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1 IntroductionProduct designs typically go through a review cycle in which they are analyzed to estimate their cost-e�ectiveness and quality. Ideally, this design review would take into account the capabilities and costsof the production processes to be used, to allow the possibility of modifying the design to improveits manufacturability. However, it can be di�cult to consider all facets of the production process inthat review, particularly for complicated methods such as machining. Thus, it is sometimes not untilthe product enters the production cycle that process planners and machinists discover that changes tothe design would improve its manufacturability|and at this point the cost of making changes can beprohibitively high.If tools were available at the design stage to suggest design revisions to improve the manufactura-bility of a design, this would help to reduce both the product's cost and lead time. This paper describesa �rst step toward the development of such a tool, for the domain of machined parts.The manufacturability of a machined part depends on many factors|but one of the biggest factorsis the setup time. In general, reducing the number of setups will not only reduce the time neededfor manufacturing, but will also result in better machining tolerances. In this paper we describe astructured methodology for automatically generating redesign suggestions for reducing setup costs formachined parts.1 The basic steps of our approach are shown in Figure 1.In most previous work on automated redesign [14, 17, 18], the approach has been for the system topropose one or more modi�cations, such that each modi�cation produces a local improvement in themanufacturability of the design. Such approaches can sometimes fail to recognize synergistic e�ects|situations in which a combination of modi�cations can improve the manufacturability of a design eventhough each individual modi�cation would not improve the manufacturability if it were made by itself.Our approach is intended to overcome this drawback, by explicitly generating and considering a numberof alternative designs that contain various combinations of design modi�cations as shown in Figure 1.The paper is organized as follows. Following this introduction Section 2 reviews related work.Section 3 contains de�nitions. Sections 4 through 6 describe the details of our approach, with anexample to explain how the procedure works. Finally, Section 7 includes concluding remarks and ideasfor future work.2 Related WorkWe brie
y describe some of the relevant research work in the area of automated redesign in this section.Since representing functionality of a component is also important for automated redesign, we also reviewsome relevant work in that area.2.1 Redesign of components2.1.1 MachiningM�antyl�a [22] et al. developed a way for designers to specify alternative form features as part of theproduct design, through the use of what they call feature relaxation groups. These groups are pairsof similar geometric features. The systems chooses the alternatives from the feature relaxation groupswhich minimize the total number of approach directions necessary for machining the part. These feature1An earlier version of our approach has been presented in [5]. The current paper goes into additional detail, and alsodescribes several extensions and enhancements to the earlier work. In particular, the current approach uses work-holdinganalysis to make more realistic calculation of the number of setups, and it now now calculates setup time rather than justcounting the number of setups. 1



Step 0: Preprocessing.Step 0a. Get the design of the part P and the stock S from the designer. The designer may alsoprovide restrictions indicating geometric constraints on certain portions of the design asdescribed in Section 3.3, in which case all redesign suggestions generated by our approachwill honor those restrictions.Step 0b. Find all of the \primary" machining features for the original part P and the stockS. Put all these features into the set F . (As discussed in Section 3.2, the primary featuresare su�cient for deriving all of the operation plans that will interest us.)Step 1: Analyze the current design.Step 1a. Find constraints on the order in which the features in F can be machined, as describedin Section 4.1. This set of constraints is denoted by C.Step 1b. As described in Section 4.2, use F to �nd the lowest possible setup time to machineP . Let BestTime be the time required by that operation plan.Step 2: Generate possible feature modi�cations. For each feature f 2 F , try to construct newfeatures that are similar to f but can be made using di�erent machining operations, as describedin Section 5. Let F 0 be F plus all of the new features (thus F 0 corresponds a collection of designssimilar but not necessarily identical to P ).Step 3. Generate and present design alternatives.Step 3a. If the set F 0 is di�erent from the set F , then �nd constraints on the order in whichthe features in F 0 can be machined, as described in Section 4.1. This set of precedenceconstraints is denoted by the set C 0.Step 3b. Use F 0 to look for operation plans for designs similar to P that satisfy the geometricconstraints speci�ed in Step 0a. If plans can be found that take less setup time thanBestTime (see Step 1b), then present the corresponding designs to the designer as possibleredesign suggestions (see Section 6).Figure 1: The basic steps of our approach for generating redesign suggestions.
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relaxation groups are similar to our feature modi�cation operators for generating alternate features forlocal modi�cation (as described in Step 2 of Figure 1). Their approach also suggests change in toleranceand technical attributes to ensure the existence of a feasible plan. However, since their approach doesnot consider the functional requirements of the design, there is no guarantee that the part geometryproduced by the feature relaxation is compatible with the part's intended functionality. Moreover,the objective of their work was only to minimize the number of approach directions for machining thepart|and as will become clear in Section 4.2.1, this will not always reduce the setup time.Hayes et al. [14] reported some advances in the direction of making redesign suggestions based onprocess planning knowledge. They did a protocol study to �nd the basic rules process planners use toreduce machining di�culty. Their approach attempts to reduce the number of setups by eliminatingthe setups with relatively fewer operations. As opposed to this approach we attempt to reduce thenumber of setups by looking at the part as a whole and at the various alternative ways of manufacturingthe part.Hayes et al. [15] describe a methodology for relaxing or modifying tolerances to reduce machiningcost. This methodology takes into consideration the initial conditions of the stock like the surfaceconditions. This methodology attempts to remove setups by relaxing positional tolerances betweensurfaces. It does not make changes to nominal dimensions or change shape of the part. The �xturabilityconsiderations used are elementary and may not count the number of setups required to machine thepart accurately.2.1.2 Other Manufacturing ProcessesOne of the �rst attempts at automated generation of redesign suggestions was made by Jakeila et al.[18]. Their work concentrated on automating the Boothroyd and Dewhurst [1] methods of design forassembly (DFA). The redesign suggestions are made at the design stage as and when new features areadded to the design. Their system uses production rules to evaluate the design and o�ers suggestionsfor improvement as per DFA guideline. The system is limited in two major ways. First, the designerneeds to create the design in terms of pre-de�ned feature library, which limits the freedom of thedesigner. Second, as the modi�cation suggestions are made when new features are added to the design,the order in which the design is created strongly in
uence the suggestions.Hsu, Lee and Su [17] reported redesign of components for assembly from three major criteria:parallelism, assemblability and redundancy. The approach is plan-based, �rst the possible assemblyplans are generated and then the plans are analyzed according to the criteria. They also de�ned somefunctions to modify the parts for improving on the assembly cost. They consider only a limited numberof DFA guidelines and the modi�cations that can be suggested are minor. Moreover, in the absenceof any model of the functionality requirements of the product, the modi�ed part may not satisfy theintent of the designer.For net shape manufacturing operations such as stamping, injection molding, and sheet metal-working, several works on manufacturability evaluation and modi�cation have been reported in theliterature. In all these cases the correspondence between design and manufacturing features are wellestablished, and so rules could be formulated that suggest changes to individual design features inorder to improve the manufacturability of those features. For example, Lazaro et al. have developeda methodology for �nding violations of design-for-manufacturing rules for sheet-metal parts [7]. Froma library of suggestions, it displays hints for modifying the design. Similar methods are also used byothers [21, 29]. Complete redesigned parts are not suggested in any of these cases, but suggestions areprovided for avoiding manufacturability problems detected by the domain speci�c manufacturabilityevaluator. 3



