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Abstract Fang and Qi (Optim. Methods Softw. 18:143-165, 2003) introduced a new
generalized network flow model called manufacturing network flow model for manu-
facturing process modeling. A key distinguishing feature of such models is the assem-
bling of component raw-materials, in a given proportion, into an end-product. This
assembling operation cannot be modeled using usual generalized networks (which
allow gains and losses in flows), or using multi-commodity networks (which allow
flows of multiple commodity types on a single arc). The authors developed a network-
simplex-based algorithm to solve a minimum cost flow problem formulated on such a
generalized network and indicated systems of linear equations that need to be solved
during the course of the network-simplex-based solution procedure. In this paper, it
is first shown how various steps of the network-simplex-based solution procedure can
be performed efficiently using appropriate data structures. Further, it is also shown
how the resulting system of linear equations can be solved directly on the generalized
network.
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1 Introduction

Network flows have been studied extensively by the operations research commu-
nity (Ahuja et al. 1993; Bazaraa et al. 1990). A large number of real problems en-
countered in practice can be accurately formulated as equivalent problems on some
underlying network. Network problems arise in applications in areas as diverse as
finance (Golden et al. 1979), material production and distribution (Geoffrion and
Graves 1974), and vehicle routing (Toth and Vigo 2002), to name a few. Network
problems also allow for efficient solution procedures.

The network-simplex method is one such procedure that solves network problems
by specializing the simplex algorithm for networks. Various steps of the simplex al-
gorithm have efficient counter-parts in the network-simplex method. The general-
ized network-simplex method is used to solve network flow problems that allow for
gains and losses in flows. Multi-commodity network flow problems, likewise, have
an equivalent network-simplex-based solution procedure.

Recently, Fang and Qi (2003) introduced a new generalized network flow model
called the manufacturing network flow model. Mo et al. (2005) expanded the study
of manufacturing network flows by incorporating certain features of ordinary multi-
commodity network flow models. A key distinguishing property of all such models is
the assembling of component raw-materials, in a given proportion, to produce end-
products. Such an operation cannot be modeled on usual generalized networks be-
cause generalized networks allow for gains and losses in the rofal flow that enters a
particular node or travels along an arc, regardless of the fype of each component of the
total flow. Multi-commodity networks are used primarily in situations where multiple
commodities share a common distribution network with some resource constraints on
arcs and/or nodes. Neither of these two types of networks has the capability to model
the manufacturing or assembling operation.

In their paper, Fang and Qi (2003) also outlined the steps of a network-simplex-
based solution procedure for a minimum cost flow problem on manufacturing net-
works. Due to the fact that manufacturing network flows involve the assembly oper-
ation, which is fundamentally different from the types of operations encountered in
other network flow models, it is not immediately clear whether or how various steps
and updates involved in the network-simplex-based algorithm can be carried out with
the same efficiency as the usual network-simplex method. Our main contribution in
this paper is to show that it is indeed possible to carry out the steps of the network-
simplex-based method and the updates involved, with efficiency. More specifically,
the main results of this paper are the following:

1. We develop data structures that would aid in efficient implementation of the
network-simplex-based solution procedure for manufacturing networks.

2. We show how certain linear systems of equations that arise during the course of the
network-simplex-based procedure for manufacturing networks can be efficiently
solved.

In the model developed by Fang and Qi (2003), even though the total incoming
flow at a node along different arcs had to be in a certain given proportion, the total
flow into a node was required to be equal to the total flow out of a node. Lu et al.
(2006) study a manufacturing network model in which this assumption is relaxed.
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That is, even though the incoming flow at a node along its different incoming arcs had
to be in a given proportion, the total flow out of this node was not required to be equal
to the total sum of the incoming flows at that node. The methodology developed in our
paper is capable of handling this more general type of flow. To aid in discussion of our
methodology, it will be useful to describe an application in which a manufacturing
network flow model is necessary. In a variety of problem contexts, geographically
dispersed customers demand units of an end product each one of which is composed
of various components in a fixed and given proportion. The end product is produced
(or assembled, as the case may be) at the site of geographically dispersed assemblers
by combining the requisite amount of components. The assembler could represent a
manufacturer, a distributor, or a retailer, or more generally any entity that assembles
multiple components into a single product for onward distribution.

There exist geographically dispersed suppliers who specialize in the production
and supply of each component. Multiple suppliers may supply the same component
but a supplier is capable of supplying only a single type of component. Assemblers
source components from suppliers. Capacity constraints (lower and upper bounds)
may exist on how much of a component a supplier can supply, how much of an end
product each assembler can assemble and on how much of a commodity (component
or end product) can be shipped between a supplier and an assembler and between an
assembler and a customer. Shipment of components or end products incurs a cost that
varies linearly with the amount of flow. The problem is to find the flow of commodi-
ties that satisfies customer demand at least cost.

A pictorial example will help in better understanding of the problem. Figure 1
depicts an example in which each demand cluster has a certain demand of an end
product, each unit of which is made up of a certain quantity of component 1 and a
certain quantity of component 2. Supplying one unit of the end product of demand
cluster 1 from assembler 1 requires the sourcing of appropriate amounts of compo-
nents from the suppliers of that specific component. As a result of this requirement,

Material Component
1 — Supplier 1 Demand Cluster 1

Material Component Assembiler 1
1 — Supplier 2

Material Component Assembler 2
2 — Supplier 3

Material Component Demand Cluster 2

2 — Supplier 4

Fig. 1 Example problem
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it is not possible to split the demand of the end product into individual and separate
component demands.

The rest of the paper is organized as follows. In Sect. 2, we introduce the notation
and the manufacturing network flow model used to solve the minimum cost distri-
bution problem. In Sect. 3, certain graph-theoretical properties of the network flow
model are derived. In Sect. 4, we describe the steps of the network-simplex-based al-
gorithm. In Sect. 5 an example is studied which illustrates the proposed methodology.

2 Model

First we list the notation used throughout the paper.

i = index of a customer,i =1, ...,/

d; = non-negative demand of ith customer in units of end-product

Jj = index of an assembler, j =1,...,J

k =index of a supplier, k=1,..., K

p = index of a component type, p=1,..., P

a, = positive amount of pth component needed to assemble one unit

of end-product
R (k) = index of component supplied by the kth supplier

bj; = non-negative unit shipment cost of the end product from jth assembler
to ith customer

drj = non-negative unit shipment cost of component from kth supplier to jth
assembler

[Q] = the set of integers from 1 through O, defined only for positive integral O

In addition to the above, let (L, U;) and (I, uy) stand for the non-negative lower
and upper bounds (if any) on the amount shipped out of the jth assembler and kth
supplier respectively. Non-negative lower and upper bounds on the amount shipped
between specific assembler-customer and supplier-assembler pairs are likewise rep-
resented by (L j;, Uj;) and (I}, uy;) respectively.

