
In Jami Shah, Martti Mantyla, and Dana Nau, editors, Advances in Feature Based Manufactur-ing, Elsevier/North Holland, 1994, pp. 161-184.A methodology for systematic generation and evaluation ofalternative operation plans�Satyandra K. Gupta,a Dana S. Nau,b William C. Regli,b and GuangmingZhangaaMechanical Engineering Department and Institute for SystemsResearch, Uni-versity of Maryland, College Park, MD 20742, USAbComputer Science Department and Institute for SystemsResearch, Universityof Maryland, College Park, MD 20742, USAAbstractThis chapter describes a methodology for analyzing some of the manu-facturability aspects of machined parts during the design stage of the productdevelopment cycle, so that problems related to machining can be recognizedand corrected while the product is being designed. Starting with the CADdesign for a proposed part, our basic approach is to systematically generatealternative operation plans for machining the part, evaluating the capabilitiesof each operation plan to see which one best balances the need for e�cientmanufacturing against the need for a quality product. We anticipate that theinformation provided by this analysis will be useful both to provide informa-tion to the manufacturing engineer about alternative ways in which the partmight be machined, and also to give feedback to the designer about problemsthat might arise with the machining.1. INTRODUCTIONOne of the missing links between CAD and CAM is the virtual absence of any sys-tematic methodology for generating and evaluating the alternative ways to manufacturea proposed design. Most integrated CAD/CAM systems try to generate a single processplan for a given design|but in general, there may be several alternative ways to man-ufacture the design. How easy it is to manufacture|or whether it is even possible tomanufacture it at all|may depend on which alternative is chosen. Thus, these alterna-tives should be generated and examined, to determine how well each one balances theneed for a quality product against the need for e�cient manufacturing.In this chapter we describe a methodology for systematically generating and evalu-ating alternative operation plans for machined parts. Our approach involves representing�This work was supported in part by NSF Grants NSFD CDR-88003012, IRI-8907890, and DDM-9201779. 1



the design as a collection of machining features, volumetric features that correspond tomachining operations. In general, there may be several alternative representations of thedesign as di�erent collections of machinable features, corresponding to di�erent ways tomachine the part. The basic idea is to generate alternative interpretations of the partas collections of machinable features, map these interpretations into operation plans, andevaluate the manufacturability of each operation plan. More speci�cally, our approachinvolves the following steps:1. Build the set of all potential machining features F by identifying various featureswhich can be used to create the part P from the stock S, as described in Section 4.Each feature in F represents a di�erent possible machining operation which can beused to create various surfaces of the part.2. Do the following steps repeatedly, until every promising feature-based model (FBM)for P has been examined:(a) Generate a promising FBM F from the feature set F , as described in Section 5.As described in Section 3, an FBM is basically a set of machining features thatcontains no redundant features and is su�cient to create the part P . Weconsider an FBM unpromising if it is not expected to result in any operationplans better than the ones which has already been examined.(b) Do the following steps repeatedly, until every promising operation plan result-ing from F has been examined:i. Generate a promising operation plan O from F , as described in Section 6.O represents a partially ordered set of machining operations. We consideran operation plan to be unpromising if it violates any common machiningpractices.ii. Estimate the achievable machining accuracy of the operation plan O, asdescribed in Section 7.1. If the operation plan O cannot produce therequired design tolerances and surface �nishes, then discard it and go toStep i.iii. Estimate the production time and cost associated with operation plan O,as described in Section 7.2.3. If no promising operation plans were found during the above steps, then exit withfailure. Otherwise exit with success, returning the operation plan that representsthe best tradeo� among quality, cost, and time, as described in Section 7.3.The results of such an analysis can potentially be used for two purposes: (1) to givethe production engineer information about what processes and process parameters aremost desirable over the various ways in which the part might be machined; and (2) togive the product designer a better understanding of whether and how the design mightbe changed to improve its manufacturability.2