Figure 2: An example part P0.2.2 Representing FunctionalityThis section brie
y describes recent researches on how to represent functionality of a part in its CADmodel (we do not review other work in design history representation because that area is not of directinterest to our work). In most cases the goal of the research was to �nd general ways to represent thefunctionality of designs, and so the scope of the work was very broad. In others, the research focusedon a speci�c class of products where the features and functionality are directly coupled.Welch and Dixon [29] developed a system for sheet metal bracket design. The only functionalitythey wanted to represent was load path and in the context of the particular product it was successfullyaccomplished. Schiebeler et al. [26] developed a knowledge based design assistant. This systemrepresent functionality as a graph where the features are the nodes. The types of edges between thefeatures depend on functional relation between the features.ElMaraghy et al. [8] proposed and implemented a design scheme based on function oriented features.The functions are pre-de�ned into the features in the library. Functional features are also used bySchulte et al. [27]. Gui and M�antyl�a proposed [9] a bond graph based system of assembly modellingfrom functional perspective. Other authors have reported product level design rationale representationsystems [3, 20, 25].Henderson [16, 28] recently reported development of a system for conceptual modeling and repre-sentation of functionality, features, dimensions and tolerances in a solid modeling system. The func-tionality representation scheme they used is descriptive in nature. That type of representation cannotdirectly be used for redesign purpose with direct geometric queries. The model described by them iscomprehensive and can be used as guide for future development in functional modeling of product.3 Preliminaries3.1 Machining FeaturesA part,2 P , is the �nal component created by executing a set of machining operations on a piece ofstock, S. We assume that P and S are available as solid models. For example, Figure 2 shows anexample part which we will call P0; this part would typically be machined from a rectangular piece ofstock. For a part P and a stock S, the delta volume (S �� P ), is the volume to be machined.2Since the research presented in this paper is a follow-up to previous work by Gupta and Nau [12], many of thepreliminary de�nitions used here are the same as that paper.4
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(a): stock S (b): part P (c): non-primary(not maximal withrespect to P ) (d): non-primary(not minimal withrespect to S) (e): primaryFigure 5: Example of primary and non-primary features (reproduced from [12]).is that they are su�cient for deriving all of the machining operations we might wish to perform tocreate the part P . In particular, for every machining operation we might want to use in creating P ,the operation will create either a primary feature or a truncation of a primary feature.Given a part P and stock S, we will let F denote the set of all primary features for P and S. In[24, 11], we describe an algorithm that, given P and S, will automatically �nd F . For example, in thecase of the part P0 shown in Figure 2, F contains 30 features, some of which are shown in Figure 4.In particular, h1; h51; h52 are drilling features; s3; s4; s6 are end-milling features; and s11; s12; s14are side milling features. Figure 4 also shows that F may contain several di�erent primary featurescorresponding to the same portions of P .A Feature Based Model (FBM) for P is any irredundant subset F � F such that P can be producedfrom S by removing the features in F . For example, the following sets of features from Figure 4 aretwo feature based models for P0:FBM1 = fs1; s2; s3; s4; s5; s6; h1; h41; h42; h51; h52; h61; h62g;FBM2 = fs3; s4; s5; s8; s9; h1; h11; h12; h51; h52; h21; h22g:Each operation plan for creating P from S is a sequence of machining operations. In general, theremay be several di�erent operation plans capable of creating P from S. We will not want to considerall of these plans (for example, we will not be interested in plans for which some of the operationsare redundant). As described in [10, 13], each operation plan of interest to us corresponds to an FBMfor P , in the sense that each machining operation in the plan will create either some feature in theFBM or a truncation of some feature in the FBM. In order to compute setup times, we will neveractually compute truncations of the features in F , because we can determine how many setups areneeded directly from the FBMs.3.3 Geometric Constraints on the DesignIn proposing redesign suggestions, we will want to try to ensure that the modi�ed design still achievesthe functionality intended by the designer. However, the functional requirements for a design canbe quite complex and disparate in nature, and we are not interested in developing a detailed schemefor representing them. Instead, our approach is based on the idea of representing various geometricconstraints arising from the intended functionality, without trying to represent the functionality itself.For example, machined parts typically are components of larger assemblies, and many of the designconstraints will involve how the part interacts with other portions of the assembly [23]. Thus, many ofthe constraints associated with a machined part will correspond to regions of space in which it mateswith other portions of the assembly. 7



