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Abstract

A large number of manufacturing operation planning problems can be formulated
as state-space search problems. In case of sheet-metal bending operation planning,
processing a search node involves extensive geometric reasoning. Such computation-
intensive node-processing limits the number of search nodes that can be expanded in
a reasonable amount of time, making it difficult to solve real-life operation planning
problems.

In this paper, we describe a scheme to speed up operation planning by virtual gen-
eration of state-space nodes. In this scheme, we eliminate unnecessary computation
at the time of node generation by extracting the required information from already
generated nodes. Although generation of two different search nodes rarely involves
identical computation steps, there is considerable overlap in node generation steps.
We have divided the node generation step into a number of computation subproblems.
When we need to generate a new node, we first try to see if any of the node gener-
ation subproblems have been solved for any of the already generated nodes. If any
subproblem has already been solved for some other node, then we use the solution of
that subproblem to save computation time. In such cases, we do not perform node
generation computation steps, and therefore we call such node generation virtual.

The scheme presented in this paper increases the node generation capability and
allows us to consider many more search nodes. The ability to consider more search
nodes helps us in solving more complex problems and finding better operation plans.

1 Introduction

In order to gain acceptance in today’s competitive industry, automated operation planning
systems need to be able to solve complex problems and produce high quality plans. More-



over, there is an increasing demand for faster response time to make the operation planning
function suitable for interactive applications (e.g., manufacturability analysis during design
stage).

State-space search techniques have been used to solve a variety of operation planning
problems[10, 13, 19]. In state-space search formulations, the starting blank/stock is con-
sidered the initial state and the final target part is considered the goal state. Various
manufacturing operations act as the search operators that transform one search state to
another search state. The operation planning problem is defined as the problem of finding
a sequence of operations that transform the initial state to the goal state. In order to use
state space search techniques effectively and efficiently, we need to overcome the following
two challenges.

1. Very high node processing time. Generation of a new state requires significant geometric
reasoning. In most sophisticated process planning systems, this step involves making
queries to a geometric kernel. Such computation is time consuming and leads to very
high node processing time, making operation planning computation-intensive.

2. Large number of search-states. In most operation planning problems, the search space
is very large and it typically grows exponentially with the number of features on the
part. Slower node processing makes it difficult to explore large portions of the search
space.

In order to do operation planning for a complex part, we need to considerably improve
node processing time to allow effective exploration of the state space. In this paper we
describe techniques for speeding up sheet metal bending operation planning.

In general, tooling and setup parameters of a bend depend on the operation sequence.
However, in practice only a selected number of bends in the part can influence bending pa-
rameters of a given bend. This means that the parameters of a bend may remain unchanged
in many different operation sequences. Existing search schemes for exploring alternative
operation sequences result in repetitive calculations.

Bend-lines that do not interact mutually are not likely to affect the manufacturing op-
eration of each other in any significant way. In many cases, simple geometric tests can be
used to rule out the possibility of interactions among two bends. This observation raises the
following question. Can we perform the necessary computations for a search node and reuse
results of those computations later for other search nodes without going through computation
intensive steps? It turns out that the answer to this question is affirmative.

Although the generation of two different search nodes rarely involves completely identical
computation steps, there is considerable overlap in node generation steps. In this paper, we
show that the reuse of computation steps is possible and propose a scheme for handling sheet-
metal bending operation planning. The scheme presented in this paper involves decomposing
the node generation problem into a number of computation subproblems. When we need
to generate a new node, we first try to see if any of the node generation subproblems has
been solved for any of the already generated nodes. If the answer is affirmative, then we
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Figure 1: Sheet metal bending process.
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Figure 2: A sheet metal bending operation planning problem.

use the solution of the already solved subproblem and save computation time. Nodes that
are generated through reuse of precomputed results do not go through real node generation
steps, therefore we use the term wvirtual node generation to describe such node generation.