2. RELATED WORKFeature-based approaches have been very popular in a variety of CAD/CAM imple-mentations, but di�erent people have used the term to mean di�erent things [27, 9, 14, 6].Signi�cant amounts of work have been directed towards de�ning sets of form features toserve as a communication medium between design and manufacturing|but at present,most researchers are convinced that a single set of features cannot satisfy the requirementsof both of these domains. The recent trend seems to be toward de�ning sets of featureswith speci�c application domains in mind (such as machining, assembly, inspection, etc.).For the machining domain, most researchers agree that volumetric features are preferableto surface features, although certain additional information about the surfaces is needed(for example, to determine accessibility and tool approach directions).2.1 Recognizing Machining FeaturesThere are three primary approaches for obtaining features from a CAD model. Inhuman-supervised feature recognition, a human user examines an existing CAD model todetermine what the manufacturing features are [1]. In automatic feature recognition, thesame feature recognition task is performed by a computer system [4, 29, 25, 5, 11, 23]. Indesign by features, the designer speci�es the initial CAD model in terms of various formfeatures which translate directly into the relevant manufacturing features [26, 28, 10].Many examples exist of each of these approaches. However, these approaches typicallyproduce a single set of features describing the CAD model, rather than several alternativeinterpretations of the model.2.2 Generating AlternativesHummel [9] and Mantyla [16] present examples of multiple feature representationsof the same object. However, these papers do not describe a system or methodology forgenerating multiple feature models.Hayes's machinist system [8] can identify certain cases in which one feature needsto be made before another. However, its representation of features is not adequate forall aspects of process planning. For example, if it decides that some hole needs to bemade before some slot, it does not automatically update the dimensions of the hole orthe slot|information which would be needed for process selection.The AMPS process planning system [2] includes a step called \feature re�nement,"which involves combining a set of features into a more complex feature if it appears thatthis will optimize the plan, or splitting a feature that cannot be machined into two ormore features that can (hopefully) be machined. The techniques for deciding when tocombine or split features are heuristic in nature, so from the author's description it is notalways clear when alternative interpretations will be produced.Vandenbrande [29] has developed a system that combines techniques from arti�cialintelligence and solid modeling. It uses hints or clues to identify potential features in theboundary representation of the part. It is capable of identifying interacting features (e.g.,two intersecting slots), and produces alternative feature interpretations in certain cases.The �rst systematic work on generation of alternative interpretations was done byKarinthi and Nau [12, 13]. They describe an approach for producing alternative inter-3