Constraint volumes. To represent such constraints, we will ask the designer to specify constraintvolumes and various geometric constraints associated with those volumes, to provide limits on whatkinds of geometric variations in the part are permissible. The intent is that both the original designand all possible modi�ed versions of the design should satisfy these constraints.Each constraint volume l is a speci�c volume of space such that (with the possible exception of edgeblends), neither the design nor any modi�ed version of the design should intersect with l. Currently,the constraint volumes are restricted to be linear sweeps of non-self-intersecting planar edge-loops madeup of linear and circular edges.The geometric constraints associated with l specify how various faces and edges of the design shouldor should not touch l. The details of this scheme are presented below.Constraints on faces. If f is a planar face on the constraint volume which is co-incident with someface on the boundary of the part, then the designer can associate with f either of the following typesof constraints (examples are given later in Figure 7 and Table 1):1. For any portion p of f , the designer may specify that the design (and any modi�ed version of it)must include p as part of its boundary.2. The designer may specify minimum and maximum areas for the surface of intersection u = f \� b,where b is the boundary of the part P or any modi�ed version of P . The designer may alsospecify a circular region of space within which u's centroid must be located.Constraints on edges. Edges on the constraint volume control the type and degree of contact ofthe constraint volume with the part under consideration. As we will see in Section 5, frequently themodi�cations done to the machining features involve machining a feature from a di�erent direction.In these cases, some of the edges present in a machining feature will become blended to have a cornerradius. For controlling the types of modi�cations we will allow the designer to specify the followingconstraints on any linear convex edge e of the constraint volume that is not completely exterior to thestock:1. No-contact constraint: e is not allowed to touch the boundary of P (where P is the design or anymodi�ed version of it).2. Edge-clearance constraint: e can touch a face of P , but is not allowed to intersect any edge of Pexcept possibly at a single point.3. Edge-contact constraint: e must coincide at least partially with some edge of P , i.e., there mustbe an edge of P whose intersection with e is a line segment.In addition to the above conditions, if a linear convex edge e of the constraint volume is at leastpartially coincident with an edge of P , then the designer can specify e to be blendable and assign amaximum blending radius.Throughout the rest of this paper, we will assume that the designer has associated constraintvolumes with the part P0 as shown in Figure 6. For brevity, we will not describe the geometricconstraints associated with most of these constraint volumes. However, Table 1 shows the geometricconstraints for the constraint volume V6 shown in Figure 7.8
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3.4 Admissible Feature SetsLater in this paper we present a method for automatically generating suggestions for how to changethe design of a part. This method works by proposing changes to some of the features that appear inFBM's for the part. These changed collections of features will no longer be FBMs, because they will nolonger describe the exact geometry of the original design. However, we will still require them to satisfythe geometric constraints described in Section 3.3. In particular, they must be admissible feature sets.An admissible feature set (AFS) is any subset � � F that satis�es the following properties:1. The part created by subtracting the features in � from the stock satis�es all the geometricconstraints set by the designer;2. No part created by subtracting the features of any proper subset H � � from the stock willsatisfy the geometric constraints.If the geometric constraints speci�ed by the designer are consistent with the geometry of the partdesign, then every FBM (as de�ned in Section 3.2) for P will satisfy the geometric constraints, and willthus be an AFS. For the example part P0, the FBMs described in Section 3.2 are also AFS. Ordinarily,every AFS for P should also be an FBM for P , i.e., we should be able to create P by starting with Sand removing the features in the AFS. There are two circumstances, when this may not be true.1. The designer did not put all the geometric constraints necessary for the part. If this problem isnot corrected, then the modi�cations suggested by the system may violate the designer's intent.2. There is some removal volume which is not important and the designer did not put any constraintsrelating to that volume. In this case, the design should be modi�ed to eliminate that removalvolume.4 Analyzing the designThis section describes Steps 1a and 1b of Figure 1, and illustrates how they would be carried out onthe part P0.4.1 Step 1a: Finding Precedence ConstraintsDue to various types of interactions among the features used to machine a part, the features cannot bemachined in any arbitrary order. Instead, these interactions introduce precedence constraints requiringthat some features be machined before or after other features. We are interested in �nding theseprecedence constraints among features in F . The number of setups (and hence setup time) requiredto machine the part will depend on them (see Section 4.2.1). The only feature pairs among which wewill look for precedence constraints are those which are intersecting but do not have the same e�ectiveremoval volume. If the features have the same e�ective removal volume then both of those will not bein the same AFS.As an example, Figure 8 shows a part in which the slot-hole interactions create precedence con-straints for machining of that part. The large vertical hole d1 must precede the two end-mill featuress1 and s2 on its side for proper drill engagement. Also, to get 
at entry and exit face while machiningthe drilling feature d2, the horizontal hole d2 must precede the end-mill features s3 and s4.More generally, a pair of features f and f 0 will have precedence constraints under the followingconditions: 10
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d2d1Figure 8: A part in which some of the features must be machined before others and the precedenceconstraints among them.1. If the accessibility volume of feature f 0 intersect with the removal volume of feature f , then fhas to be machined before f 0.2. Precedence constraints also arise from preferred manufacturing practices. Some examples aregiven below; more such cases are enumerated in [2, 4].(a) if f is an end-milling feature with at least one side open and f 0 a drilling feature contained inthe pro�le of the end milling feature which has the same approach direction and its removalvolume intersect with the removal volume of f , then machine f before f 0;(b) if f is an end-milling feature with at least one side open and f 0 a drilling feature intersectingwith the pro�le of the end milling feature which has the same approach direction and itsremoval volume intersect with the removal volume of f , then machine f 0 before f ;(Precedence constraints similar to conditions 2a and 2b are also present between side millingand drilling features)(c) if two drilling features f and f 0 are collinear and their removal volumes intersect, then drillthe smaller of the two �rst.The procedure to �nd the precedence constraints is straightforward. We simply check, for eachpair of features which has volumetric intersection and do not have the same e�ective removal volume,whether the above conditions hold.34.2 Step 1b: Finding the Minimum Setup TimeIn the previous section, we found precedence constraints among all of the features in F . However, tomachine the part, one will not machine all of these features. Instead, one will machine some subset� � F that satis�es all the geometric constraints on P . As de�ned in Section 3.4, � is called anAdmissible-Feature-Set (AFS). The number of setups required to machine � is determined primarilyby the approach directions of the features and the precedence constraints among them. The number3One limitation of this approach is that since we are looking for precedences on the primary features rather thantruncating them to get the features that would actually be used in operation plans, in some cases we will �nd precedenceconstraints that are not actually needed in any operation plan. This can occasionally cause our approach to overestimatethe number of setups that will be required for machining a part. To avoid this problem, Gupta [13] gives a more detailedprocedure for �nding and assigning precedence constraints among features, by looking for precedence constraints withineach FBM. In this paper we do not use Gupta's procedure, for the following reasons. First, using Gupta's procedure withinour framework would greatly increase the amount of computation required because we may potentially generate a verylarge number of AFSs during the redesign suggestion generation procedure. Second, our method of �nding precedenceconstraints will only rarely overestimate the number of setups needed, and usually not by much.11