The reuse of subproblem results is a similar concept to data caching, which is used to
speed up data retrieval. However, recognizing when results of an already solved subproblem
can be used for a given subproblem is a challenging task. The efficiency of a result reuse
scheme depends on the effectiveness of the conditions that are used to identify a match
between various subproblems. Moreover, there is no unique way to decompose a problem
into subproblems. Some decompositions may work better than others. Therefore, selecting
the right problem decomposition is also very important.
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Figure 3: Two different choices for doing a bending operation.

2 Background

2.1 Sheet Metal Bending Operation Planning

In sheet metal bending, a flat part is bent using a set of punches and dies. We will refer to a
set of punches and dies as tools. The punch and the die are mounted on a pressbrake, which
controls the relative motion between the punch and die, and provides the necessary bending
pressure. Figure 1 illustrates the sheet-metal bending process. For a detailed description of
sheet-metal bending processes, readers are referred to handbooks on this subject [2, 3, 21].
In a typical problem, we are given a final part and a starting flat part. The flat part needs
to be bent along the bend lines to create the final part. Figure 2 shows an example part and
the corresponding starting flat. In this Figure, b1, 02,563, b4, b5, b6, b7, and b8 are bend-line
numbers and f1, f2, f3, f4, f5, f6, f7, f8, and f9 are face numbers.

It should be noticed that each bending operation can be performed in two different
ways. Each bend line connects two faces. Either of these two faces can be kept outside the
pressbrake, resulting in two different possibilities for orienting the part in the pressbrake.
Figure 3 shows two different ways of performing the bending operation. Many times the
intermediate workpiece geometry is such that only one of these choices will work.

Intermediate workpiece shapes imposes restrictions on the tooling length that can be
used to perform a bending operation. We refer to such constraints as setup constraints.
Figure 4 shows an example of setup constraint. In this case, tabs on both side of the bend
may intersect with the die during bending. Therefore, this bend cannot be performed on an
arbitrarily long tooling stage. The minimum tooling stage length for this operation is L. In
order to avoid interference between the tool and the intermediate workpiece, the maximum



Figure 4: Setup constraint parameters.
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Figure 5: A bending pressbrake setup.

allowed tooling stage length is Gr+ Gl + L. Besides these restrictions, adjacent stages should
also clear the safety margins. For each bend-line, we use six parameters (shown in Figure 4)
to capture the setup constraints associated with the bend-line. These parameters define the
following setup constraints:

Gr+Gl+L>S>1L
Gl >P
Gr>S—-P-1L
Sr<S—P—-L+Dr
Sl <P+ DI

where, DI is the distance between the current stage and the left adjacent stage. Dr is the
distance between the current stage and the right adjacent stage. L is the length of bend-line.
S is the length of tooling stage. P is the relative position of the bend line with respect to
the left edge of the tooling stage.

In sheet metal bending operation planning, the objective is to find a sequence of oper-
ations that minimizes overall production time. Overall production time consists of setup
time and operation time. Because of its strong influence on the quality of an operation plan,
setup planning is an integral part of operation planning. A pressbrake setup consists of one
or more tooling stages. Figure 5 shows a pressbrake setup consisting of three tooling stages.
Depending upon its intermediate workpiece geometry, each bending operation is assigned to
the appropriate stage in the setup.
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Figure 6: Partial search state-space for the part shown in Figure 2.



2.2 Related Work

Automated process planning is a very active research area. Over the last two decades,
many different automated process planning systems have been developed. Surveys of various
systems and techniques can be found in [1, 11, 4].

Many different AI techniques have been used for process planning. Wang and Wysk de-
veloped a knowledge based technique for process planning [20]. Hayes and Wright developed
a rule based technique for process planning [12]. Nau developed a frame-based technique for
process planning [14]. Increasingly, heuristic search is being used as the main problem solv-
ing technique [10, 13, 19] in process planning systems. The exact nature of search algorithm
and heuristics depend on the particular planning problem being solved.

A number of systems have been developed to automate various process planning functions
for sheet metal parts [5, 16, 18, 22]. Many of these system attempt to handle a wide variety
of sheet metal processes and attempt to sequence various operations based on high level
interactions among them.