pretations of the same object as di�erent collections of machining features as the resultof algebraic operations on the features, and a system for generating alternative inter-pretations by performing these algebraic operations. This system works with abstractvolumetric features. There is no direct relation between these features and machining op-erations. Therefore some of the interpretations generated by this approach are not feasiblefrom the machining point of view. In this approach a set of algebraic operators (such asmaximal extension, truncation etc.) has been used to generate new interpretations of thepart. But this set of operators is not su�cient to generate all interpretations of the part.Moreover, many times the resulting features do not belong to any of the feature classes.Some of the feature interactions may also result in partial ordering among features, whichis an important issue from a machining point of view|but this work does not deal withtime orderings among the features.2.3 Evaluating Operation PlansBecause of the need for quality assurance on the shop 
oor, extensive research hasbeen done on di�erent aspects of evaluation of operation plans. Much of the data rele-vant for machining operation planning is available in machining data handbooks such as[15]. In addition, mechanistic models have been developed to provide quantitative map-pings between machining parameters (such as cutting speed, feed, and depth of cut), tothe performance measures of interest (such as surface �nish and dimensional accuracy)[7, 2, 35, 36, 30]. Research on machining economics has produced quantitative models forevaluating times and costs related to machining operations [37, 32, 31], and optimizationtechniques have been applied to these quantitative models to seek the machining param-eters which minimize the variable cost, or maximize the production rate and pro�t rateassociated with machining operations.3. DEFINITIONS3.1 Geometric Solids and Machined PartsFor our purposes, a solid is any regular, semi-analytic subset of three-dimensionalEuclidean space. If R is any solid, then b(R) is the boundary of R, and �(R) is the interiorof R. Note that R = �(R) [ b(R) and that �(R) \ b(R) = ;. If R and R0 are solids, thenR\�R0 is the regularized intersection of R and R0, i.e., the closure of �(R)\�(R0). Similarly,R[�R0 and R��R0 are the regularized union and regularized di�erence, respectively. Forfurther details on these and other related concepts, see [24].A machined part (or just a part) is the �nished component P to be produced asa result of a sequence of machining operations on a piece of stock S, which is the rawmaterial from which the part is to be machined. The delta volume is the volume to bemachined, i.e., � = S �� P . The workpiece is the intermediate part W produced byperforming one or more of the machining operations in the sequence. We will representP , S, and W as geometric solids.3.2 Machining FeaturesIn a machining operation, material is removed by relativemotion between the cuttingtool and the workpiece. The cutting tool is mounted on a large machine tool, and the4
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(rem(f))Figure 1: A drilling tool, and the resulting swept volume.total volume occupied by the cutting tool and the machine tool is quite large. But we willonly be interested in some small portion of this total volume, namely the portion thatactually gets close to the workpiece. We will call this portion the tool volume, and we willdenote it by T . Fig. 1(a) shows a drilling tool. To perform a cutting operation, the toolvolume T is given a relative cutting motion with respect to the workpiece. This cuttingmotion may either be imparted to the tool (examples include various milling operations)or the workpiece (examples include various lathe operations). Most of the time thisrelative cutting motion is either linear (operations such as shaping, planning, broaching)or rotational (operations such as turning, drilling, boring, milling). We represent thismotion as a sweep sv which is either linear or rotational. Let Tv denote the solid generatedby applying sweep sv to the solid T . For the purpose of locating the tool, we choose aparticular point pd of Tv as a datum point. Fig. 1(b) shows Tv and pd for drilling operations.For our purposes, a machining feature is the portion of the workpiece a�ected by amachining operation. However, we will need to know not just the volume of material whichthe feature can remove from the workpiece, but also what kind of machining operation weare performing, and how we access the workpiece in order to perform the operation. Moreformally, a machining feature is a triple f = (rem(f); acc(f); class(f)), where rem(f),acc(f), and class(f) are as de�ned below:� To perform the machining operation, one sweeps the volume Tv along some tra-jectory t. The trajectory t is feasible only if sweeping Tv along t does not cause5
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(a) Isometric view (b) Sectioned view (c) FBM 1 (d) FBM 2Figure 3: A simple part, and two FBMs for it. Note that in FBM 1, the pocket must bemade before the hole, and in FBM 2, the hole must be made before the pocket.{ If we are interested in drilling holes, then we may de�ne �d to be the set of allfeatures that can be created by sweeping a drilling tool of diameter d along alinear trajectory starting at the datum point pd and going in along some unitvector ~v for some distance l. Thus, we can specify a particular feature in �hby giving speci�c values for pd, ~v, d, and l.{ If we are interested in making milled pockets, slots or faces, then we may de�ne�m to be the set of all features that can be created by sweeping a milling toolof radius r in plane, whose parameters are the starting point pd, the depthl, the edge loop e, and the unit orientation vector ~v. Thus, we can specify aparticular feature in �m by giving speci�c values for pd, ~v, e, and l.Fig. 2 gives some examples of machining features.A feature f is accessible in a workpiece W if the following conditions are satis�ed:1. f 's accessibility volume does not intersect the workpiece, i.e., acc(f) \� W = ;.2. If f 's class is drilling, then to ensure proper machining, the hole's entry face shouldbe a planar surface perpendicular to the hole's axis (no similar condition is neededfor milling).3.3 Feature-Based ModelsDepending upon available manufacturing facilities, we will have some �xed �niteset of feature classes � = f�1; : : : ; �ng, and for each part that we want to manufacture,we will be interested in describing the part in terms of features from �. Suppose we aregiven a part P and stock S. A feature-based model (or FBM) of P and S is any set offeatures F having the following properties:1. Each f 2 F is an instance of some feature class in �.2. If we subtract the features in F from S, we get P ; i.e. , S �� Sf2F rem(f) = P .3. No feature in F is redundant, i.e. , for every feature f 2 F; S��Sg2F�ffg rem(g) 6= P .7
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Figure 4: An example of a datum-dependency precedence constraint. In this case, s1should be made before h.For example, Fig. 3 shows a simple part and two FBMs for it. Intuitively, an FBM is aninterpretation of the delta volume as a set of machining features.Let f and f 0 be any two distinct features in some FBM. Then f and f 0 intersecteach other if rem(f) \� rem(f 0) 6= ;.3.4 Precedence Constraints and Operation PlansDue to accessibility [18], setup [8] and other types of interactions [20] among thefeatures in an FBM F , the features of F cannot be machined in any arbitrary order. In-stead, these interactions will introduce precedence constraints requiring that some featuresof F be machined before or after other features.Let F be an FBM, and let f and f 0 be any two features in F . We will be interestedin the following two types of precedence constraints among f and f 0:1. Accessibility precedence constraint. If acc(f) \� rem(f 0) 6= ;, then this means thatthe cutting tool approaches f through the volume occupied by f 0, and thus f 0 mustbe machined before f . An example is shown in Fig. 3(c), in which the pocket mustbe machined before the hole.2. Minimality precedence constraint. Suppose that machining f 0 before f would allowus to machine rem(f) using a smaller feature g of the same class as f , then weconstrain f to be machined before f 0 (for otherwise, we would be machining grather than f). An example is shown in Fig. 3(d), in which we would constrain thehole to be machined before the pocket.3. Datum-dependency precedence constraint. If feature f creates the datum surface forfeature g, then f should be machined before g. An example is shown in Fig. 4.If the precedence constraints contradict each other (i.e., if there is no total orderingconsistent with them), then we consider F to be unmachinable. Otherwise, the precedenceconstraints will induce a partial order � on the features of F (i.e., f � f 0 if f must bemachined before f 0)|or equivalently, they will induce a partial order on the machining8