We are now in a position to describe the manufacturing network model for the
distribution problem. As illustrated in Fig. 2, in this network, there is a node, Sk, rep-
resenting the kth supplier, a node A ;, representing the jth assembler and a node, C;,
representing the ith customer. The flow of component p originates from a node 7.
Directed arcs connect 7, to all suppliers supplying the pth component. The assem-
bling operation performed by the jth assembler is represented by a set of nodes and
arcs. A node of type A jr is used to conceptually represent the entry point of the pth
component at the facility of the jth assembler. All incoming flow at node A jr, flows
to node B;r,. This node is used to represent the contribution of the pth component
towards the assembly operation. All nodes of type B;r, are also “associated” with
node AF;. This association has a very special meaning in the context of this paper.
First, there is no arc between a Bjr, node and AF; node. Secondly, feasibility of a
solution requires that the total units of the end-product produced by the jth assem-
bler be matched by the exact appropriate amount of each component sourced by that
assembler. As will be shown subsequently the special association between the B;r),
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Customers

Suppliers

~
Assemblers

Fig. 2 Example of manufacturing network

nodes and the AF; node will help achieve this requirement. Thirdly, node AF; will
be shown to be useful both for a mathematical and an intuitive understanding of the
network-simplex-based solution procedure. Nodes B;r,, Vp € [P] and node AF; to-
gether represent the actual assembly process at the site of the jth assembler. These
P + 1 nodes are the nodes associated with the jth assembly process. Nodes AF; lead
into nodes A ; that are in turn connected to customer nodes C;.

All nodes in this network satisfy the usual flow conservation property (flow in =
flow out) except nodes of type Bjr;, and AF;. More specifically, if z4;,, B;r, stands
for the flow on arc (Arp, Bjrp) and zaF;, 4, stands for the flow on arc (AFj, Aj),
the two are related by the following relationship:

ZAjrp,Bjrp _apZAF/',Aj =07 vp € [P]’ V.] € [J] (1)

Equation (1) represents the requirement that assembling 1 unit of the end-product
requires a, units of the pth component sourced to an assembler. It is this very require-
ment that leads to the complication in the model and necessitates the development of a
new network-simplex-based solution methodology for manufacturing network flows.
If P =1, and a; = 1, the problem simplifies to the usual minimum cost network flow
problem.
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Now, the problem of finding the optimal flow on the manufacturing network can
be cast in the following general form:

[MCNF] Minimize ctz
st.  Az=d, 2
Bz=0, 3)
LB<z<UB )

in which, each column (variable) represents a unique arc of the manufacturing net-
work. The vector of decision variables, z, is of size K + KJ +JP +J + JI , cor-
responding to the total number of arcs in Fig. 2. Vector ¢ contains as components the
distribution costs, b;; and dy;.

Constraints (2) represent the usual flow balance constraints (flow in = flow out) at
all nodes in the network except those of type B;r, and AF;. As a result, matrix A is
totally unimodular. The number of rows in matrix A (and vectord)is K+JP+J +1,
which is equal to the number of nodes in Fig. 2 that satisfy the usual flow balance
constraints. Except for components corresponding to customer demand d;, Vi € [1],
all other entries of vector d are 0. Constraints (3) represent all constraints of type (1).
Matrix B has J P rows corresponding to the flow balance constraints at all nodes of
type B;r,. Constraints (4) impose lower (LB) and upper (UB) bounds on the flow.

3 Graph-theoretic properties of bases of [MCNF]

In this section, we will derive certain graph-theoretic properties of the bases of
problem [MCNF]. These properties will be used in the development of a network-
simplex-based algorithm.

For problem [MCNF], let « be the total number of constraints in the constraint
set (2) and B be the total number of constraints in the constraint set (3). By adding
enough artificial variables, the constraint set can be made to be of full rank. Then,
any basis is a square matrix with (o + 8) rows.

The network-simplex-based method works directly on a graph underlying problem
[MCNF] such as the one depicted in Fig. 2. Let 5 denote a basis of problem [MCNF].
The columns of B correspond to a certain set of arcs of the manufacturing network.
These arcs together constitute a sub-graph of the manufacturing network. We now
derive a few properties of this sub-graph.

In the graph corresponding to the columns of the constraint matrix of problem
[MCNF], the following types of cycles along which flow can be augmented exist:

Type 1: Cycle involving nodes 7, Sk, ..., Skq, Ajrp, ..., quflrp where R(k1) =

c-=R(kg)=p, ki #--Fkgand ji # - F 1.
Type 2: Cycle involving nodes Sg,, ..., Sk,, Ajrp, ..., Aj,rp where R(k;) =---=

R(kq)zp,]ﬂ?é?ékq andjl;é...;,gjq.

Type 3: Cycle involving nodes Aj, ..., Aj,, Ci, ..., C;, where ji # -+ # j; and
i1 #£ - Fig.

Type 4: Cycle involving AF; nodes: For instance, AFj, A}, C,-l,...,Ciqfl,qu,
AFj , where ji # - # jg, i1 # -+ #ig—1 and one of the following set

of nodes for each p € [P]:
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(a) Ajlrp,qurp,Ajllrp,...,Ajlqprp,lerp,qurp,lelrp,...,leqprp,
rp,Skl,...,Skqp, where ki # --- ;ﬁkqp,jzl # .- #j[qp # j1 # Jg»
R(ky)=---=R(ky,) =pand g, =1,, +2.

(b) Ajlrp,qurp,Ajllrp,...,Aj,qprp,lerp,qurp,lelrp,...,Bj,qprp,
Ski e Skyy 1o Where ki # - g kg, 1,y # o # iy, F 0 F g
R(kj)=---=R(kg,—1) = pand g, =1y, + 1.

Since a cycle of type 4 involves arcs corresponding to the end-product as well as
the components, we refer to it as a complex cycle. We now show that the columns
associated with arcs corresponding to each one of the type of cycles are linearly
dependent.

Lemma 1 Columns of the constraint matrix for problem [MCNF] associated with
arcs corresponding to each one of the four types of cycles are linearly dependent.

Proof Proof of this lemma for cycles of types 1 through 3 is similar to the proof
for the usual network-simplex method. Such proofs can be found in Kennington and
Helgason (1980), for instance, and are omitted here. The proof for a cycle of type
4 is unique to manufacturing networks. We prove the result for the complex cycle
used as an example in the definition of the type 4 cycle. The proof for other complex
cycles is similar. Let us define ey, to be the column of the constraint set of problem
[MCNF] corresponding to the directed arc between nodes f and 7. If f is not an
AF; type node, this column is a vector of size o + 8 with all entries 0 except an entry
of —1 corresponding to the component associated with node f and an entry of +1
corresponding to the component associated with node ¢. If the arc ( f, ) corresponds
to the arc (AF}, Aj), ef, has all entries 0, except an entry of 1 corresponding to
the component associated with node A;, and an entry of —a, corresponding to the
component associated with node B;r,, Vp € [P].