The following two research efforts specifically addressed the problem of finding an optimal
operation sequence for sheet metal bending. de Vin et al [6, 7] have developed a process
planning system for finding a feasible operation sequence. Their system addresses the part-
tool collision and tolerance constraints. In addition, they use heuristics for minimizing
material handling time to guide the search. Radin et al [17] have developed a variation of
branch and bound search technique to find the optimal operation sequence. They first try
to find a feasible solution and then try to improve it in subsequent iterations. Their cost
criteria is based on the number of tool changes and material handling time.

Both of the above described efforts use search based techniques to identify optimal oper-
ation sequences. Therefore, virtual node generation techniques described in this paper can
be used in both of these cases to improve computational efficiency.

2.3 State Space Formulation

For sheet metal bending, one can develop many different types of state space formulations.
We will use the forward chaining formulation for explaining the scheme described in this
paper. The search space is represented as a tree. Each node in the search tree represents
an intermediate workpiece and the associated setup plan. Each edge in the search tree
represents a bending operation, described by a bend line and a holding face (i.e., the face
that is used to hold the part). The root node of the search tree is the flat blank with an
empty setup. Leaf nodes of the search tree are either nodes corresponding to the final part, or
nodes corresponding to the intermediate workpiece shapes which have infeasible pressbrake
setups. Leaf nodes that do not correspond to the final part are called blocked nodes. New
search nodes cannot be generated from blocked nodes. Figure 6 shows a portion of the state
space for the part shown in Figure 2.

Many different types of search techniques can be used on this state space formulation
to find the desired solution. Readers are referred to Nilsson’s book [15] for background
information on search techniques. In our research, we use A* search algorithm. The main
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Figure 8: Interaction regions.

emphasis of this paper is speeding up the node generation and not the underlying search
procedure. The speed up in node generation steps can be used to improve the computational
efficiency of a wide variety of search procedures. Summary of our previous work on operations
planning can be found in [8, 9].

3 Definitions

3.1 Inaccessibility

A bend line may not be accessible in every possible operation sequence. In fact, depend-
ing upon the intermediate workpiece geometry, a bend line might be inaccessible for every
available punch. In order to eliminate infeasible operation sequences, we need to find bend
lines that are inaccessible in a given workpiece for every available punch. Inaccessibility of
a bend line b in a workpiece W is examined in the following manner:

1. Construct the after-bend model P by bending b in W. (For a given bend line, we can
construct two different types of workpiece models: before-bend models, representing
the workpiece shape before bending; and after-bend models, representing the workpiece
shape after bending.)



2. Construct the universal punch container C,. The universal punch container is a
parametrized geometric shape capable of containing every available punch. For air
bending operations, the universal punch container can be defined by parameters H, D,
L, and Ang. An example is shown in Figure 7(a). Parameter L is set to the bend length.
Parameter Ang is set to the bend angle. Parameters H and W are initialized based
on the dimensions of the available punches. Parameters H and W are selected such
that the universal punch container has the minimum possible volume and is capable
of containing every available punch of length L.

3. Subtract P from C),. If the subtraction process splits C}, into two or more solids, then
the bend line b is inaccessible in the workpiece W. The reason for this is as follows. If
the intermediate workpiece shape splits the punch container into two parts, then there
exists no punch geometry that can fit in the punch container and connect the top face
with the bottom tip without interfering with the workpiece geometry. For example, in
Figure 7(c), the bend line b is inaccessible in the workpiece .

3.2 Precedence Constraints

Due to accessibility requirements and preferred manufacturing practices certain bending op-
erations need to be done before or after certain other operations. Precedence constraints
resulting from accessibility requirements can be generated by pair-wise examination of var-
ious bend lines. For example, if performing bend b before bend 5" makes b’ inaccessible,
then o' needs to be done before b. For example for the part shown in Figure 2, accessibility
requirements introduce the following set of precedence constraints: {(b1 before 62)}.

