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Abstract 
In this paper we introduce a new approach and definition to manufacturing features which is 
useful for manufacturing evaluation and for generative operation planning. A manufacturing 
feature here is based on extraction of manufacturing feature primitives that correspond to faces 
of a solids model and the accessibility of a factory resident machine tool. These features are not 
based on form or templates. Extraction of a primitive includes calculation of the cutting path and 
operation parameters for that primitive, which in tum permits the calculation of machining cost 
and time. These primitives are grouped, or clustered, into manufacturing features based on an 
objective function, such as minimum-cost. A manufacturing feature is a logical grouping of 
manufacturing feature primitives that share a machine, setup, and cutting tool. This unique 
conceptualization of manufacturing features that does not rely on form features. With this 
approach many manufacturing feature interpretations are possible for a single model. The 
methodology is presented that provides a foundation for the development of clustering heuristic 
and operational planning. 
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1 INTRODUCTION 

We begin this discussion with manufacturing evaluation, which demonstrated the need for a 
new conceptualization of manufacturing features. Manufacturing evaluation is the analysis of a 
product design to determine its manufacturability. The analysis may produce qualitative or 
quantitative results that are typically intended to assist in redesign, estimate the production cost, 
and/or estimate the production time. Manufacturing evaluation can be useful for marketing, 
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product costing, manufacturing planning, and de~ign enhancement. The more accurate the 
evaluation, the more useful it becomes. Similarly, the more closely an evaluation can be linked 
to the design process, the more timely the feedback will become. 

Timely feedback systems have been suggested (Stevens and Boothroyd 1993, Stevens 1992) 
that identify the need for a real-time feature-based tool for integration of design, assembly, and 
manufacturing. The need, as the studies conclude, is because "designers usually lock in cost by 
thinking in terms of familiar processes (Stevens 1992)." Stevens suggests that such a tool must 
incorporate at least a partial process plan to perform real-time cost estimating, and that the 
preferred approach is to use a feature-based cost system. Weirda (1991), however, has 
identified several problems associated with costing by feature and has determined that, for the 
evaluation of operation costs, most operations are performed on multiple features, which 
complicates cost determination by feature and is not reflective of true cost. A reasonable 
assignment criterion for these costs is needed. We have found that to accurately evaluate a part 
for manufacturing a reasonable approximation of the operational plan (the cutting setups, paths 
and face sequences) is necessary. Thus it became necessary to develop a technique for creating 
an operational plan from a solids model. 

The problem is caused by the approach of trying to use form to identify and classify features. 
The intent of features is to aid in communication and reasoning (Stevens 1992), but they must 
be used judiciously; the application must drive features definition, implementation, and 
utilization. The development of the definition of a feature in a particular application domain 
should be closely coupled with all the major parameters of the domain and not be limited to form 
as has been typical. In the domain of manufacturability evaluation, form plays an important 
role, but the assumption that features must be defined, and recognized primarily on form to the 
exclusion of factory resources, is not the one used here. 

Several methodologies have been developed in the last decade to measure manufacturability 
both qualitatively and quantitatively. These methodologies can be classified broadly into two 
groups: rule-based and rating-based. 

2 FEATURE RECOGNITION 

Many rating-based approaches rely on feature recognition that is usually performed manually 
from the drawing or solids model. Feature recognition is predicated on the concept that the 
automation of some applications requires that features in a solid model be identified and 
classified. Previous work in feature recognition largely can be classified into five groups based 
on the approach to the problem. The classes include: (I) rule based systems (Gupta et. al., 
1994, Henderson and Anderson 1984, Regli and Nau 1993), (2) syntactic pattern methods 
(Choi et. al., 1994, Henderson et. al., 1990, Srinath 1993), (3) graph-matching methods 
(Hayes et. al., 1989, Johnson and Boothroyd 1990, Lu and Subramanyam 1988, Regli and 
Nau 1993), (3) volume decomposition (Joshi and Chang 1988, McLeod 1989, Shah et. al., 
1990), and (4) artificial neural networks (Gupta et. al., 1994, Shah et. al., 1994). 