We first note that each cycle of type 4, consists, in effect, of P sub-cycles, one for
each component type. Each one of these sub-cycles has the same nodes amongst the
AF;, Aj and C; nodes as part of the sub-cycle. Let these nodes be AFj,, ..., AF);

Jg°
Aj,...,A;,Ci,...,Ci_,. Now we can define a new vector rhs as follows:

Jg° iqfl

A

rths =ear; .A; +ea; .c;, —€c, .4, + - —¢c Ja

P _equ,Aqu-

It is easy to see that rhs has as entries O for all components except those corresponding
to nodes Bjrp, for which the entry is -a,, and those corresponding to nodes B, r)
for which the entry is a,. We now consider the set of nodes that are unique to each
subcycle. For the pth such subcycle (assuming the set of nodes are of type 4b), we

define a vector lhsy as follows:
thp = _‘I3qur,,,qur,7 - equr/”Skqp—l +---+ eSkl AT + eAj] 7p.BjTpe

Itis easy to see that Ihsp has as entries O for all components except that corresponding
to node Bj r), for which the entry is +1, and that corresponding to node B, r), for
which the entry is —1. It then follows that rhs + 3 p aplhsp = 0 establishing
linear dependence. (]
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Corollary 1 B does not consist of columns corresponding to the arcs of any type of
cycle along which flow can be augmented.

Proof Follows from the non-singularity of any basis and Lemma 1. (]

Let us define arcs associated with the jth assembly operation as the following set
of P+ 1 arcs: (AFJ', Aj), (Ajrl, Bji‘]), e, (Ajrp, Bjrp).

Lemma 2 B consists of at least P columns (arcs) associated with the jth assembly
operation.

Proof Consider the first case where column e 4 Fj,A; is not a part of the basis. If there
were less than P other columns associated with the jth assembly operations in the
basis, it implies that there is at-least one other column ez jrp.Bjr, Ot a part of the
basis. Hence, all entries of the row in the basis corresponding to node B;r, are 0,
contradicting the non-singularity of the basis.

The second case is where column ez Fj,Aj is a part of the basis. If there were
less than P other columns associated with the jth assembly operations in the ba-
sis, it implies that there are at least two rows in the basis associated with nodes
Bjrp, and Bjr,, whose only non-zero entries are from the non-zero entries of col-
umn ear;, ;. The two rows are, therefore, linearly dependent, again contradicting the
non-singularity of the basis. (]

For any node n, let u,, represent its node potential (dual variable). Let the cost of
unit flow along arc (f, ) in the manufacturing network be denoted by c ;.

Since there is no incoming arc at node A F;, the constraint set of problem [MCNF]
does not contain a constraint corresponding to AF; nodes. None-the-less, it will be
convenient to associate a node potential, u 4 Fj» with node AF;, that is related to the
node potentials for nodes of type Bjrp, ug;,, as follows:

UAF; = Z apUg;r,- (5)
pelP]

This association presents no difficulty, conceptually or mathematically, since the
reduced-cost of arc (AF;, A;), which is ZPE[P] apUup;r, +CAF; A; —UA; can, con-
veniently and intuitively, be written as u 4 F; FCAFjA; —UA;- Equation (5), therefore,
can be considered to represent the complementary slackness conditions for the nodes
associated with the jth assembly operation.

Using (1), any lower or upper bound on the flow on arc of type (A;r,, Bjrp) can
be translated into an equivalent bound on arc of type (AF;, A ;). Hence, without loss
of generality, the lower and upper bounds on all arcs of type (A;rp, Bjr,) can be
taken to be 0 and oo respectively. This leads us to the following result.

Theorem 1 There exists an optimal basis in which all arcs of type (A jrp, Bjr)) are
a part of the basis.

Proof Consider an optimal basis B* in which arc (A r;,, Bjrp) is not a part of the
basis. The flow on this arc is at its lower bound of zero.
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Let 1 and u; be the node potentials associated with nodes A;r, and B;r, re-
spectively. The optimality conditions imply that the reduced-cost, ¢ Ajrp,Bjr, T UL —
up > 0.

Now, as a result of Lemma 2, arc (AF;, A;) is a part of the basis. Let uz =
> peip)dpUB;r, and let uy represent the node potential associated with node A;.
Then, ug = us +CAFj,Aj~

Remove arc (AF;, A;) from B*, set the associated flow to its lower bound (of
zero), and introduce arc (A;r,, Bjrp) into the basis to obtain the new basis B**.
As a result of this modification, the reduced-cost of arc (AF;, A;) increases by
ap (CAjr,,,Bjrp +u1 —uz) > 0. Since the flow on arc (AF}, A;) is at its lower bound,
the optimality conditions still hold, and 5** is an optimal basis. (Note that this con-
clusion is valid only if we can prove that in changing from basis B* to basis B** the
potential of node A is not altered. The proof for this will follow from Lemma 3 that
we prove subsequently.) (]

The sub-graph associated with the bases of problem [MCNF] can be consid-
ered a generalization of the spanning tree associated with the usual network-simplex
method. The following definition provides this generalization.

Definition Generalized Tree: A generalized tree for a manufacturing network is
a connected graph with no cycles along which flow can be augmented. Nodes
corresponding to the assembly operation: (AF;, Bjri,..., Bjrp) are considered
connected only if at least P arcs amongst (A;ry, Bjri),...,(Ajrp, Bjrp) and
(AFj, Aj) are part of the tree.

For the sake of brevity, we refer to the generalized tree here-after as simply the
g-tree.

In the context of the g-tree, the P arcs (A;ry, Bjrp), Vp € [P], provide connec-
tivity only to the B;r, nodes and the AF; node. In other words, the presence of these
P arcs alone does not provide for the connectivity of the A j7, nodes.

Theorem 2

(a) Every basic solution of [MCNF] corresponds to a g-tree.
(b) Every g-tree corresponds to a basic solution of [MCNF].

Proof (a) (Modified from Fang and Qi 2003) We will begin the network-simplex-
based procedure by creating a special zeroth node and creating artificial arcs con-
necting this zeroth node to all other nodes in the manufacturing network. As the pro-
cedure continues, a few of these artificial arcs will leave the current basis. Since the
basis BB associated with a basic solution is non-singular, it follows from Corollary 1
that the sub-graph associated with the basic solution does not contain any cycle along
which flow can be augmented. Now assume the graph associated with the basis is not
connected. By re-arranging the basis, we can write the basis in form

5=(5 v)
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where S corresponds to nodes that are connected to the zeroth node, and V corre-
sponds to nodes unconnected to the zeroth node. The rows in V are completely in A
and hence their sum is 0, contradicting the non-singularity of B. From Lemma 2, we
also know that there exist at least P arcs amongst (A;ry, Bjr1),..., (Ajrp, Bjrp)
and (AF;, A;) that are part of the g-tree.

(b) The only possible cycles along which flow can be augmented in the graph are
the four types that were identified previously. Since the g-tree by definition does not
contain any of these, it follows that the g-tree corresponds to a basic solution. (]

4 Network-simplex-based algorithm

We now describe, conceptually, the network-simplex-based solution procedure. As-
sociated with any basic feasible solution are arcs in the network which can either

1. be a part of the g-tree (basis), in which case the arc is said to belong to set T of
arcs, or

2. belong to the set L of non-basic arcs whose flows are at their lower bounds, or

3. belong to the set U of non-basic arcs whose flows are at their upper bounds.