3.3 Interaction

Only a portion of the workpiece geometry which is close to the bend line affects the bending
operation (i.e., accessibility and setup constraints). Based on the dimensions of the available
tools, we can define interaction regions which characterize the portions of the workpiece that
can affect the bending operation. The interaction regions should be large enough to contain
every available tool. Figure 8 shows the interaction regions of a bend line.

In order to eliminate unnecessary computation, for every bend b we want to identify the
set of bends that will not affect bending of b. Intuitively, a bend &' will not affect the bend
b, if bending & will never result in an intermediate workpiece shape having a face in the
interaction regions for bend b. Interaction information is represented in a directed graph
called an interaction graph. Nodes in the interaction graph represent bends. Edges in the
interaction graph represent interactions. There is an edge in the graph from node b to V', if we
cannot eliminate the possibility of b' affecting the interaction regions for b. The interaction
graph is built in the following manner:

1. Initialize the interaction graph by adding a node for every bend.
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2. For every bend b, do the following:

(a) Construct the after-bend and before-bend interaction regions for b.

(b) Find set of faces Fyy that cannot reach the interaction regions of b. How to find
Fy is described below.

(c) Let F' be the set of all faces in the part. For every face f € F — Fy, do the
following:

i. Find the set of intermediate bends By that connect face f to bend b.
ii. For every bend 0’ € By, add an edge (b,0') in the interaction graph (i.e., the
possibility of o' affecting interaction regions of b cannot be eliminated).

The set of faces Fy for bend b in Step 2(b) is computed by analyzing every face f
of the part in the intermediate workpiece geometry that brings the face f closest to the
interaction region of bend b. Intuitively, Fy represents the set of faces that do not enter the
interaction regions of b under the conservatively estimated worst case workpiece shape. The
closest position of a face f with respect to an interaction region is estimated in the following
manner.

e Iind the sequence of bends B, ; which connect the face f to the bend b. If By ¢ is
empty, then stop (i.e., f is directly connected to b, and it cannot be included in Fy).

e Find the first bend V' in the sequence B, ; which is not perpendicular to b and can
be done before b as per precedence constraints. If no such bend exists, than intersect
before-bend and after-bend models for bend b with the respective interaction regions.
If f does not intersect with interaction regions, then include f in the set Fiy and stop.

e If i exist, than find the minimum distance dy of b’ from the interaction region of b.

e Let Fyy s be the set of faces that connect the bend b’ to the face f. Find the maximum
distance d,, between any two points lying on the faces in the face set Fy s U f.

e If d,, is greater than dy, then f will never enter the interaction region. Therefore,
include f in the set Fy and stop.

For bend b2 (see Figure 2), Fy is {f4, 5, f6, f7, f8, f9}. Figure 9 shows the complete
interaction graph for this part. The edge from node b1 to node b2 implies that the possibility
of b2 affecting the tooling and setup parameters for b1 cannot be ruled out. There is no edge
from b1 to b3. This implies that b3 cannot affect the tooling and setup parameters for bl.

11



080
A/
08080
A AN
08080
AN\ A

Figure 9: Interaction graph for the part shown in Figure 2.

4 Decomposing Node Generation Problem

A new node is generated by taking an already generated node in the search tree and applying
a search operator to it. We will refer to the node from which the new node is generated as
the starting node and the node which is being generated as the target node. For example, if
the starting node is the root node (i.e., node corresponding to the flat blank), we can bend
any of the accessible bend lines to generate a new node which corresponds to an intermediate
workpiece with one bend. The node generation step can be decomposed into a number of
subproblems described in the following subsections. In order to generate a new search node,
we need to solve each of these subproblems.

4.1 Subproblem 1: Feasibility of Target Nodes

In this step, we try to examine whether the target node (i.e., node being generated) is a
feasible state or not. Any state that has no feasible operation sequence associated with it
is considered an infeasible state. In order to be feasible, a state should have at least one
feasible bending operation, or it should be a state corresponding to the final part. For the
given target node, we first compute the inaccessible bend set by analyzing accessibility of
various unfinished bends in the intermediate workpiece. Then, we compute the feasible bend
set by subtracting the inaccessible bend set from the set of unfinished bends. Input and
output information for this subproblem is given below:

Input: A starting node and a search operator.