These and other efforts in features technology have lead researchers to define features and 
feature classification schemes in a variety of ways. A feature may have a single definition or, as 
in the PART process planning system, multiple definitions may apply to the same feature 
classification (van Houten and van 't Erve 1990). Within the domain of feature recognition, the 
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characteristic of shape or fonn is a common element in feature definitions, and classification is 
generally based on a taxonomy or scheme composed of a finite set of predefined features. As a 
result, feature-recognition algorithms basically search for characteristics of geometric and 

topologic fonn in a solid model of a part. One of the most pernicious problems in feature 
recognition involves interacting features, i.e., identifying the constituent features in a set of 
interacting features. When features appear without interaction in a solid model, the 

characteristics of fonn that suggest their existence are easily matched to the appropriate feature 
definition. Hence, a feature classification, such as a through slot, can be attached to the portion 

of the solid model that composes the feature. However, the characteristics of fonn for a feature 
can be altered or absent from the solid model when features interact leading to confusion about 
methods to segment an object into features. Also, the number and the complexity of possible 

valid interpretations of a part model increase as the number of feature interactions grows. 

3 THE MANUFACTURING EVALUATION APPROACH 

The intent of the manufacturing evaluation architecture is to present a framework for the 
development of a suite of integrated tools that will predict the manufacturing cost, time and 

eventual quality of a part for a specific set of machines and tools. These will then be associated 
with geometric subdivisions of the model. The cost, time, and quality predictions are then fed 
back to the design function. We call these evaluation predictions evaluation indices because they 

are quantitatively grouped. 
The manufacturing evaluation architecture was designed for milled parts but appears to be 

useful for most machining operations. This architecture is depicted in Figure 1. The architecture 
consists of databases and functions that combine together to augment a solids model, extract 
manufacturing feature primitives from the model, aggregate those primitives in features, 

calculate time and cost based on manufacturability, and then return the evaluation to the 
designer. The integrated databases include the machine tools, cutting tools, machining 

parameters, and heuristic databases. A by-product of the architecture is an operational plan. 

Figure 1 Manufacturing evaluation and operational planning architecture makes use of a new 
approach to manufacturing features 
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3. 1 Manufacturing Features 

Our definition of a manufacturing feature couples available factory resources to a feature. 

Specifically, a manufacturing feature is defined as those portions of a part that can be machined 
by a single combination of factory resident machine, tool, and setup. This definition does not 
eliminate form ( eg., pocket) from the characterization of a feature, but it does elevate other 

parameters ( eg., tool geometry) that are germane to the application of manufacturability 
evaluation to at least an equal level to form. 

A result of this definition is that the manufacturing features that describe a part cannot be 
elucidated without knowing the available factory resources. Also, as evidenced in the discussion 
and example below, this definition substantially reduces the problems associated with 

recognizing interacting features. Recognition or extraction of these features from a solid model 
involves three steps: ( 1) augmenting the solids model, (2) identifying all the existing 

manufacturing feature primitives, and (2) clustering the manufacturing feature primitives into 
manufacturing features. 

3. 2 Product Modeling and Primitive Building 

Step 1 couples coordinate and geometric dimensions with surface texture tolerance to the ACIS 
solids model. Part material is also added directly to the solids model. This is accomplished 

through what we term a 'butterfly' data structure. This is shown in Figure 2. This additional 
information is important for operational planning. 

Part Material I 

Figure 2 Butterfly data structure for product model augmentation 

Step 2 incorporates the available factory resources by generating manufacturing feature 
primitives that carry information pertaining to the machine, the setup, the cutting tool, and part 
geometry. The primitive information is incorporated into a table that includes accessibility of the 
machine tool to the face represented as an accessibility cone depicted in Figure 3. The cone is 

essentially a projection of the a tool onto a face bounded by part faces that would interfere with 
the tool approach and cutting. The accessibility cone is used to determine preferred orientations 

(end of tool or side of tool) that is also called orientation or 0. The shape of the tool and the 
accessibility of the tool (eg. no interference) is considered when matching a tool with a part face 
to form a primitive. Figure 4 depicts examples of a few primitives. 

HereM represents a specific machine or mill and T represents a specific tool from the 
database. From this basic information a cutting path is determined for each primitive along with 
cutting parameters (feed, speed, depth of cut), which is used to calculate and add cutting cost 
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and cutting time to the table. The cost and time is based on calculated tool paths of the volume to 
be removed from a predetermined stock model and on setups. The operation parameters 
database contains of suggested cutting feeds, speeds and depth of cuts, and tool life factors 
based on machining handbooks (Colton 1992, Nieminen and Tuomi 1991). As historical data is 
obtained, the database is updated by specific process capability for a particular machine tool, 
cutting tool, and material. 

Figure 3 Accessibility is computed 
for tool clearance and approach 

3. 3 Feature Clustering 

Figure 4 Each face may have many 
manufacturing primitives 

Step 3 uses an objective function to guide the clustering of the primitives. Although combining 
manufacturing feature primitives to form features is not new, see Drozda (1983) for example, 
the manufacturing feature primitives used here are much broader in scope. As used in this work, 
a manufacturing feature primitive represents a matching of available factory resources (i.e., 
machine, setup, and tool) to a portion of the bounding surface of a part. 