The network-simplex-based method for the distribution problem proceeds itera-
tively through the following steps.

Step 1. Find a feasible g-tree structure specified by the sets T, L and U of arcs.

Step 2. Compute the flow and node potentials associated with this g-tree structure.

Step 3. Determine if some arc (k,[) violates the optimality conditions. If no such
arc exists, terminate with the current solution being optimal. Otherwise go to
step 4.

Step 4. Add arc (k, ) to the g-tree and determine the leaving arc (q, f).

Step 5. Perform a g-tree update and update the flow and node potentials. Go back to
step 3.

We now elaborate on how each one of the steps above can be performed efficiently.

4.1 Steps 1 and 2: finding an initial basic feasible solution and computing node
potentials

To start the network-simplex-based method, we will construct an all-artificial basis.
To do this, we add a new artificial node to the network and call it the zeroth node.
Artificial arcs, with a lower bound of zero and an upper bound of co, connect the
zeroth node to all nodes in the network except nodes associated with the assembly
operation. The cost of unit flow on these arcs is set to a large positive value, M. The
only exception relates to arcs between the zeroth node and the component nodes, r,,
that are not charged any cost. As a result of Theorem 1, all arcs of type (A rp, Bjrp)
are included as a part of the g-tree.

The flows on the original arcs of the manufacturing network are set to their lower
bounds. The directions and flows on the artificial arcs are, then, set such that there is
flow balance at all nodes of the manufacturing network, including the nodes associ-
ated with the assembly process, for which the flow balance requirement is specified

by ().
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Fig. 3 Example of a starting basis

An example is provided in Fig. 3. Dashed lines are used to indicate that the zeroth
node that appears in three different locations refers to the same node. In this example,
ifaj=1,a,=2,d1=5,d, =10, ds =15 and L = 10, the flows on all basic arcs
except the following are zero:

ZO,A]I‘] = ZA|V1,B]V| = 1Oa

ZO,AU‘Z = ZAlrz,Blrz = 205

Za,,0 = 10,
20,c, =9,

20,c, = 10,
20,c3 = 15.

The node potentials can be calculated using the g-tree structure and complemen-
tary slackness conditions. We may assume the node potential for the zeroth node as
being equal to 0. For the starting basis shown in Fig. 3, the various node potentials
are indicated in Table 1.

4.2 Step 3: testing for optimality

Once the node potentials are calculated, the following procedure is used to determine
if the current basis is optimal.

1. Let Yy ={(k,]) e L:ck;+ur —u; <0}, and let Yo = {(k,]) e U:cr s+ ur —
uy > 0}.

2. If Y1 U ¢p = 0, terminate with the present flows being optimal. Otherwise, select
(k, 1) € Y1 U yrp as the arc that violates the optimality conditions.
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Table 1 Node potentials for

starting basis of Fig. 3 Node, i Node potential, u;

Al 0

) 0

S1 -M
) -M
53 -M
Al M
Arry M
ARy M
ARy -M
BiR; M
BiRy M
ByR; M
B>yR> -M
AF, 3M
AF, -M
A -M
Ay M
(O] M
Cy M
C3 M

Before we discuss steps 4 and 5, we need to develop appropriate data structures
for the network-simplex-based method. The sections that follow assume familiarity
with the data structures developed in the Appendix.

4.3 Step 4: pivoting

On adding an arc (k, /) that violates the optimality conditions to the g-tree, one of the
four types of flow-augmenting cycles is formed in the graph. We use the root index
along with the predecessor index to find this cycle which we refer to as the pivoting
cycle.

If root(k) = root(/) # 1, then the cycle formed is of type 1, 2 or 3. By backtracking
to the common root-node, the nodes belonging to the cycle can be identified. The
maximum value, § units, of flow that can be sent around this cycle before the flow on
one of its component arcs reaches either its lower or upper bounds is found out just
as is the case in the usual network-simplex method. Any arc along which the flow
reaches this bound is chosen as the leaving arc (g, t). If root(k) = 1 and root(l) = 1,
both nodes, on backtracking, could lead to the same A F; node. In this case, the cycle
is of type 3 and can be dealt with similarly.

If, however, root(k) # root(l), a variety of cases could arise that require careful
consideration.

If root(k) = 1 and root(/) = 0, we know that either node k is an AF; node, or that
we can backtrack from node k to an AF; node. The B;r;, nodes associated with this
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AF; node all necessarily have a root of 0. Hence, we can backtrack along a path in the
g-tree from each one of the B r, nodes to the zeroth node. This path corresponds to a
path for component of type p to reach the jth assembler. From node /, we can directly
backtrack to the zeroth node. A flow of § of the end-product on this complex cycle
corresponds to a flow of a,é along the path corresponding to the pth component.
The leaving arc (g, ¢) is the arc along which the flow reaches either its lower or upper
bound first. This arc could be either of an end-product type, or of the type of any
one of the P components. Theorem 1 allows us to disregard consideration of any arc
of type (Ajrp, Bjr,) as candidates for leaving arc. A similar analysis can be used
if root(k) = 0 and root(/) = 1. An example where such a cycle results is when arc
(A1, Cy) is chosen as the entering arc in the g-tree shown in Fig. 11. If root(k) = 1
and root(/) = 1, and both nodes lead to different AF; nodes, a complex cycle of
type 4 results. The leaving arc can be found out using a similar analysis.

If the root of node [/ is Bjr,, while that of node k is different, and entering arc
(k, 1) is an arc associated with a component type commodity and not an end-product
commodity, we first backtrack from node / to node B;r . From the other Br, nodes
associated with the jth assembly operation, we backtrack to their respective roots,
which are either zero, or Bj,r, nodes associated with the j; th assembly operation,
where j; # j.

The root of the assembler node AF; associated with B;r;, could be either zero
or a different B;r, node. In case of the former, we backtrack from the AF; node to
the zeroth node. In case of the latter, we bactrack from the AF; node, to AF;, node,
where j, # j. From each node Bj,rp, p € [ P], we backtrack to their respective root-
nodes. The above procedure is likewise repeated for node k. After backtracking from
node k, we identify the complex cycle in the g-tree. By identifying the maximum
possible flow of § units that may be augmented along the arcs of this complex cycle
associated with the end-product, we can find the leaving arc (g, ¢). A similar analysis
results if root of node k is a B;r), node, while that of node / is a different node.

An example will help clarify this point. In Fig. 11, if arc (r, S») were to enter the
g-tree, the following complex cycle is created, which can be found by appropriately
backtracking to the root indices of the nodes associated with the entering arc.

End-product type: AF; — A1 — C3 — 0,
Component 1:  Bjr; — Ajr; — S3 — r; — 0,
Component 2:  Biry — Ajrp — S, —>rp — 0,

Component 3:  Birz3 — Ajrz — S4 > r3 — 0.