Table 1Surfaces created by drilling and millingBottom Sidedrilling conical (concave) cylindrical (concave)milling planar cylindrical or planaroperations corresponding to the features in F (i.e., op(f) � op(f 0) i� f � f 0). In thiscase, the operation plan for F consists of the set of machining operations O along with thepartial ordering �. Note that every total ordering fo1; o2; : : : ; okg of O that is consistentwith the operation plan will satisfy the following conditions:For each i, let fi be the feature corresponding to oi. Let W0 = S, and Wi =Wi�1 �� rem(fi) for all i > 0. ThenCondition 1: for all i > 0, fi is accessible in Wi�1, i.e., acc(fi) \� Wi�1 = ;.Condition 2: each fi is the smallest feature in its class that can be used toproduce Wi from Wi�1; i.e., there is no feature f 2 class(fi) such thatrem(f) � rem(fi) and Wi�1 �� rem(fi) =Wi�1 �� rem(f).4. IDENTIFYING MACHINING FEATURESGiven solids representing the part P and the stock S, and a set of feature classes �,we are interested in �nding the set F of all features from � that correspond to machiningoperations that can be used to create P . Each machining feature is capable of creatingcertain types of surfaces. For example, Table 1 presents the types of surfaces that can becreated by drilling (shown in Fig. 2(a)) and milling (shown in Fig. 2(b)).In our approach, we consider all the part surfaces that need to be created, and tryto identify features (i.e., instances of feature classes) which are capable of creating thosesurfaces. The basic idea behind our approach is given below:Let U = b(P )�� b(S) be the set of all faces of P that are not faces of S. Theseare the faces of P that will need to be machined. For each face u 2 U , do thefollowing:For each feature class � 2 �, add to F every feature f 2 � that has thefollowing properties:1. f can create u (i.e., u is a subface of some face of f), and f does notintersect the part (i.e., P \� rem(f) = ;),2. for every feature g 2 � that has property 1 and contains f , f and ghave the same e�ective removal volume.3. for every feature g 2 � that has property 1 and is contained by f , ghas a smaller e�ective removal volume.9