Output: A set of bending operations which will inaccessible in the target state (i.e.,
inaccessible bend set) and a set of bending operations which will be feasible in the
target state (i.e., feasible bend set).
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4.2 Subproblem 2: Setup Constraint Generation

As described in the background section, various bending operations impose constraints on
tooling stage lengths. In order to do setup planning, we need to compute setup constraints
resulting from various bending operations. Setup constraints are generated by analyzing any
potential interference problem between the geometric models of the tool and the intermediate
workpiece. Figure 10 shows examples of setup constraint generation for the part shown in
Figure 2. For example, consider the first bending operation in the operation sequence shown
in Figure 10(a). In this operation, bend b8 is created by holding the workpiece at face f1.
The minimum tooling stage length for this operation is [2 (see Figures 2 and 10). There is
no restriction on the maximum tooling stage length for this bend. Now, consider the third
bending operation in the same operation sequence. In this operation, bend b7 is created
by holding the workpiece at face f1. The minimum tooling stage length for this operation
is [3. In order to avoid interference between the tool and the intermediate workpiece, the
maximum allowed tooling stage length is [3 (see Figures 2 and 10). Therefore, the operation
sequence [(bend b8, hold f1)(bend b6, hold f1)(bend b7, hold f1)] (shown in Figure 10(a))
results in the following constraints.

Operation (bend b8, hold f1): Tooling stage length needs to be between (2 and oc.
Operation (bend b6, hold f1): Tooling stage length needs to be between (2 and oc.

Operation (bend 67, hold f1): Tooling stage length needs to be (3.

Similarly, the operation sequence [(bend 67, hold f1)(bend 68, hold f1)(bend b6, hold
f1)] (shown in Figure 10(b)) results in the following constraints.

Operation (bend b7, hold f1): Tooling stage length needs to be between (3 and oc.
Operation (bend b8, hold f1): Tooling stage length needs to be between (2 and 12+ [5.

Operation (bend 06, hold f1): Tooling stage length needs to be between (2 and oc.

Setup constraints for the new node are generated by adding the setup constraints for the
current bending operation to the set of setup constraints for the starting node. Input and
output information for this subproblem is given below:

Input: A starting node and a search operator.

Output: A set of setup constraints for the target node.

13



(8): SEQUENCE [(bend b8, hold f1)(bend b6, holdf1)(bend b7, hold f1)]

(a): flat blank (b): final part

Figure 11: An example of constraint subsumption.

4.3 Subproblem 3: Setup Planning

Once we have computed the setup constraints for a partial or a complete bend sequence,
we can perform the setup planning. Setup planning is done by a constraint propagation
algorithm. The objective of setup planning is to create a pressbrake setup which requires
the minimum production time. In most cases, we are interested in creating setups that
involve the minimum number of tooling stages which fit on the die rail of the pressbrake.
Detailed description of our setup planning algorithm is described in [8, 9].

If 12 > 13 (see Figures 2 and 10), then bends b6, b7, and b8 cannot be done on same
tooling stage in the operation sequence shown in Figure 10(a). On the other hand, bends
b6, b7 and b8 can be done on the same tooling stage in the operation sequence shown in
Figure 10(b). This example shows that the number of stages in a press-brake setup depends
on the operation sequence.

In some operation sequences, some constraints are subsumed by other constraints. In such
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cases, we only need to deal with more restrictive constraints. Consider the part shown in
Figure 11. Every feasible bend sequence for this part results in the following stage constraints.

Operations b1, b2, b3, and b4: Tooling stage length needs to be between [1 and oo.
Operations b5, b6, b7, and b8: Tooling stage length needs to be between (2 and oo.