If the entering arc is associated with the end-product, a similar procedure of first
backtracking to an AF; node followed by backtracking to the roots of the associated
Bjrp nodes can be employed if the root of node [ is a Br, node. This procedure is
repeated for node k. The complex cycle is identified as before, and so is the leaving
arc (q,1).

For cycle types 1, 2 and 3, if § units of additional flow were found to be the
maximum possible before flow on arc (g, t) attained its bounds, the flow along the
various arcs of the cycle is augmented by this amount. In case of a complex cycle, the
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flow along arcs associated with the pth component is augmented by a6, where 8 is
the amount of flow that can be augmented along arcs associated with the end-product.

The root index, thus, helps in identifying the pivoting cycle that is formed in the
graph when arc (k, /) is added to the g-tree. Note that, similar to the case of the usual
network-simplex method, the flows in the network change only for those arcs that are
a part of the pivoting cycle. Hence, there is no need to re-calculate the flows along
arcs that are not a part of the pivoting cycle. The root index will also play a crucial
role in updating the node potentials, which we discuss in the next section.

4.4 Step 5: updating g-tree indices and node potentials

The final step that needs clarification is how the g-tree indices and node potentials are
updated after pivoting, without having to re-calculate them from scratch for all nodes
in the network.

An efficient method to update the indices that is available for the usual network-
simplex method is described in Bazaraa et al. (1990). We generalize this method for
the case of the manufacturing network as follows.

The method involves first finding out the “stem”, which is a special path in the
network that connects the entering arc to the leaving arc. The stem consists of those
nodes for which the predecessor index would necessarily change as a result of the
pivot. The predecessor indices for all other nodes of the network remain unchanged
after the pivot. To find out the stem, we begin by noting that either node k or node / or
both become disconnected on removal of arc (g, t) from the g-tree. By a node being
disconnected, we mean that its potential would have to change as a result of the pivot.
The question of which one of the nodes k or / is disconnected can be answered by
examining whether the leaving arc is encountered when backtracking from node k (in
which case node k is disconnected) or node / (in which case node [ is disconnected).
This is best illustrated by means of an example.

In Fig. 4, we need to find out whether leaving arc (S¢, A3r3) causes the discon-
nectedness of node A or C;. Let us begin by finding out whether A is disconnected.
Using the predecessor indices, we backtrack from node A;. We encounter node A F.
Since node A Fj is a node associated with an assembly operation, we need to back-
track to the roots of each one of the other nodes associated with the assembly op-
eration. This is so because, changing the potential of any node associated with the
assembly operation requires modifying the potential of some other node associated
with the same assembly operation to maintain the complementary slackness condi-
tions represented by (5). Thus, from Bjr, we can backtrack to its root-node of zero,
without having encountered the leaving arc. From Bjrp, we can backtrack to its root-
node, B3rp, without having encountered the leaving arc. Since this node (B3ry) is
associated with another assembly operation, we examine other nodes associated with
it. Thus, we examine backtracks from node B3rj to its root-node of zero and do not
encounter the leaving arc. If we then examine backtracks from node A F3 to its root-
node of zero, we would still not encounter the leaving arc. However, on backtracking
from node B3r3 to its respective root-node of Byr3, we do encounter the leaving arc.
‘We can thus conclude that node A is indeed disconnected. The stem consists of those
nodes encountered along the series of backtracks that led us to the conclusion of the
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Fig. 4 Backtracking to find the stem

disconnectedness of node Aj. For instance, in this example, the stem would consist
of the following nodes: (A1, AFy, Birp, A1ra, ..., A3ra, B3ra, AF3, Bars, A3r3).

Once the stem is identified, we update the indices and potentials of nodes in the
stem. The predecessor index is simply reversed for the nodes featuring in the stem.
This process is straight-forward except in the case of one type of stem. In case the
stem consists of the following set of nodes in order: (..., Ajri, Bjri, AFj, Bjra,
Ajra,...), then, pred(B;ry) is set to be A;ry, the predecessor index of node AF; is
left unchanged, while that of B;r; is setto AF;.

Once the predecessor indices have been updated, the root indices are updated next.
The root index of a node is set to be the same as that of its updated predecessor. The
root indices of Bjr, and AF; nodes encountered on the stem, are updated based on
the rules specified in the Appendix.

We now state a result that will prove useful in subsequent analysis.

Lemma 3 If the root of an AF; node is not equal to 1, exactly one amongst the P
Bjrp nodes associated with it and the A node has its predecessor set to be equal to
the AF; node.

Proof Note that by construction of the all-artificial starting basis, the roots of all AF;
nodes are 1 at the beginning of the network-simplex-based method. This implies,
that to begin with, the root-node of each of the Bjr, nodes associated with the jth
assembly operation is zero. Let us examine when the root of an AF; node becomes
different from 1 for the first time.
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We analyze one situation when this change occurs. The analysis is similar for other
instances. One instance when the root of an AF; node becomes different from 1 for
the first time occurs when the entering arc is arc (k, [) with root(k) = 1, root(l) # 1
and backtracking from node k using the predecessor indices leads to the AF; node.
The leaving arc (g, t) should be such that it results in the disconnectedness of node
k and node AF;. (In this case, after performing the pivot operation, node k would
inherit the same root-node as node / and node AF; would in-turn inherit the same
root-node.) For this to happen, it is necessary for the leaving arc (gq,t) to be of
component type p that lies in path obtained by backtracking from one of the B;r),
nodes to its root-node of 0. Assuming without loss of generality that pred(t) = g, the
stem appears as shown: (k,..., Aj, AF;, Bjrp,...,t). On updating the indices, we
have pred(k) =1,...,pred(AF;) = A;,pred(B;rp) = AF;, and so on. The root in-
dices are updated as shown: root(k) = - - - =root(AF;) =root(l), r00t(Brp) =--- =
root(t) = Bjr,. The path connecting the other B;r, nodes to the zeroth node remains
unaffected and the same holds true for the indices of nodes in this path. Thus, the first
time that the root of an AF; node changes from 1, the lemma holds.

To complete the proof of this lemma, it remains to show that any updating opera-
tions performed subsequently in the network-simplex-based algorithm do not lead to
a violation of the property of the lemma.

Note that any updating operation begins with the creation of the stem. This stem,
in general, can be composed of any number of nodes associated with the assembly
process. Regardless of the number of such nodes, there are just three fypes of se-
quences of nodes that can feature in the stem:

1. (...,Ajr1, Bjri,AFj, Bjra, Ajrp,...)—in this case, the predecessor of Bjry is
set equal to A ;ry, while that of B;r; is set equal to AF;. The root of Bjry is set
equal to that of A ry, while that of B;r; is set to itself.

2. (..., Aj,AF;, Bjr1, Ajry,...)—in this case, since we have been able to back-
track from node A; to node AF; using the original predecessor indices, it follows
that before the updating process, pred(A;) = AF;. The predecessor of all asso-
ciated Br, nodes are the respective A jr, nodes. After the updating process, the
predecessor of Bjry is set equal to AF;, while that of the A; node is set to the
node that precedes it in the stem. The root-node of B|ry is set to itself.