of setups also depends on the presence of required types of faces in the intermediate workpieces forholding the workpiece on the machine table and for probing the workpiece.The minimum number of setups needed to create P , is the minimum, over every AFS �, of thenumber of setups required for �. Potentially there may exist a large number of AFSs for P , and theproblem is how to compute the minimum number of setups required to machine P without enumeratingall the AFSs. To do this, we use the procedure Analyze-Design described below which computesthe best possible setup time for the part. Analyze-Design is a branch-and-bound procedure that�nds AFSs, one by one, and computes the number of setups (and setup time) for the ones that appearpromising.In addition to the part P and stock S, Analyze-Design takes the following arguments: the set offeatures F , the set of precedence constraints C among the features, the set L of the functional volumesspeci�ed by the designer, the current best setup time BestTime (which is initially set to 1), a set ofmachining features G from which an AFS needs to be built and a partial AFS G (which is initiallyempty). The values for BestTime and G are revised by Analyze-Design during its recursive calls.procedure Analyze-Design(L;G; G;BestTime; P; S; C)1. Pruning Step: If n � ts > BestTime, (where n is the number of approach directions of thefeatures in G and ts is the setup time for each setup) then return 1, because G will not resultin an AFS which takes lower setup time than BestTime.2. Redundancy Test: Let d = S\�L, where L is the union of all the constraint volumes l 2 L afterblending all the blendable edges. Thus, d is the smallest possible delta volume that that couldresult from any possible redesign of P . If there is a g such that d\� ([�(G� fgg)) = d\� ([�G),then g is redundant because it doesn't remove any portion of d that is not removed by the otherfeatures. Thus return 1.3. Feasibility Test: If G will not result in an AFS which creates a valid part, then return 1 (thisstep is described in Appendix B).4. Goal Test: If G satis�es all of the geometric constraints on the volumes in L (as is described inAppendix B), then G is an AFS, so do the following:(a) If G is not an FBM for P and S, then as described in Section 3.4, there is a problem withthe constraints speci�ed by the designer|and the designer should be noti�ed of this andgiven the choice to either edit the geometric constraints or to modify the design itself beforeproceeding further.(b) Otherwise, use the following procedure (which is described in Section 4.2.1) to �nd themachining sequence for the features in G that requires the least setup time:Set � = GLet T=Find-Best-Setup-Time(�; G; C;1; 0).Return T5. Recursion Step: Pick a feature g from G, and do the following:(a) BestTime = min(BestTime, Analyze-Design(L;G � g;G[ g;BestTime; P; S; C))(b) BestTime = min(BestTime, Analyze-Design(L;G � g;G;BestTime; P; S; C))(c) Return BestTime 12



4.2.1 Estimating Setup TimeOnce we have an AFS, it is a speci�c set of machining features all of which needs to be machined toget the �nal part. Each feature f has a speci�c approach direction ~v(f), and some of these featuresmay have some precedence constraints among them. The number of setups needed to machine the AFSwill be the minimum, over all feature machining sequences satisfying the precedence and work-holdingconstraints of the number of setups required by the operation sequence.In this paper vise clamping is assumed to be the only work-holding method available. As perWilson's [30] handbook, for a 
at-jaw vise, the �xturing time is between 0.8 to 1.2 minutes depending onthe weight of the part. In a vertical machining center, additional time is needed to probe the workpiece.We add 1.0 minute to the �xturing time to account for probing time. Under these conditions:setup time = n� ts;Where ts is the average setup time for vise clamping, and n is the minimum possible number of setups.We take ts to be equal to 2 minutes for each setup.The branch and bound procedure Find-Best-Setup-Time described below estimates the minimumsetup time required to machine a given AFS �. The procedure Holding-Analysis called by Find-Best-Setup-Time analyses the feasibility of machining a collection of machining features in a setup.The procedure Find-Best-Setup-Time takes as argument a set of features B which are to beput in valid setups, the set of precedence constraints among the features in B and the setup time t.Another argument � is the AFS for which setup time is being estimated, this remains unaltered duringthe execution of the procedure. Initially the set of features is the AFS G found by the procedureAnalyze-Design and the setup time is nil. The argument T (initially 1) is used by Find-Best-Setup-Time to hold the best setup time it has seen in any of the setup sequences it has explored sofar.procedure Find-Best-Setup-Time(�; B; C; T; t)1. If t � T , then return T , because the setup time is not better than the best solution so far. Thiscondition prevents unpromising setup sequences from being investigated further.2. If B = ;, then there are no remaining features, so return t. Otherwise, do the steps below.3. Let READY be the set of all features in B that have no predecessors.4. Let V be the set of all approach directions of features in READY (i.e., V = f~v(f) : f 2 READYg).V contains the approach directions from which the next setup can be machined.5. For every approach direction ~v 2 V , do the following:4(a) Let H be the set of all features f 2 B such thati. f has ~v as its approach direction;ii. either f has no predecessor in B, or all predecessors in B have ~v as their approachdirection.Note that all of these features can be machined in the same setup if the �xturability condi-tions permit.4For e�ciency considerations, we pick v in decreasing order of the number of features in READY whose approachdirection is v. 13