Figure 5: Examples of parts recognizable by our feature recognition algorithm.As a speci�c instance of this approach, we have developed an algorithm for iden-tifying machining features from a given portion of the boundary of the feature. For thedetails of the algorithm, readers are referred to [23, 22]. This algorithm handles a largevariety of features that correspond to drilling and milling operations, and it is provablycomplete, even if the features intersect with each other in arbitrarily complex ways.The primary limitation of this algorithm is that it is designed only to handle lin-early swept features (i.e., holes, slots, pockets etc.). However, our de�nitions of drillingand milling features are more general than the de�nitions used in a number of featurerecognition systems; for example, milled pockets may be complicated swept contours thatinclude corner radii, islands and other characteristics, in order to realistically describe anon-trivial set of mechanical parts. For example, the algorithm can handle each of theobjects shown in Fig. 5.As an example, consider the part shown in Fig. 6. Let us assume that this part willbe machined from a rectangular stock made of plain carbon steel (100 BHN), measuring80mm� 80mm� 55mm. Suppose that the only available feature classes are the class ofall drilling features and the class of all milling features. Then Fig. 7 shows the featuresidenti�ed by our algorithm.5. GENERATING FEATURE-BASED MODELSAfter �nding the set of features F , the next step is to use these features to generateFBMs for P and S. Since each FBM is basically an irredundant set cover for the setF , we will generate irredundant FBMs using irredundant-set-covering techniques [21, 19],and use pruning heuristics to discard unpromising FBMs.Discarding Unpromising FBMs. Let F be an FBM, and let Ls(F ) be the cardinalityof the set f~v(f) : f 2 Fg, where ~v(f) is the unit orientation vector for feature f . Then10



45
o

45
o

A0.20A0.20

20
+0.15

-0.15

10
+0.25
-0.00

20
30

10

10 30

80

50

55

5

10

20 20

80

0.05
A

30

u2

u4

u6

u3

u5

u1

Figure6:Anexamplepart.11



� = fdrilling features,milling featuresg
s3

s1 s1’

s2

h h’

s5 s5’

s4’s4

F = fs1; s10; s2; s3; s4; s40; s5; s50; h; h0gFigure 7: Features identi�ed by our algorithm for the part shown in Fig. 6.12



FBM1 = fh; s1; s2; s3; s4; s5g:
FBM2 = fh; s1; s2; s3; s40; s50g:Figure 8: FBMs generated by our algorithm.Ls(F ) is the number of di�erent directions of approach needed in order to machine F ,and (except on 5-axis machines or special purpose �xtures) is a lower bound on thenumber of setups needed to machine F . Similarly, let Ltc(F ) be the cardinality of theset f(tool(f); ~v(f)) : f 2 Fg, where tool(f) is the tool associated with feature f . ThenLtc(F ) is a lower bound on the number of tool changes needed in order to machine F .If two FBMs F and F 0 have same sets of removal volumes but di�erent sets ofaccessibility volumes, then the expected machining accuracy of F and F 0 is same, but thenumber of setups and/or tool changes might be di�erent. In this case, we consider F 0unpromising if either of the following conditions is satis�ed:� Ls(F ) � Ls(F 0) and Ltc(F ) < Ltc(F 0), i.e., F is believed to require no more setupsthan F 0, and fewer tool changes;� Ltc(F ) � Ltc(F 0) and Ls(F ) < Ls(F 0), i.e., F is believed to require no more toolchanges than F 0, and fewer setups.As an example, Fig. 8 shows two of the FBMs generated from the features shownin Fig. 7. 13