3. (..., Ajr1,Bjr;,AF;, Aj,...)—in this case, pred(B;ry) is set equal to A;r,
root(B;ry) is set equal to root(A jrq), pred(A ;) is set equal to AF; and root(A ;)
is set equal to root(AF;).

None of these three cases leads to a situation in which the lemma is violated. Hence,
the proof stands complete. (]

(We are now in a position to prove a claim that was needed to complete the proof
of Theorem 1. Consider the g-tree associated with basis 5* in the proof of Theorem 1.
Since arc (A r,, Bjrp) was not a part of the g-tree, the root of node B;r), must have
been set to itself. Therefore, its predecessor would be node AF;. Consequently, as
a result of Lemma 3, the predecessor of node A; is not node AF;. However, since
arc (AF;, Aj) forms a part of the g-tree, the predecessor of node AF is necessarily
node Aj;. Thus the potential of node A is unaffected by the new potentlal of node
AF;in ba51s B**.)
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The system of linear equations that are required to be solved during every iteration
of the network-simplex-based algorithm relate to the complementary slackness con-
ditions. This set of conditions require assigning node potentials such that the reduced-
cost of arcs belonging to T is 0. In case of the usual network-simplex method, this
system of linear equations can be solved directly on the spanning tree that is associ-
ated with the set T of arcs belonging to the basis. However, in our case, we have a
new set of complementary slackness conditions for the nodes associated with the as-
sembly operation, represented by (5). Despite this complication, we now outline how
the node potentials can be assigned using operations performed on the g-tree itself.

The node potentials of the stem are first updated using the updated predecessor
indices. Special care is taken when dealing with nodes of the stem that are associated
with an assembly operation. For instance, if the nodes encountered in the stem are
(...,Ajr1,Bjr1,AF;, Bjry, Ajra,...), the node potential of B;r; is updated using
the node potential of A ;r;. Let the change (new node potential-old node potential)
in node B;ry’s potential be A. The node potential of node AF; is left unchanged,
i_z;l
are (..., Ajr;, Bjri, AF;, Aj,...), the node potential of Bjr; is updated using the
node potential of Ajry. If the change in node B;r;’s potential is A, the node po-
tential of node AF; is increased by Aa;. If the nodes encountered in the stem are
(...,Aj,AF;, Bjr1,Ajr1,...), the node potential of AF; is updated using the node
potential of A;. If the change in node AF;’s potential is A, the node potential of
node Bjr is increased by ﬁ. Note that all these changes in the potentials of nodes
associated with the jth assembly operation continue to maintain the complementary
slackness relationship represented by (5).

Once the potentials of the nodes in the stem have been updated, we utilize the
thread indices to update the potentials of nodes that descend from the nodes in the
stem. In doing so, we might update the potential of say, node B;r|, whose predecessor
is Ajry. This necessitates updating the potential of some other node associated with
the jth assembly operation in order to maintain the relationship represented by (5).
If the root of the AF; node is not equal to 1 and its predecessor is A;, it implies
that its node potential is fixed independently of the node potential of Br;. Lemma 3,
however, guarantees that in such a case, there exists exactly one other Bjr, node
whose root is equal to itself. If this node is node B;r,, its potential is decreased by an

while that of node Bjr; is decreased by . If the nodes encountered in the stem

amount equal to Aa—‘;‘, where A is the change in the node potential of B;ry, in order to

maintain the relationship represented by (5). The thread index is then used to update
the descendents of node B;r>. Note that this process is valid since these descendents
derive their node potentials from their root-node, which in this case is B jro.

In this process of updating the node potentials of descendents of the stem, it could
so happen that the node potential of a predecessor of a stem node is updated. Figure 5
illustrates one such case.

When arc (A1, C1) enters the g-tree and arc (0, Cp) leaves the g-tree, node Cj is
disconnected. This node constitutes the stem. The potential of the node C is updated
to ua, + ca,,c,. Using the thread indices, we now update the potentials of nodes
that descend from the stem. Thus, we update the potentials of the following nodes:
Az, AF>, Bors, Agra, ..., Airs, Birs, AF1, A1. We seem to have reached a problem
in that the updated potential of node C1, on being used to update the potentials of its
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Fig. 5 Updating node potentials

descendents, leads to a possible change of the potential of the node, A1, that was used
to update the potential of node C; in the first place. (This is the special case in which
both nodes associated with the entering arc are disconnected.) However, Theorem 3
below establishes that this problem can be resolved and appropriate node potentials
can be found using operations performed on the g-tree itself.

Theorem 3 There exists a three-step procedure that can be implemented on the g-tree
itself by which we can find appropriate node potentials satisfying the complementary
slackness conditions for the stem and its descendents even when this results in an
update of the potential of one of the predecessors of a stem node.

Proof Without loss of generality assume that the first node in the stem is node /
associated with the entering arc (k, [). On updating the potentials of the stem nodes,
uy is set the value of uy +ck ;. Let us define a new function fi («) as the node potential
of k on beginning with a potential of u for node / and using this value to update the
potentials of the stem, and its descendents, eventually leading to the potential fi («)
for node k. Note that function fi () is well-defined since there is a sequence of nodes
whose potentials are updated along the stem and the stem’s descendents. The thread
index ensures that this sequence itself is well-defined.

Observe that in obtaining the potential for node k from the potential for node /,
we merely perform additions, subtractions, multiplication and division by rational
numbers. Hence, fi (1) can be expressed as a linear function of u. If fi(u) +cx 1 =u,
we have found the appropriate node potentials. Since we know that the linear system
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of equations uB = ¢, where cg is the vector of cost coefficients of variables featured
in the basis has a solution for all bases encountered during the network-simplex-based
method, we know that the linear function fx(#) — u + ck; has a zero. The zero of
this linear function, u;“, can be found using at-most two function evaluations. For
instance, if fr(u1) —u1 +ckg =k1 #0, and fi(u2) — uz + cx 1 = ko # 0, by linear

interpolation, u} = u1 — ki (’g:z: ). Each function evaluation requires beginning with

a unique value for u;, and performing potential updates for the nodes encountered on
the stem and its descendents. This operation can be performed directly using the
various data structures defined on the g-tree itself.

The third and final step involves actually using the value of u; found to update the
node potentials of the stem and its descendents. (]

It is interesting to note that the procedure outlined in the proof of Theorem 3 is
also one of the methods to update the node potentials of augmented trees (also called
one-trees, which are spanning trees with one additional arc, thereby forming a cycle)
associated with bases in the generalized network-simplex method. This method is
described in Ahuja et al. (1993). Yet, Theorem 3 is an important result in the context
of the generalized network-simplex-based method for manufacturing network flows
for the reason that the set of nodes and arcs that lead to the update of the potential
of a predecessor of a stem node do not form an augmented tree based on its usual
definition, due to the presence of nodes representing the assembly operation. So, it
is not immediately clear if there exists a procedure that is capable of solving the
resultant system of linear equations efficiently. Theorem 3 indicates that there does
exist such a procedure.