A manufacturing feature is denoted as Sm. Each Sm is a set of primitives (one for each 
face). While a manufacturing feature primitive will be topologically contiguous, the primitives of 
which a manufacturing feature are made of do not have to be topologically contiguous. There 
are many valid feature interpretations for a single product model. The feature set is also 
expandable. For example, the introduction of new machines or machine tools may present new 
features. Each alternative feature representation has particular evaluation indices. Thus, as the 
evaluation criteria change or the available resources change, the machining features will also 
change. The feature interpretation that minimizes cost may not be the same interpretation that 
minimizes machining time or maximizes quality. Of particular interest is how do we select a set 
of manufacturing features from the set of possible manufacturing feature primitive. We have 
developed four heuristics to address this problem. Using the most typical optimization criteria, 
we want to select features to minimize the cost or the time to manufacture the product. We find 
that a complete enumeration of all possible Sm and all possible mappings is computationally 
infeasible for a product model of even minimal complexity. 

The process of building a manufacturing feature from primitives is called clustering. This 
is illustrated in Figure 5. 
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Face Prim M 0 T 

17 82 1 1 
17 83 1 2 
17 84 2 1 

Feature Primitive Table (PMAT) 

Figure 5 Clustering is the process of building manufacturing features. 

A simple example of a clustering heuristic is to select the primitive for each face that is the 
minimum cost or minimum time primitive. This heuristic does typically produce an optimal 
solution since it does not consider setups and machine tool changes. A feature would 

incorporate all of those primitives that use the same orientation, tool and machine (meaning one 
setup and no tool changes). Manufacturing features are then grouped into feature sets. This is 

depicted in Figure 6. 
One feature set incorporates sufficient primitives and features to machine the entire model. 

Improvements to the simple heuristic previously described can be made by trying to minimize 

setups and/or tool changes by selecting primitives for each face that have the same orientation 
regardless of cost. A potential drawback to the system is that each new tool and machine added 

to the database will produce many additional features and thus features sets for evaluation. 
Constraints are used to bound the solution space. The heuristics also are designed to prune some 
of the search space while looking for a good (not necessarily optimal) solution. 

Feature Set 1 
Cost :::$ 
Time ::: minutes 
Quality=Cpm 

Mfg Feature II 
Mfg Feature #4 
Mfg Feature 15 

Mfg Fe~:ure Se~~i=--.::rot.,--
Ti 
Qu 

Mfs 
Mts 
Mfs 
Mts 

ea un: et 
Feature Set 5 

+Sequencing= Operation 
Plans 

Figure 6 Manufacturing features are grouped into feature sets that encompass the entire 
model. Feature sets are used to create operation plans for evaluation using the operation plan. 
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4 EXAMPLE EVALUATION 

As an example the part in Figure 7 was analyzed. This part has a complex surface in the center 
of a pocket. Dimensions and tolerances are not shown. This paper does not present the 
particular details of the developed heuristics nor does it present a cost or time calculation. 
Instead we have focused on presenting the methodology of our approach. Table 1 does, 
however, show one of the feature sets for this model based on a heuristic that attempts to 
minimize the number of setups by including all primitives into a minimum number of features. 
Some constraints were applies (use a ball mill on all complex surfaces). As shown there are 
three manufacturing features for feature set 1. Primitives in Table 1 are divided into groups of 
primitives for machining purposes. Feature 3, for example, includes faces 20, 28, 29, 30, and 
14 which are all primitives. Some primitives are composed of several faces that are machined 
simultaneously such as primitive 333 of feature 1. These faces are all part of the center pocket of 
the part. We have compared the cost and time algorithms with other published approaches 
(Boothroyd 1988) and find that they compare reasonably. The features do not represent the 
order of processing for the operational plan. 

Figure 7 Example part showing most of the faces 

5 SUMMARY 

In this paper we have demonstrated a new approach and definition to manufacturing features by 
augmenting a product model, extracting primitives, and clustering primitives into features. This 
approach overcomes previously identified problems with feature recognition. This approach 
appears to be a good foundation for manufacturing evaluation, for design feedback, and for 
automatically generating operational machining plans. Current work includes the development of 
heuristics for clustering, working on four and five axis machining, and refining the operational 
planning algorithms to produce accurate operational plans. This work has been evaluated by our 
industrial advisory committee and has been sponsored by the National Science Foundation. 
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Table 1 A feature set for the example part based on a heuristic that minimizes the number of 
setups 
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