(b) Let W = S �� (([��)�� ([�B)).W represents the current workpiece, i.e., the workpiece after machining the features alreadyremoved from B during its recursive calling sequence (see Step 5(c)ii below).(c) If Workpiece-Probe(W;~v), theni. K =Holding-Analysis(W;~v;H;C)(Each element of the set K returned by Holding-Analysis is a set of features K � Hthat can be machined in one setup.)ii. Remove from K any set K 0 that is a proper subset of some other set K 2 KFor each K 2 K;5T = min(T;Find-Best-Setup-Time(�; B�K;C � C 0; T; t+ ts)), where C0 is theset of all precedence constraints in C that involve at least one feature in K.Return TIn Step 5c of the procedure Find-Best-Setup-Time we check the workpiece geometry to �nd ifit has faces and features which allow locating the workpiece on a CNC machining center (describedin Appendix C.1). We proceed with the workholding analysis only if the workpiece has that property,otherwise a di�erent setup is chosen.In Step 5(c)i, Find-Best-Setup-Time uses a procedure called Holding-Analysis to �nd alterna-tive sets of featuresK that can be machined in one setup. How the procedureHolding-Analysis worksis brie
y described in Appendix C (details of the procedure is provided in reference [6]). Holding-Analysis assumes that a vise is the only available �xturing device|but we are developing proceduresfor use with other types of work-holding devices (such as clamping), and we intend to use these pro-cedures to augment the set K. Since Holding-Analysis assesses �xturability independent of the restof the analysis, it will be straightforward to incorporate these procedures into our approach.4.2.2 Result of the algorithm on an example partFor the part P0, there are several AFSs. Two such AFSs are AFS 1 and AFS 2, mentioned in Section 3.1.Among all AFSs created by the algorithm, AFS 1 can be machined in the lowest number of setups.Features in AFS 1 has only three approach directions|but due to the precedence constraints amongthese features (see Figure 9), the minimum number of setups required to machine AFS 1 is four. So itwill need a minimum of 8 minutes as setup time, as the time for each setup with vise jaw is taken tobe 2 minutes. In this case there are no problems arising from the �xturability point of view.Which AFSs are found by the procedure Analyze-Design will depend on the order in whichfeatures are placed in the AFS being generated. Any time a partial AFS G is generated whose setuptime exceeds best setup of the AFSs found so far, the algorithm will discard G. Since AFS 1 has thelowest setup time of any possible AFS for the part, it will always be generated|but since AFS 2 needsa longer setup time, it may or may not be fully generated, depending on whether algorithm startsgenerating it before or after generating AFS 1.5 Step 2: Machining Feature Modi�cations5.1 General ProcedureIn Section 4 we presented a method for �nding the minimum setup cost for machining a part. We areinterested in improving on this setup cost, by considering modi�cations to the geometry of the existingdesign. This section describes in detail the Step 2 of Figure 1.5For e�ciency considerations, we pick K in decreasing order of cardinality among all the K 2 K14
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Drilling to Drilling End Milling to Side Milling

Drilling to End Milling End Milling to End MillingFigure 10: Examples of feature modi�cation.To avoid having to go back to the conceptual design stage, we will only consider local modi�cationson the machining features already found in the original design. Since the number of setups will dependon the approach directions for the features and the precedence constraints among them, our objectiveis to modify some of the features in such a way as to allow them to be machined from di�erent approachdirections. We want to ensure that if the old feature is replaced by the new feature in the part design,that will not adversely a�ect the functionality of the rest of the part.6Our basic approach involves the use of feature modi�cation operators that, given a machiningfeature as input, produce alternative features that are similar but not identical to the input feature.As illustrated in Figure 10, these feature modi�cation operators are of two di�erent types:1. perform the same machining operation from a di�erent direction;2. use a di�erent machining operation.We use these feature modi�cation operators in the manner described below:6As described in the Section 4.2.1, there could be requirement of more setups due to work-holding constraints, butcurrently our modi�cations do not address that. 15