If [2 > [1, then any tooling state which satisfies the second constraint will automatically
satisfy the first constraint. Therefore, we can assign all operations that result in the first
constraint to the tooling selected for the second constraint. In such cases, we can significantly
reduce the size of the constraint set by performing constraint subsumption checks.

Input: A set of setup constraints associated with the node being generated.

Output: A pressbrake setup and a setup plan which assigns operations to various
tooling stages in the setup.

5 Virtual Node Generation Scheme

Subproblems 1-3, described in the previous section require significant computation time. In
this section, we describe how the results of previously solved subproblems can be reused to
eliminate unnecessary computations.

5.1 Reusing Results of Subproblem 1

The output of this subproblem only depends on the intermediate workpiece shape of the
node being generated. Therefore, any two subproblems which have the same intermediate
workpiece shape will have the same result. Any two operation sequences which cover the
same bends will lead to the same intermediate part shape. For example, bend sequences
[(bend b1, hold f1), (bend b2, hold f3), (bend b3, hold f5)] and [(bend b3, hold f6), (bend
b2, hold f4), (bend b1, hold f2)] will result in the same intermediate part shape. This
observation can be used to develop a scheme for reusing the results of previously solved
subproblems.

We can further improve the condition for reusing subproblem results by making the
following observation. When we apply a search operator to a node, various choices for the
search operator correspond to the bends in the feasible bend set of the starting node. If the
bend corresponding to the search operator does not interact with any other bends in the
inaccessible and feasible bend sets, then the feasible bend set for the new node can be simply
computed by removing the current bend from the feasible bend set of the parent node. The
inaccessible bend set for the new node is same as the inaccessible bend set for the parent
node. We use the following scheme for solving these subproblems.

1. Compute the bend set for the node being generated. This is done by adding the bend
in the current operation to the bend set for the parent node.

15



2. If any of the already solved subproblems has an identical bend set, then reuse the result
of that subproblem.

3. If the bend in the current operation does not interact with any of the bends in the
inaccessible and feasible bend sets of the parent node, then the inaccessible bend set
for the new node is the same as the inaccessible bend set of the parent node; and
the feasible bend set for the new state can be generated by removing the bend in the
current operation from the feasible bend set for the parent node.

4. If the previous two steps do not allow reuse of results, then solve this subproblem.

Consider the part shown in Figure 2. Now let us consider the search node corresponding
to the following partial sequence [(bend b6, hold f1), (bend b5, hold f1) (bend b1, hold f2)].
The feasible bend set for this search node is {b2,03,b4,b7,b8}. The inaccessible bend set
for this search node is empty. Now suppose that we want to generate a new search node
corresponding to the operation sequence [(bend b6, hold f1), (bend b5, hold f1) (bend b1,
hold f2), (bend b2, hold f1)]. As operation b2 does not interact with any bends in the
inaccessible and feasible bend sets of the parent node, we can create inaccessible and feasible
bend sets for this subproblem by simply modifying its parent’s inaccessible and feasible bend
sets. The feasible bend set for this new search node will be {b3, b4, b7,b8}. The inaccessible
bend set for this new search node will be empty.

5.2 Reusing Results of Subproblem 2

Setup constraints for a bending operation depend on the orientation of intermediate work-
piece geometry. For example, operation (bend b3, hold f5) in sequences [(bend b1, hold f1),
(bend 02, hold f3), (bend b3, hold f5)] and [(bend b2, hold f4), (bend b1, hold f2), (bend
b3, hold f5)] results in identical setup constraints. We can make use of this observation in
reusing results of previously solved subproblems.

For any bending operation, setup constraints are only affected by a small portion of
the workpiece that falls under the interaction regions of the bend. Any bend that does
not interact with the current bend will not affect its setup constraints. Two subproblems
that have the same bending operations and the same workpiece geometry in the interaction
region will have the same setup constraints. We use the following scheme for solving these
subproblems:

1. Compute the bend set for the node being generated.

2. Find the set of bends in the bend set that do not interact with the bend in current
operation. Compute the interacting bend set by subtracting the non-interacting bends
from the bend set. If a subproblem with the same operation and the same interacting
bend set has already been solved, then reuse the setup constraints for the matching
operation from that subproblem. Find the setup constraints for the new node by
appending the setup constraints for the current operation to the parent node.