6. GENERATING OPERATION PLANSAfter generating FBMs, the next step is to generate the associated machining oper-ations along with their partial orderings. Given an FBM F , we generate operation plansfrom F as follows:1. O = ;. (O will eventually be the set of operation plans returned in Step 3.)2. For every partial ordering � on F that totally orders intersecting features and leavesnon-intersecting features unordered,2 do:(a) Let f1; : : : ; fn be any total ordering of F that is consistent with �.3 As de-scribed below, trim each fi with respect to Wi = S �� (rem(f1) [� : : : [�rem(fi�1)), producing a new trimmed feature gi. If gi is not accessible in Wi,then discard � and skip Steps (b) and (c). Otherwise, let G be the FBMconsisting of g1; : : : ; gn.(b) Let ! be the partial ordering on G that is de�ned as follows:i. g ! g0 for each pair of features g; g0 2 G such that g must be machined inorder to make g0 accessible (i.e., rem(g) \� acc(g0) 6= ;);ii. g ! g0 for each pair of features g; g0 2 G such that machining g0 before gwould allow us to machine rem(g) using a smaller feature h of the sameclass as g (i.e., there is a feature h 2 class(g) such that rem(h) � rem(g)and S �� (rem(g0) [� rem(h)) = S �� (rem(g0) [� rem(g))).iii. g ! g0 for each pair of features g; g0 2 G such that g creates the datumsurface for g0.(c) If! is a consistent partial ordering (which can easily be veri�ed using a topo-logical sorting procedure [3]), then (G;!) is an operation plan, so add it to Oand select the associated cutting parameters. Otherwise, G is not machinable,so discard it.3. Return O.If f is a feature and R is a solid, then trimming f with respect to R involves thefollowing two steps:2What we mean by this is the following. Let f(f1; f 01); (f2; f 02); : : : ; (fn; f 0n)g be all pairs of intersectingfeatures in F , and for each i, let Ci be the pair of partial ordering constraints f(fi � f 0i ); (f 0i � fi)g.Then every consistent set of partial ordering constraints that can be found in the Cartesian productC1 � : : :� Cn gives us a possibility for the partial ordering �. In the worst case, this could be a verylarge number of partial orders|but we believe that this worst case is quite unlikely to occur. In mostcases, all sets of intersecting features will be quite small, and thus the number of partial orders shouldnot normally be very large.3Such a total ordering can easily be generated using topological sorting [3]. This total ordering is notunique, but since � totally orders intersecting features, we can prove that we will get exactly the sameoperation plan regardless of which total ordering is produced by the topological sorting algorithm. Theonly purpose of this total ordering is so that we can trim the features; once we have trimmed them wediscard the total ordering. 14



1. First, shorten f by eliminating (as much as possible) those portions of rem(f) thatare outside R and �nding a new datum point pd.2. The removal volume rem(f) is a swept volume produced by sweeping the cutting-toolvolume Tv along a trajectory t that starts at the datum point pd. If the trajectory tcan be shortened without changing the datum point pd or the volume removed fromR by f , then trim f by shortening t.As an example, consider FBM 1 of Fig. 8. If the hole h is machined before the face s4,then h's entry face will not be perpendicular to its axis and will pose an accessibilityproblem (as described at the end of Section 3.2). Therefore, the above procedure willgenerate no operation plan in which s4 � h. Fig. 9 shows two di�erent operation plansproduced from FBM 1.Identifying Unpromising Operation Plans. We will consider O to be unpromisingif it contains features whose dimensions and tolerances appear unreasonable. Examplesinclude the following: a hole-drilling operation having too large a length-to-diameter ratio;a recess-boring operation having too large a ratio of outer diameter to inner diameter;two concentric hole-drilling operations with tight concentricity tolerance and oppositeapproach directions. All three of these examples are illustrated in Fig. 10.7. OPERATION PLAN EVALUATION7.1 Estimating Achievable Machining TolerancesEach machining operation creates a feature which has certain geometric variationscompared to its nominal geometry. Designers normally give design tolerance speci�cationson the nominal geometry, to specify how large these variations are allowed to be. To verifywhether or not a given operation plan will produce the desired design tolerances, we wantto estimate what tolerances the operations can achieve.To get the most accurate results, the best technique is to construct a mathematicalmodel of the machining process. To date, we have done this for turning and boring|andour methodology can easily be extended to model all machining processes involving single-point cutting tools. By modeling the relative motion of the workpiece and the cuttingtool, we produce models of topography resulting from the machining process|and fromthese models, we calculate the achievable tolerances and surface �nishes produced by themachining process. Our models take into account the following factors:1. The machining system parameters, such as the feed rate, cutting speed, depth ofcut, and structural dynamics [38, 33, 34, 15, 18].2. The natural and external variations in the machining process. For example, varia-tions in hardness in the material being machined cause random vibration, which isone of the factors a�ecting the surface quality [35, 36, 18].To model these factors, we use a combination of deterministic, statistical, and empiricaltechniques [35, 36, 38, 33, 34, 18]. 15
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s2ob(a): Oa (b): ObFigure 11: Two Di�erent Operation PlansMachining processes that do not involve single-point cutting tools are complex.Mathematical models to describe drilling, milling, and grinding processes can be foundin the relevant literature. In our approach, empirical models are also used to estimatemachining tolerances. The approach is similar to tolerance charting. For the sake ofbrevity, we omit the details.Example. For the part shown in Fig. 6, Fig. 11 shows two operation plans Oa and Ob.Oa was generated from FBM 1 (it is the rightmost of the plans shown in Fig. 9), and Ob wasgenerated from FBM 2. The details of these two plans are presented in the Appendix. Aswe discuss later in Section 7.2, Oa is the plan that produces the shortest production timefor this part. However, Ob is the plan that produces the tightest machining tolerances.Tables 2 and 3 present the estimated achievable tolerances for operation plan Oa andOb respectively. Note that because of setup changes between the operations in operationplan Oa, the achievable angularity tolerances between u1 and u2, and between u1 andu3, are worse than in Ob. If designer had speci�ed a tighter angularity tolerance, then Oawould have not been able to achieve that tolerance.7.2 Estimating Production Cost and TimeThe total time of a machining operation consists of two components, the cuttingtime (during which the tool is actually engaged in machining), and the non-cutting time(which includes the tool-change time, setup time, etc.). Methods have been developedfor estimating the �xed and variable costs of machining operations; conventional formulasfor estimating these costs can be found in standard handbooks related to machiningeconomics, such as [32, 31]. The particular formulas we use to evaluate the productioncost and time for machining processes are presented in [37, 18].17