Procedure Generate-Modified-Feature-Set1. Initially set U = ; : U is the set of features generated by the feature modi�cation operators thatare not acceptable to the designer as possible alternatives (see Step 3(a)i).2. Initially set F 0 = F3. For every feature f 2 F do:(a) Apply all feature modi�cation operators that are applicable to f , to get new features (therecan be more than one feature created by one operator). For each feature f 0 that is created,do:i. If replacing f by f 0 in the original part will result in some violation of the geometricconstraints which cannot be remedied by any means, then discard f 0.ii. Otherwise, if f 0 is not already in the set F 0 or in the set U (which would happen ifthe new feature were previously generated by modifying some other feature, then eitheraccepted or rejected by the designer), then display that feature to the designer as apossible alternative to f .7 If the designer accepts f 0 as a possible alternative, thenF 0 = F 0 [ f 0. If the designer does not accept the feature f 0 as a possible modi�cationthen put f 0 in the set U .If the designer does not �nd the new feature f 0 to be acceptable in Step 3(a)ii, this means that insome way or another, the new feature violates the designer's intent. One way that this can happen is ifthe geometric constraints speci�ed by the designer were not su�cient to represent all of the functionalrequirements that the designer had in mind. In that case, the designer can go back and modify thegeometric constraints, and restart the analysis procedure.8These steps extend the feature set F , to create a new set F 0. In addition to the features of theoriginal part, F 0 contains those created by the feature modi�cation operators that do not violate thegeometric constraints9 and are acceptable to the designer as possible local modi�cations.5.2 The feature modi�cation operatorsWe currently have de�ned seven di�erent feature modi�cation operators. Each operator takes as inputsthe part P , the stock S and the feature f to be modi�ed. If f does not satisfy the operator's applicabilityconditions, then the operator produces no output. If f does satisfy the applicability condition, thenthe operator will examine the parameter set used to describe f , and use this information to generateone or more alternatives for f .As discussed in Section 5.1, we will often want to generate features having di�erent approachdirections from f , but we need to have some way of limiting the number of approach directions fromwhich modi�ed features are to machined. We de�ne the set D = D1 [D2, whereD1 = fthe approach directions of all features in F and the directions opposite to thoseg;D2 = fv : v is a vector perpendicular to a planar face of P or S and pointing outwardg:7The purpose of this step is not to suggest immediately to the designer that the designer should replace f with thenew feature, but simply to �nd out whether the new feature might possibly be acceptable to the designer. If it is, thenputting it into F 0 makes it a possible candidate for generating redesign suggestions later on, as described in Section 6.8Ultimately, we would like to provide ways whereby the analysis procedure can take up where it left o�, incorporatingthe modi�ed geometric constraints into its analysis. This is a topic for future work.9This does not mean that a redesign suggestion generated by using this feature will not violate any geometric constraint.We cannot check for all possible violations of geometric constraints at this level. We can check only some types of violation,which are detailed in Section 4.2 16
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dFigure 11: Examples of end milling features which can be modi�ed or generated.Each operator will only generate features which can be machined from approach directions in D.The following paragraphs describe the alternatives generated by each operator. Of these alterna-tives, the operator will discard every alternative f 0 that splits P into more than one piece; i.e. it willdiscard f 0 if the solid ((P [� f)�� f 0) is not a single manifold solid.Now we give brief descriptions of each operator we de�ned. These are named in the format Oyx.Each operator Oyx takes as input a feature of type x, and produces features of type y. The details ofsome of these operators are presented in the Appendix A.Operators for modifying drilling features:Odd(P; S; f): This operator is only applicable if f is a drilling feature that corresponds a blind hole;i.e., f 's conical bottom must have a non-empty intersection with P . If applicable, this operatorproduces a through hole, which can be machined from the opposite direction.Oed(P; S; f) : This operator is applicable to all drilling features. It generates an end milling feature f 0for each approach direction in D which is perpendicular to the axis of f .(Osd)(P; S; f) : This operator is applicable to all drilling features. It generates one milling feature f 0for each approach direction in D which is perpendicular to the axis of f .Operators for modifying end milling features: The end milling features on which these op-erators are applicable (and the end milling features which are created by these operators) limited inthe scope of their geometry.10 Only those end milling features for which the edge loop can be de�nedcompletely by the set of parameters shown in Figure 11 are possible to modify or generate.The only types of end milling features which can be modi�ed or generated are ones with rectangularedge-loop with the corners blended with circular edges of same radius. If two blended radii interconnectit has to create a complete semi-circle. Figure 11 shows the end milling features on which these operatorsare applicable.(Oee)(P; S; f) : This operator creates end milling features from di�erent direction from an end millingfeature. The approach directions from which the new end milling features are created are limitedto the ones perpendicular to the planar faces of the end milling feature. This is followed so thatthe geometric constraints on those faces can be maintained.10The part design is not limited to these types of features, that may contain generalized milling features. Our method-ology will not be able to modify those features or generate generalized milling features from other features.17



(Ose)(P; S; f) : This operator is similar to the previous operator, only di�erence being that the newfeature(s) are side milling features. The approach directions from which the side milling featuresare created are parallel to the planar faces in the original feature.Operators for modifying side milling features:(Oes)(P; S; f) : This operator creates one or more end milling features from a side milling feature. Theapproach directions from which the new end milling features are created are limited to the onesperpendicular to the planar faces of the side milling feature. This is followed so that the geometricconstraints on those faces can be maintained.(Oss)(P; S; f) : This operator is similar to the previous operator, only di�erence being that the newfeature(s) are side milling features. The approach directions from which the side milling featuresare created are parallel to the planar faces in the original feature.6 Step 3: Generating design alternativesIn order to �nd design alternatives in Step 3 of Figure 1, we will be interested in �nding each AFS �such that the part created by subtracting � from the stock S is a single manifold solid that will requireless setup time to machine than P . Each such � we will call an Redesigned Admissible Feature SetRAFS. Each RAFS will correspond to a potential modi�ed version of P . If we cannot �nd an RAFSthat means that our approach cannot �nd a redesign suggestion for the original part.After the precedence constraints are found (see Section 4.1) among the features in the extendedfeature set F 0 we will attempt to extract possible alternative parts. The procedure Generate-Redesign-Suggestions generates a set R of possible RAFSs which is similar (but not identical)to the procedure Analyze-Design of Section 4.2. BestTime is previously calculated by the procedureAnalyze-Design.In addition to the part P and stock S Generate-Redesign-Suggestions takes the followingarguments: the extended feature set F 0 and the precedence constraint among the features C 0, the set Lof the functional volumes speci�ed by the designer, a constant BestTime calculated previously by theprocedure Analyze-Design in Section 4.2, a set of machining features G from which an AFS needsto be built and a partial AFS G (which is initially empty).procedure Generate-Redesign-Suggestions(L; P; S;G; G;BestTime; C 0)1. Pruning Step: If n� ts �BestTime then return ;, (where n is the number of approach directionsof the features in G and ts is the setup time for each setup) because G will not result in an AFSwhich takes lower setup time than BestTime.2. Redundancy Test: Let d = S \� L, where L is the union of all the constraint volumes l 2 Lafter blending all the blendable edges. Thus, d is the smallest possible delta volume that couldresult from any possible redesign of P . If there is a g such that d\� ([�(G� fgg)) = d\� ([�G),then g is redundant because it doesn't remove any portion of d that is not removed by the otherfeatures. Thus return ;.3. Feasibility Test: If G will not result in an AFS which creates a valid part, then return ; (thisstep is described in Appendix B).4. Goal Test: Otherwise, if G satis�es all of the geometric constraints on the volumes in L (as itis described in Appendix B), then G is an AFS, so do the following:18