16



3. If the previous step does not allow reuse of results, then solve this subproblem:.

For example, consider the part shown in Figure 2. For this part, the operation (bend
b6, hold f1) has identical stage constraints in sequences [(bend b6, hold f1)] and [(bend
bl, hold f2), (bend b2, hold f1), (bend b6, hold f1)]. Bends b2 and bl do not interact
with b6. Therefore, setup constraints for operation (bend b4, hold f1) remain same in both
subproblems. If we have solved either of the two subproblems, then we can reuse the results
in the other subproblem.

5.3 Reusing Results of Subproblem 3

In this subproblem, a set of setup constraints are used to create a setup for the search node.
Any two subproblems that have the same constraints will have an identical solution. We
compare the setup constraints of a given subproblem with the already solved subproblems. If
the constraints for the current subproblem match with any of the already solved subproblems,
then we can reuse the results. We can use the following scheme for solving these subproblems:

1. Remove redundant constraints from the constraint set.

2. Compare current constraints with constraints of already solved subproblems. If a match
is found, then reuse the setup of the matching subproblem. Assign various operations
to the compatible stages in the setup.

3. If no match is found in the previous step, then solve this subproblem.

Consider the part shown in Figure 11. The operation sequence [(bend b1, hold f1),(bend
b8, hold f1)] results in the following setup constraints:

Operations b1: Tooling stage length needs to be between /1 and oco.

Operations b8: Tooling stage length needs to be between /2 and oo.

The second constraint subsumes the first constraint. Therefore, the setup constraints for
this sequence is same as the setup constraint for the operation sequence [(bend b8, hold f1)].
Both of these subproblems require an identical one stage solution.

6 Improvements in Computational Efficiency

This section describes how reusing results of already solved subproblems affects the compu-
tation efficiency.
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6.1 Size of Search Tree

For the state space formulation presented in the background section, the number of nodes
in the complete search tree (in absence of any blocked node) are:

i?n!/(n —q)!

where n is the number of total number of bending operations. Presence of blocked nodes
reduces the number of nodes in the search tree.

If we were to explore the full search tree without any virtual node generation scheme, in
the worst case, we will need to solve each subproblem for every node in the search tree. For
the part shown in Figure 2 there are more than 10® nodes in the complete search tree.

6.2 Analysis of Subproblem 1

There are 2" number of distinct intermediate part shapes. Therefore 2™ is the maximum
number of subproblems that need to be solved. Moreover, any node whose current operation’s
interacting bends have been already done can reuse the results of its parent node. Therefore,
depending upon the size of interaction graph, the maximum number of distinct subproblems
is further reduced. The upper bound on the maximum number of this type of subproblems
for the part shown in Figure 2 is 256.

6.3 Analysis of Subproblem 2

This subproblem needs to be solved for every combination of bends and the intermediate
workpiece geometries that affects the interaction regions of that bend. The maximum number
of subproblems to be solved is:

I;+1
=1

where, I; is the number of edges from the i** bend in the interaction graph.

As clear from the above formula, the number of distinct subproblems that needs to be
solved depends on the number of edges in the interaction graph. The smaller the number of
edges, the lesser the number of distinct subproblems. For example, consider the part shown
in Figure 2. The maximum number of this type of subproblems for this part is:

21 4 T o olH2 4 ol Il 4 ol+2 4 olHl — yg

6.4 Analysis of Subproblem 3

In a typical part, multiple bend lines have the same bend length. In such cases, for setup
planning, we can use the most restrictive stage constraints for the bend length. The max-
imum number of this type subproblems depends on the nature of setup constraints for a

18



particular problem. However, we can derive an upper bound on the maximum number of
this type of subproblems.