Table 2Achievable tolerances for operation plan OaSurface(s) Tolerance Type Operations Design Achievableu1 
atness oas1 0.05 0.05u1; u2 angularity oas1; oas4 0.20 0.20u1; u3 angularity oas1; oas5 0.20 0.20u4; u5 length oas3 +0:15;�0:15 +0:10;�0:10u6 diameter oah +0:25;�0:00 +0:20;�0:00Table 3Achievable tolerances for operation plan ObSurface(s) Tolerance type Operations Design Achievableu1 
atness obs1 0.05 0.05u1; u2 angularity obs1; obs40 0.20 0.10u1; u3 angularity obs1; obs50 0.20 0.10u4; u5 length obs3 +0:15;�0:15 +0:10;�0:10u6 diameter obh +0:25;�0:00 +0:20;�0:00Table 4Time estimates for plan Oa Table 5Time estimates for plan ObOperation Time (min)oah 1.42oas1 2.08oas2 0.25oas3 0.50oas4 0.42oas5 0.424 setup changes 6.06 tool changes 1.0Total time 12.09
Operation Time (min)obh 1.42obs1 2.08obs2 0.25obs3 0.50obs40 3.13obs50 3.132 setup changes 3.04 tool changes 0.66Total time 14.17Examples. Tables 4 and 5 present time estimates for operation plans Oa and Ob. Inestimating the production time for milling operations, we have added the half the tooldiameter to each slot and face length to account for lead-in and break-through. We assumethat the part will held in a vise. The setup-change time for the vise is taken from [31].Although we can similarly estimate the production costs for Oa and Ob, we omit this forthe sake of brevity.7.3 Tradeo�sFrom the above calculations, it is clear that which of the two operation plans ispreferable will depend on the machining tolerances and cost objectives.Operation plan Ob involves fewer setups than operation plan Oa, thus o�ering anopportunity to achieve a higher machining accuracy. In particular, Ob will be preferablewhen a tight angularity tolerance is required. But because of the number of passes requiredfor machining u2 and u3, operation plan Ob requires a larger production time than Oa.18