(a) : P 10 , a modi�ed versionof the part P0 with themodi�cations highlighted. (b) : P 20 , another modi�ed versionof the part P0 with themodi�cations highlighted.Figure 12: Two modi�ed versions of the part P0
s11

s10

s9

s13h10s12Figure 13: Features of P 10 that are di�erent from the features of P0.Use the following procedure (which is described in Section 4.2.1) to �nd the machiningsequence for the features in G that requires the least setup time:Set � = GLet T=Find-Best-Setup-Time(G;C 0;1; 0).If T < BestTime, thenReturn fGg5. Recursion Step: Pick a feature g from G, and do the following:(a) R = Generate-Redesign-Suggestions(L; P; S;G � g;G;BestTime; C0)[ Generate-Redesign-Suggestions(L; P; S;G � g;G[ g;BestTime; C 0)(b) Return RAs an example, suppose we apply this algorithm to the features in the set F 0 computed in Section 5.Then we get several RAFSs. For example, Figure 12 shows the parts P 10 and P 20 . These parts, whichare modi�ed versions of P0, each can be machined in two setups, so with ts = 2 minutes the total setuptime will be 4 minutes, instead of 8 minutes for the original part. Figure 13 shows which features ofP 10 are di�erent from those of P0.6.1 Other ExamplesThe methodology can modify di�erent types of part designs to reduce setup time. In Figure 14(a)another example part P1 is shown. Figure 14(b) shows a modi�ed version of the part. The number19



(a) : Example part P1 (b) : A Modi�ed Version of thePart P1 with theModi�cations Highlighted.Figure 14: Example part P1 and a Redesign Suggestion.of setups required to machine the part P1 is at least 6, the number of setups required to machine themodi�ed version is 3. Although the level of modi�cation is apparently minor, this kind of modi�cationcannot be generated by modifying the part setup by setup. The count of the setups is e�ected by thepart holding analysis. Without considering work-holding constraints, the count of number of setupswill be less than the minimum required.Another part and a modi�cation suggested by the methodology is shown in Figures 15 (a) and (b).The original part needs at least �ve setups to machine it, the redesigned part can be machined in twosetups.It should be noted that although the operators we de�ne and use to create feature modi�cations donot attempt to modify part from the work-holding point of view, the combination of those modi�cationsmay also result in improving on the number of setups from work-holding characteristics.7 Discussion and ConclusionsRedesigning a product usually consists of two steps: (1) identifying \redesign clues" (information aboutwhat attributes of the design need improvement and why), and (2) modifying these design attributesin order to synthesize an improved design. Existing approaches to this task can be classi�ed as directand indirect approaches, as described below.In direct systems [18, 21], rules are used to identify infeasible design attributes from direct inspectionof the design description. These infeasible design attributes are then modi�ed using prede�ned rulesto create improved designs. Due to interactions among machining operations, it can be very di�cultto determine the manufacturability of a design directly from the design description|and thus theapplicability of direct systems is rather limited.Indirect systems [15, 14, 17] proceed by generating a detailed manufacturing plan, and modifyingvarious portions of the plan in order to reduce its cost. Once this has been done designs that correspondto these modi�ed plans are presented to the user as possible redesigns. Although these systems havewider applicability than direct systems, they have several limitations:1. There may be many possible alternative plans for manufacturing the product, and it is not clearwhich ones to use as a basis for generating redesign suggestions. Selecting the most promisingplans for the initial design may not necessarily produce the best redesign suggestions.20



(a) : Example part P2 (b) : A Modi�ed Version of thePart P2 with theModi�cations Highlighted.Figure 15: Another Example P2 and a Redesign Suggestion.2. If the initial design is not manufacturable, then there will be no plan for the design, and thus noclear way to generate redesign suggestions.3. Since most existing indirect systems do not take into account the design's functionality, thismakes it di�cult to ensure that the proposed changes will not violate functionality requirements.Because of the above limitations, we believe that neither the direct nor the indirect approachesare su�cient by themselves. Thus, our approach incorporates aspects of both the direct and indi-rect approaches. It uses direct access to the design description so that it can adequately considerthe functionality of the design, and it generates setup plans so that it can adequately consider themanufacturability of the design. Some of the other characteristics of our approach are as follows:1. To represent and analyze the design, we make use of volumetric features that correspond directlyto machining operations. These features provide access to some of the geometric informationabout the design, and also give information about the various alternative ways in which thedesign might be machined.2. We generate a set of possible design modi�cations by modifying some or all of the machiningfeatures. In advance of this, we ask the user to assign geometric constraints arising from theintended functionality of the design|and we use these constraints to limit what kinds of possiblemodi�cations will be made to the features.3. Rather than looking at each modi�ed machining feature individually in order to decide whetherit improves the part's manufacturability, we generate and considering a number of alternative de-signs that contain various combinations of modi�ed and unmodi�ed features. In this manner, wecan recognize situations in which a combination of modi�cations can improve the manufacturabil-ity of a design even though each individual modi�cation would not improve the manufacturabilityif it were made by itself. 21