Once the node potentials are updated, the leaving arc (g, t) is removed from T and
added to either L or U depending on whether the arc left the pivoting cycle in step 4
at either the lower or the upper bound respectively. Arc (k, /) is added to T. The depth
index of every node in the stem is set to be one more than its predecessor. The thread
index is again used to update the depths of descendents of the stem node. Finally,
updating the thread indices can be performed as in the case of the usual network-
simplex method based on the new predecessor and depth indices. This completes
step 5 of the network-simplex-based method.

5 Example problem

In this section, we present the steps that the network-simplex-based algorithm goes
through in solving an example problem to optimality. This example is presented on a
3 customer, 3 assembler, 6 supplier, 3 component problem. The demand of the three
customers is 10, 15 and 20 units, respectively. The amount of components needed to
produce 1 unit of the end product are given by the vector a’ = [1, 2, 4]. Suppliers 1
and 2 provide component 1, suppliers 3 and 4 provide component 2, and the other
suppliers provide component 3. The lower and upper bounds on various arcs are
depicted in Fig. 6. For arcs not depicted in the figure the lower bounds are zero,
while the upper bounds are infinite. There is a cost of 2 units for the unit flow of
any commodity to and from assembler 3, while there is a cost of 1 unit for any unit
flow to and from other assemblers. There is no cost for flow on any other arc in the
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network. The cost of unit flow from the zeroth node to nodes other than r, nodes is
set at 1000 units. If there are multiple candidates for either the entering or leaving
arcs, different rules have been studied in literature to select one amongst them. In this
example, we select the arcs to illustrate the various concepts developed in this paper,
and not according to any particular rule.

Figure 7 depicts the starting g-tree, in which the flows on all original arcs is set at
the lower bound associated with the arc. The flow and orientation on other artificial
arcs is set so as to balance the flow in the network.

We outline in Table 2 the various iterations of the network-simplex-based method.
In the table, the term EA stands for the entering arc during that iteration, while LA
stands for the leaving arc. The leaving arc can leave the basis and enter either L or U
depending on whether it leaves the basis at the lower or upper bound respectively.

Figure 8 depicts the steps of iteration number 2. The stem is composed of the fol-
lowing nodes: (A3, AF3, B3r3, Azr3). We first update the potential of node A3 to be
Ay, =ue — 2 =2998. The potential of node A3 changes to 998 from the earlier po-
tential of —1000. This constitutes a change of A =998 — (—1000) = 1998. Since the
next node in the stem corresponds to component 3, its potential likewise increases by
% =499.5 from its earlier potential of —1000, finally becoming u ,,, = —500.5. It
can now be verified that the new node potentials still satisfy the complementary slack-
ness condition denoted by (5). The predecessor of B3rs is made A F3, and the root of
node Bj3rs is set to itself. That B3r3 is the only node amongst nodes B3r,, Vp € [P]
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Fig. 7 Starting G-tree

to have its root set to itself is due to Lemma 3. This fact will become important in the
node potential updates of a subsequent iteration.

In iteration number 12, depicted in Fig. 9, arc (S, A3ry) enters the basis, while
arc (0, A3ry) leaves. This causes the potential of node A3r; to be updated to u 45, =
us, + 2 =2. The potential of node B3r; changes to 2 from the earlier potential of
1000. This constitutes a change of A =2 — (1000) = —998. However, root(A F3) =0,
implying that its potential cannot be changed since it is derived directly from the ze-
roth node. Yet, from Lemma 3, we know that there exists some other B3r, node
whose root is set to itself. To maintain the complementary slackness conditions, the
potential of this node should be changed. In our example, root(B3r3) = Bzrz. The
potential of this node is decreased by ";—A = —249.5 from its earlier potential of
—500.5, finally becoming u g, = —251. Note that the complementary slackness
condition depicted by (5) still hold. We now update the potential of node Asrsz to
be —251.

In iteration number 19, depicted in Fig. 10, arc (51, Arp) enters the basis, while
arc (0, Aory) leaves. This causes the potential of node A,r; to be updated to u4,,, =
us, +1 =1. The potential of node Byr; changes to 1 from the earlier potential of
1000. This constitutes a change of A =1 — (1000) = —999. Now, root(AF>) =1,
implying that its potential can be changed when the potential of one of the Byr,
nodes changes. Thus, the potential of node AF, increases by a; A from its present
potential of 3000, finally becoming u 4 p, = 2001. It can be observed that this change
retains the relationship depicted by (5).
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Table 2 Iterations for the example problem

Iteration Details

number
1 EA:(AF3, A3),LA:(0,A3) to L

2 EA:(A3,Cp),LA:(A3r3,0) to L

3-8 EA:(r1, S1), LA:(0, S7) to L. EA:(r1, S2), LA:(0, $3) to L. EA: (7, S3), LA:(0, S3) toL

EA:(r, S4), LA:(0, S4) to L. EA:(r3, S5), LA:(0, S5) to L. EA:(r3, Sg), LA:(0, Sg) to L

9 EA:(S5, A1r3), LA:(A3r3,0) to L

10 EA:(AF;, A1), LA:(0,A) to L

11 (83, Aqrp) switches from L to U

12 EA:(S1, Azry), LA:(0, A3rq) to L

13 EA:(S4, A3rp), LA:(0, A3rp) to L

14 EA:(S4, Ayrp), LA: (0, Aj) to L

15 EA:(A1,Cy),LA:(0,Cy) to L

16 EA:(A1,Cr), LA:(A1r1,0) to L

17 EA:(Sp, Ayry), LA:(0,Cr) to L

18 EA:(A1, C3),LA:(0,C3) to L

19 EA:(S1, Apry), LA:(0, Aprq) to L

20 EA:(Ss, Apr3), LA:(0, Apr3) to L

21 EA:(AF;, Ay),LA:(Aprp,0) to L

22 EA:(S3, Aprp), LA:(0, Aj) to L, Optimal Solution

EA: Entering Arc. LA: Leaving Arc

6 Conclusion

In this paper, we presented a graph-theoretic characterization of the bases associated
with manufacturing network flow problems. We developed data structures to assist
in a network-simplex-based solution methodology for manufacturing network flow
problems. We also showed how a system of linear equations that arises during the
solution procedure can be solved using the g-tree underlying the network-simplex-
based method itself.

The methodology developed in this paper assumes a single type of end-product.
The mathematical model for the problem with multiple types of end-products, each
requiring the combination of component raw-materials in different proportions, ex-
hibits a block-diagonal structure, with a set of common linking constraints and a
set of constraints specific to each end-product type. Efficient solution procedures for
problems exhibiting such structure decompose the problem into a master problem
and many sub-problems. Each sub-problem is specific to a single end-product type
and the methodology developed in this paper can be used to efficiently solve such
sub-problems.

