried
out by the algorithm APA. A rolling horizon technique is employed to adjust the
production plan according to the most recent forecast of the demand.

The algorithm for the hierarchical production planning based on the notations
given in previous sections is presented below.

Step 1. Estimate part-families attributes

. I_f,q,B'f,Tf’q and Df for all py € F,q € ﬁf and k =1,2,...,7
Step 2: Initialize
k

® parameters o, ;

a < 1 (first sub-period)

iter 1

o sumf(iter) < 0
o stepsize < initialstepsize
Step 3: Solve Aggregate level problem

¢ for the production values a}‘iq of part families in sub-periods Kk = a,a+1,...,a+

Z -1
Step 4: Solve detailed level problem for a-th sub-period
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e for each cell ¢, € C individually

k

e for production values u;

L Of part-types in elementary periods

k=(a-1)xz+1l,(a—1)Xxz+2,...,a%x 2z
o sumf(iter) < sum(iter)+ criterion value at detail level for all cell ¢, € C
Step 5: Roll the planning horizon by one sub-period

e Ifa=Z Then go to Step 6 Else a +— a-+1, estimate s, for all p, € P,w € R,
andk=(a—1)xz+1,(a—1)x2z+2,...,a x z go to Step 3.

Step 6: Stopping Criterion

sum(iter)—sum(iter—1)

o if sum(iter—1)

H < e where € < (.01 then stop. Production value of part

types obtained at the last iteration is the solution. Else go to Step 7
Step 7: Iterate
e iter « iter + 1
e a1

o sumf(iter) < 0

stepsize < initialstepsize/iter

e estimate new value for parameters af 0 from algorithm APA

go to Step 4

A NUMERICAL EXAMPLE

To demonstrate performance of the model and the algorithm a numerical example
is considered is considered in this section. The sample production planning problem

comprises six part types and six work-centers, which are to be managed over a horizon
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13 sub-periods. Each sub-period consists of 4 elementary periods. The routing details
of part types 1-6 are: < mg mamg >, < mg Mg Mg >, < My M3 My >, < M) Mg M5 >
, < my m3 mg mq > and < my mo ms myz > respectively. Part-types p; and ps; ps
and p4; ps and pg are grouped together to form families fi, fo and f3, respectively.
Similarly, work-centers m ; my, ms and my; ms and mg are grouped together to form
cell ¢;, 2 and ¢; respectively. For this grouping the macro-routing of parts in family
1-3 are < ¢z c3 >,< ¢ ¢2 ¢3 > and < ¢; ¢ ¢3 ¢3 > respectively.

The coefficients (constants) I, Bj, t; and d¥ of the LP were obtained using a
random number generator. s¥, = 9999 for j = 1,..,6 and k = 1,...,13; ), = 100
for j = 1,..,6 and w = 1,2,..,n, — 1. Note that a high value of s, is selected
assuming that a large quantity of raw-material is available for all part types. The
cost coeflicients and processing times were also obtained from the random number
generator. The capacity of all work-centers (T") was selected to be 750 units. The
cost coefficients, the processing times (Iy4, By, 7f,) and the initial inventory states at

k

the aggregate level are estimated from the low level parameters I, Bj, tjuw, dj, s

50
and s?’w using relations (11 - 13). For the first iteration, the value of «f is assumed
to be 0.125 for p; > j,Vj,Vq.

The numerical results for this example were obtained by executing the two-level
HPP model of section 4 on the SUN/SPARC station. The programs were coded in
C and the LPs were solved by XMP (1981). The HPP problem is solved on a rolling
horizon basis, i.e., the aggregate level LP is first solved for the entire planning hori-
zon for all aggregate time-periods. Its solution is passed through the corresponding
parameters to the detailed level LPs (see section ). These LPs are solved for each
cell separately. The planning horizon at the detailed level is one sub-period. The
monolithic LP for problem P1 was also solved. For comparison purposes it has 2080

decision variables and 3120 structural constraints.

The number of structural constraints and decision variable given by the software

are 39 and 52 for cell ¢, 104 and 80 for cell ¢q, 59 and 48 for cell ¢3, and 351 and 234

20



for the aggregate LP.

The criterion value and the computational times obtained by solving production
planning problem by the monolithic approach (Chu et al., 1993) and the HPP ap-
proach are presented in Table 1. It is emphasized that the optimality of the solution
depends on the selection of the initial step size (I'u, 1994), which is critical for the
PA portion of the algorithm. The step size should go to zero at a rate that is slow
enough to avoid premature convergence to the wrong value and simultaneously fast
enough to eventually converge. The results show that for this example the converged
solution was 3.17% away from the ”best possible criterion value” that can be obtained
if monolithic problem is solved.

However, these results should be considered as preliminary. A thorough evaluation

of the approach is currently underway.

Table 1

Comparison of HPP approach vs. monolithic approach

optimal value computational

of criterion time
(x10%) (minutes)
monolithic approach 193.85 32.0
hierarchical approach 277.02 2.4
(after first iteration)
hierarchical approach 200.05 28.2

(converged)

CONCLUSION

This paper presents a hierarchical approach for solving the production planning
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problems. Aggregation of part types, machines and time-periods is considered. A
two-level hierarchy is presented. At the aggregate level, the production planning of
part families on manufacturing cells over aggregate elementary periods of the entire
planning horizon is performed. At the detailed level, the production planning of parts
on work-centers over the time periods of the first aggregate time period is performed.
The rolling horizon strategy is utilized. Perturbation analysis is employed to adjust
some control parameters at the detailed level. An algorithm is presented that provides
a “near-optimal” solution of the HPP problem.

The proposed hierarchical scheme permits the computation of aggregate as well as
detailed production plans when detailed demand/forecast information is not known
(or considered necessary) at high management levels with long planning horizons. It
also allows absorption of random events without frequent needs of recomputation.
For faster computation, parallel processing can be also employed to solve the set of

independent detailed level problems concurrently.
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