When the angularity tolerance requirement is not tight (as is the case for the designspeci�cations shown in Fig. 6), the main objective in process planning may be to achievea low production time while maintaining an acceptable machining accuracy. Under suchcircumstances, Oa will be preferable.8. RESEARCH ISSUES8.1 Generating Redundant FBMsIt is often desirable to use a roughing operation to remove a volume of materialfollowed by a �nishing operation in which the swept volume of the tool completely sub-sumes the removal volume of the roughing operation. Examples are (i) making a hole bydrilling and then reaming the hole and (ii) making a slot with a roughing end mill andthen �nishing the slot with a slightly larger �nish end mill.It follows that redundant FBMs must be considered at some point. The proceduredescribed in this chapter does not allow redundant FBMs at any point. The redundantFBMs should certainly be generated before a cutting order is established and the cost isestimated. (For example, if we are drilling and boring a dozen similar holes in a workpiece,the lowest-cost order is to drill them all then bore them all).8.2 Alternative FBMs for Di�erent-Sized ToolsIf we use machining features to represent the swept volume of the cutting portion ofthe tool, then we will need take into account the possibility of using di�erent tools whenwe generate alternative FBMs. For example:1. If we are cutting a pocket whose outline is an hourglass shape (or any shape with abottleneck in it), the cost-e�ective method is to use a large tool to cut the bottomand top of the hourglass and a small tool to cut the narrow part in the middle wherethe large tool would not �t. Using the small tool to cut the entire pocket wouldtake too much time. Thus, a machining-feature decomposition must include threemachining features for cutting the pocket.2. If a large pocket contains tight corners into which a large tool will not �t, a largemachining feature should be generated in which the tight corners are rounded, andeach tight corner should have its own small machining feature. A small tool shouldbe used for the large machining feature, and small tools for the small machiningfeatures.3. If a machining feature is de�ned for removing some delta volume, in some casesthe corners of the machining feature may have radii assigned to them arbitrarily.A smaller radius lets a smaller machining feature be de�ned (which helps avoidinterferences) but requires a small tool, while a larger radius allows a larger toolto be used. Some heuristic rules are needed to determine radii when generating anFBM. 19



8.3 SetupsOur current approach does not deal with the machinability considerations involvedwith setting up the machine tool in order to perform the machining operations. Addressingthis issue is a major problem for future work.9. CONCLUSIONSIn this chapter, we have described a systematic way to generate and evaluate alter-native operation plans for a given design. This work represents a step toward the followinglong-term goals:1. Providing information about alternative ways in which the part might be machined.We hope this information will aid process engineers or process planning systemsin developing alternative process plans, so that the most appropriate plan can beselected depending upon machine tool availability and/or other constraints speci�cto plant facilities.2. Pushing process engineering upstream, by providing information about the manu-facturability of the design. We hope this information can help designers modify thedesign if necessary to balance the need for e�cient machining against the need fora quality product.Some of the bene�ts of our approach are listed below:1. Since we consider various alternative ways of machining the part, this allows us toconsider how well each one balances the need for a quality product against the needfor e�cient manufacturing.2. Our approach is based on theoretical foundations which we hope will enable usto make rigorous statements about the soundness, completeness, e�ciency, androbustness of the approach.We anticipate that the results of this work will be useful in providing a way tospeed up the evaluation of new product designs in order to decide how or whether tomanufacture them. Such a capability will be especially useful in 
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Table 7Details of operation plan OaName Type Tool Parameters Feed and speedoah hole drilling TD1 hole dia = 10 mm feed = 0.10 mm/revhole length = 85 mm RPM = 600oas1 end milling EM1 slot width = 30 mm feed = 0.20 mm/tooth5 passes slot length = 80 mm RPM = 300oas2 end milling EM2 slot width = 10 mm feed = 0.10 mm/tooth2 passes slot length = 55 mm RPM = 1200oas3 end milling EM3 slot width = 20 mm feed = 0.15 mm/tooth3 passes slot length = 50 mm RPM = 600oas4 face milling FM1 face width = 30 mm feed = 0.30 mm/tooth4 passes face length = 55 mm RPM = 600oas5 face milling FM1 face width = 30 mm feed = 0.30 mm/tooth4 passes face length = 55 mm RPM = 600Table 8Details of operation plan ObName Type Tool Parameters Feed and speedobh hole drilling TD1 hole dia = 10 mm feed = 0.10 mm/revhole length = 85 mm RPM = 600obs1 end milling EM1 slot width = 30 mm feed = 0.20 mm/tooth5 passes slot length = 80 mm RPM = 300obs2 end milling EM2 slot width = 10 mm feed = 0.10 mm/tooth2 passes slot length = 55 mm RPM = 1200obs3 end milling EM3 slot width = 20 mm feed = 0.15 mm/tooth3 passes slot length = 50 mm RPM = 600obs40 end milling EM1 slot width = 15 mm feed = 0.20 mm/tooth15 passes slot length = 30 mm RPM = 300obs50 end milling EM1 slot width = 15 mm feed = 0.20 mm/tooth15 passes slot length = 30 mm RPM = 30024