Let n be the number of bend lines and m be the number of distinct bend lengths. Let
n; be the number of bends in the i* bend length. The maximum number of subproblems to
be solved is bounded by the following number:

m n;

320

i=1j=1

where, [;; is the number of edges in the interaction graph from the node corresponding to
the 5 bend in the i*" bend length. The above formula produces close upper bounds when m
is much smaller than n, and the number of edges in the interaction graph are of the order of
n. For example, consider the part shown in Figure 2. There are three distinct bend lengths
for this part. Bends b1 and b2 have length [1. Bends b3, b5, b6, and b8 have length [2.
Bends b4 and b7 have length [3. The upper bound on the maximum number of this type of
subproblems for this part is:

(211 4 211 x (21 4 21 21 9l 5 (2192 4 21H2) = 2048

6.5 Efficiency Gained by Virtual Node Generation

Finding an already solved matching subproblem also requires some computation. So, we
would like to find out the overall efficiency gained by reusing old results rather then com-
puting them from the scratch. Let a be the ratio of subproblem matching time to actual
computation time. Let 3 be the fraction of subproblems that can be reused. Let T, be the
computation time with virtual node generation, i.e., reusing results of old subproblems. Let
T be the computation time without virtual node generation.

Tv/Tzl_ﬁ(l_a)

As can be seen by this formula that if (1 — «) is expected to be much higher than zero,
then one should try to reuse old results.

Consider the case of subproblem 2 for the part shown in Figure 2. « is approximately 0.1
for this subproblem. [ is close to one due to very small number of subproblems that need
to be solved for this part. So we get a speed up by a factor of 10 for this case.

In our experiments « ranges from 0.05 to 0.25 for different types of subproblems and
parts. Complex part geometry leads to smaller value of o due to the following reason. Most
of the geometric reasoning algorithms are O(n?) in nature, where n is the number of edges
in the part. On the other hand, caching procedures do not directly use part geometry. So
their performance does not get affected by the complexity of part geometry. The speed up
factor varies from 20 to 2 depending upon a particular part (3 depends on the part).
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6.6 When to Start Virtual Node Generation?

Examining whether a given subproblem has already been solved requires computation time.
In the beginning phase of the search process when there are very few nodes, there is very
little probability of finding a matching subproblem. Therefore, we want to trigger virtual
node generation scheme only when sufficient number of nodes have been generated and the
probability of reusing results becomes reasonably high. In practice, we wait for a fixed
number of nodes to be generated before triggering the virtual node generation scheme.

7 Conclusions

Manufacturing planning problems typically require computation-intensive node generation.
In order to solve practical problems, we need some way to speed up the node generation
process. Making reuse of previously performed computations is one way to achieve this.
However, if we look at the node generation problem as a single monolithic problem, there
is very little opportunity to reuse any of the already performed computations. Decompos-
ing node generation problem into a number of simpler subproblems presents us with an
opportunity to develop reuse conditions for similar subproblems.

In this paper, we present a virtual node generation scheme for sheet metal parts. We
decompose the node generation problem into a number of subproblems. Analysis of various
subproblems reveals that reuse conditions can be developed for each of the subproblems.
Whenever we need to solve a node generation subproblem, we first try to find out if we can
reuse results of any of the already solved subproblem. If reuse is possible, then we solve the
subproblem virtually by reusing results and save computation time. Furthermore, we show
that in case of each subproblem, the number of distinct subproblems are strongly related to
the number of interactions among bending operations. We also provide a summary of the
expected efficiency gains.

It should be noted that the virtual node generation scheme achieves speed up in node
generation by trading computation time with memory. Therefore, this technique is useful
when one needs to solve the problem quickly and can provide sufficient memory to save
results of previously solved subproblems.

The scheme presented in this paper increases the node generation capability and speeds
up the search process, allowing us to consider more possibilities and solve more complex
operation planning problems. We believe that the concept presented in this paper is quite
general and can be applied to other process planning domains. Specifically, process planning
of manufacturing processes that create products by a sequence of discrete operations such
as machining and assembly can also benefit from virtual node generation.
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