We have shown theoretically satisfactory update procedures for the network-
simplex-based method for manufacturing network flows. In codes that implement
network-simplex solution methods, indices in addition to the augmented thread
indices are utilized for computational advantages. For the usual network-simplex
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Fig. 8 Iteration 2

Arc (S;,Aqrq) enters, Arc (0,A5r) leaves

Nodes with thick outline part of stem

Fig. 9 Iteration 12

method, these include the final index of a node, the reverse thread index and the
size of the sub-tree rooted at every node (Bazaraa et al. 1990). In light of this, certain
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Arc (S4,A,rq) enters, Arc (0,A5r) leaves

Nodes with thick outline part of stem

Fig. 10 Iteration 19

additional data structures may need to be developed specifically for manufacturing
network flows for effective implementations of the network-simplex-based method.
All these additional data structures can be derived from the basic data structures de-
veloped in this paper. We hope that these data structures can serve as a starting point
for computational implementations of the network-simplex-based method.

Acknowledgements The authors thank two anonymous referees for their useful comments on an earlier
version of the paper.

Appendix Data structures

A variety of data structures have been developed for efficient implementation of the
network-simplex method for generalized non-manufacturing type networks. Excel-
lent reference sources about these data structures include Ahuja et al. (1993), Bazaraa
et al. (1990) and Kennington and Helgason (1980). One of the widely used data
structures are the augmented thread indices first proposed by Johnson (1966) for
the network-simplex procedure and subsequently generalized by Glover et al. (1974)
for the generalized network-simplex procedure. In this paper, we show that the aug-
mented thread indices (that consist of the well-known predecessor, depth and thread
indices) along with a new data structure called as the root indices can be used for ef-
ficient implementation of the generalized network-simplex-based algorithm for man-
ufacturing network flows.

Each node i in the manufacturing network flow model has a unique path connect-
ing it to its root. This path can be traversed using the predecessor indices. There is
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Fig. 11 Example of a G-tree

no single root in the network, but each node, i, has its own specific root, denoted by
root(i). The depth of a node is the number of nodes in the path connecting it to its
root plus the depth of its root-node. On starting with an all-artificial basis, each node
(other than those associated with the assembly operation) is connected directly to the
special zeroth node whose depth is taken to be equal to 0.

The root of node i is zero if there is a path connecting it to the zeroth node that
does not involve an AF; node. Root of an AF; node is zero, if arc (AF;, A;) is a
part of the g-tree, and root(A;) = 0. If arc (AF;, A;) is not a part of the g-tree, the
indices for node AF; are set as follows:

If the root of every Bjr, node associated with node AF; is zero,

1. Choose any B;r, node associated with node AF;, say, Br+.

2. Set depth(AF;) =1+ depth(B;r+). Set pred(AF;) = Bjrp+.

3. Setroot(AF;) = 1. (Note: the root index of 1 is symbolic, and this value of 1 does
not stand for any particular node in the network.)

Otherwise,

1. Amongst the Bjr, nodes associated with node AF; whose roots are not zero,
choose any Bjr, node, say, B;rp«.
2. Set depth(AF;) =1+ depth(B;rp+). Set pred(AF;) = Bjrp+.
3. Setroot(AF;) =r00t(B;r p*).
If the root of a Bjr, node cannot be set to zero due to the lack of a direct path
leading to the zeroth node, its root is set in one of the following two possible ways:

1. If pred(B;r,) = AF;, the root of a B;r), node is set to itself.
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Table 3 Indices for the G-tree in Fig. 11

Node, i Pred(i) Depth(i) Thread(7) Root(7)
1 0 1 S1 0

r 0 1 Ss 0

r3 0 1 Y 0

S1 r 2 S3 0

S Arp 6 0 Bir
S3 r 2 Arg 0

S4 r3 2 Ars 0

S5 ) 2 Aorry 0

Se r3 2 A3 0
An S3 3 Bir 0
Ay Biry 5 S Birp
Ar3 S4 3 Bir3 0
Asrry S3 3 Byrq 0
Asry S5 3 Byrp 0
Aors Se 3 Byr3 0
Br Aqrq 4 Aory 0
Biry AF; 4 Airp Bir
Br3 Ar3 4 Se 0
Byry Aory 4 AF 0
Byry Aoy 4 r3 0
Byr3 A3 4 C3 0
AF Aq 3 Biry 0
AF, Byry 5 Ay 1

Aq C3 2 AF; 0

Ay AF, 6 C 1

Cq A 7 Cy 1

Cy Ay 7 r 1

C3 0 1 Aq 0

2. Otherwise, its root is the first B;r, node encountered in backtracking using the
predecessor indices.

The root of all other nodes in the network is set to be that of its predecessor.

Figure 11 shows the g-tree associated with a hypothetical network basis. For this
g-tree, the values for various indices is shown in Table 3.

Given the predecessor and depth indices, the thread index can be constructed us-
ing a depth-first-search process in linear time (Ahuja et al. 1993). The thread in-
dices provide a convenient means of visiting all of node i’s descendents before vis-
iting any other node. Beginning at node i, we visit thread(i), followed by a visit to
thread(thread(i)), and so on, until we encounter a node whose depth is lesser than or
equal to that of node i.

@ Springer



J Comb Optim (2008) 15: 315-341 341

References

Ahuja RK, Magnanti TL, Orlin JB (1993) Network flows. Prentice-Hall, New Jersey

Bazaraa MS, Jarvis JJ, Sherali HD (1990) Linear programming and network flows. Wiley, New York

Fang SC, Qi L (2003) Manufacturing network flows: a generalized network flow model for manufacturing
process modeling. Optim Methods Softw 18:143-165

Geoffrion AM, Graves G (1974) Multicommodity distribution system design by Benders’ decomposition.
Manag Sci 5:822-854

Glover F, Klingman D, Stulz J (1974) Extensions of the augmented predecessor index method to general-
ized network problems. Transp Sci 7:377-384

Golden BL, Liberatore M, Lieberman C (1979) Models and solution techniques for cash flow management.
Comput Oper Res 6:13-20

Johnson E (1966) Networks and basic solutions. Oper Res 14:89-95

Kennington JL, Helgason RV (1980) Algorithms for network programming. Wiley, New York

Lu H, Yao E, Qi L (2006) Some further results on minimum distribution cost flow problems. J] Comb
Optim 11:351-371

Mo J, Qi L, Wei Z (2005) A network simplex algorithm for simple manufacturing network model. J Ind
Manag Optim 1:251-273

Toth P, Vigo D (eds) (2002) The vehicle routing problem. Society for Industrial and Applied Mathematics,
Philadelphia

@ Springer



	An efficient generalized network-simplex-based algorithm for manufacturing network flows
	Abstract
	Introduction
	Model
	Graph-theoretic properties of bases of [MCNF]
	Network-simplex-based algorithm
	Steps 1 and 2: finding an initial basic feasible solution and computing node potentials
	Step 3: testing for optimality
	Step 4: pivoting
	Step 5: updating g-tree indices and node potentials

	Example problem
	Conclusion
	Acknowledgements

	Appendix Data structures
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