4. We attempt to generate multiple design alternatives whenever possible, so that the designer canuse other kinds of analysis on those redesign suggestions before accepting one as the alternative.The implementation of the system is not yet complete. For future work, we intend to �nish imple-mentation and testing of the system, and we hope to extend its scope in the following ways:� We are interested in improving our scheme for representing geometric constraints on the design,so that it will better re
ect the kinds of restrictions that the designer might want to place onhow the design can be changed.� We are interested in considering geometric and dimensional tolerances of the part while creatinglocal modi�cations and while generating redesign suggestions.� For �xturability analysis we considered 
at jaw vise to be the only type of work-holding device.In the future we intend to consider other work-holding devices as well. Work on this is alreadyunderway.� We would like to incorporate manufacturing cost factors other than setups as criterion for gen-erating redesign suggestions.AcknowledgementThis work was supported in part by NSF Grants DDM-9201779, IRI-9306580, and NSFD EEC 94-02384. Any opinions, �ndings, and conclusions or recommendations expressed in this material arethose of the authors and do not necessarily re
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Oed : Creating new end milling featureApplicability Condition: All drilling features in part P .One end milling feature f 0 is created from each approach direction in D (de�ned in Section 5.2)which are perpendicular to the approach direction ~v(f). The width of the feature w(f 0) will be thediameter of the drilling feature f . The length of the feature d(f 0) will be equal to l(f)+0:5(w(f 0)). Weget the complete feature by �rst de�ning six planes to enclose a rectangular volume and then blendingthe edges parallel to the approach direction ~v(f 0) to half of the width of the feature. We de�ne thosesix planes below.A plane p1 perpendicular to ~v(f 0) and tangential to the drilling feature such that the axis of thedrilling feature will lie in the direction ~v(f 0) from the plane. A plane p2 perpendicular to ~v(f 0) andtangential to the stock lying in the direction ~v(f 0) from p1. This will also be the approach plane for thenew feature f 0. Two planes p3 and p4 perpendicular to p1 and p2 and tangential to the drilling feature.Plane p5 perpendicular to planes p1 through p4 and tangential to the tip of the conical bottom of thedrilling feature. Plane p6 perpendicular to planes p1 through p4 and parallel to p5 at a distance d(f 0)from p5 in the direction of ~v(f).The feature such obtained might have to be translated at a direction �(~v(f) � ~v(f 0)) to avoidintersection with faces in the original part.Osd : Creating new side milling featureApplicability Condition: All through drilling features in part P .Two side milling features are created for each approach direction in D which are perpendicular to~v(f). The depth of the features l(f 0) will be the same as the diameter of the drilling feature. Thelength and width of the features will be determined in the process of generating the features. Newfeatures are generated in a manner similar to (Oed). We �rst de�ne six planes to contain a rectangularsolid, then we blend appropriate edges to maximum possible blending radius and then trim the feature.The �rst two such planes would be p1 and p2 which are perpendicular to ~v(f 0) and tangential tothe drilling feature. Next we �nd auxiliary planes pa1 and pa2 parallel to ~v(f 0) and tangential to thestock. For each of these planes we get one new side milling feature. So we �nd the four other planesto get a rectangular solid for each plane in pa (pa = pa1 [ pa2).Plane p3 perpendicular to p1 and p2 and tangential to the drilling feature. Plane p4 parallel to p3 ata distance 2� s (where s is the distance between p4 and pa) such that the drilling feature lies betweenp3 and p4. Planes p5 and p6 will be perpendicular to ~v(f). These two planes will be located on twosides of the stock at a distance 2� s from a plane tangent to the stock.Once we get these six planes and the rectangular solid enclosed by it we blend the two edges on theplane p3 and parallel to ~v(f 0) to a radius equal to 2� s. After that we trim the solid by the auxiliaryplane pa to get the side milling feature f 0.The feature such obtained might have to be translated at a direction �(~v(f 0)) to avoid intersectionwith faces in the original part.A.2 Operators for modifying end milling featuresThe end milling features can be converted to other end milling features with a di�erent approachdirection or to other milling features, face milling and side milling. End milling features will not beconverted to drilling features.Oee : Creating new end milling features 25



Applicability Condition: All end milling features in the original part P which can be represented byparameters described in Section 5.2.First a rectangular solid A of minimum size is created which encloses the end milling feature f . Wewill create four features with approach directions opposite to the face normals of the four faces in Awhich are parallel to ~v(f).For each face p which is parallel ~v(f) that is extruded in�nitely in the direction opposite to its facenormal to get a solid I . I is trimmed by a face parallel to p and tangential to the stock. The edges insolid I which are parallel to ~v(f 0) are blended and the relevant edges o�seted to create an end millingfeature f 0. The o�setting is done in such a way so as not to eliminate faces in the part. Only facewhich can be eliminated is the one parallel to p.B Details of the di�erent tests performed while building admissiblefeature setsIn the procedures Analyze-Design and Generate-Redesign-Suggestions we perform four testson the feature set G being built to check if the feature set will result in an AFS or not. These testsare, pruning, redundancy, feasibility and goal. The pruning and redundancy tests are explained in theprocedures. The other two tests are explained below.Feasibility Test: A feature set will be considered non-feasible from two considerations. It is to benoted that any feature added to the set will only result in more material being removed from the stock.1. If the solid generated by subtracting the features in G from the stock results is non-manifold ordisjoint, then that set will not result in an AFS. So we check for that in �rst step.2. If the solid created by subtracting the features in G from the stock violates some geometricconstraints which cannot be satis�ed by adding other features to the set. Some of this types ofconstraint violations are listed below. Note that not all constraint violation or satisfaction canbe checked before a complete AFS is built. We check for only those constraint satisfactions (orviolations) which can be checked with a partial AFS. Some examples of such violations are listedbelow. Let V be the solid generated by subtracting the partial AFS from the stock S.(a) The area of contact of a constrained face in a constraint volume with the boundary of V isless than the minimum permissible(b) V contains a blended edge, the blending radius of which is more than the maximum permis-sibleGoal Test: This test is performed to check if the feature set G is an AFS or not. This is a two steptest. In the �rst step we will create a solid W by subtracting the features of the AFS being built fromthe stock S and test the existence of the constraint volumes speci�ed. This test will be done after theblending of the blendable edges on the constraint volumes. If this test fails then the feature set is notan AFS. If the test is successful, then we will test for the constraint satisfaction on the relevant facesand edges of the constraint volumes. If that test is successful, then G is an AFS.26



(a): Workpiece (b): Workpiece after machining featuresFigure 16: Workpiece for Holding AnalysisC Details of the procedure Holding-AnalysisC.1 Probing methodologyWhenever we have a possible workpiece to investigate for viability of a setup, we need to �nd whetherthere exists geometric features on the workpiece which can be used to establish a datum on the partfor CNC machining. If that is not possible we will discard any setup sequence which will require usto machine that workpiece. Kanumury et al. gave details about the need and procedure of probing intheir article [19].At Step 5c of the procedure Find-Best-Setup-Time described in Section 4.2.1 we check theworkpiece for feasibility of probing it for locating on a machine table. The procedure Workpiece-Probe returns true if it is feasible to probe the workpiece and returns false otherwise. The feasibility isdetermined by checking for the existence of already machined faces or stock faces which are accessiblefrom the top, in the workpiece that allow establishing a datum point for machining the features. Weassume that existence of three mutually perpendicular planar faces, one of which is perpendicular tothe approach direction is su�cient for establishing datum.11C.2 Work-Holding AnalysisWe assume that a 
at-jaw vise is the only device available for holding the workpiece during machining.A vise is a pair of rectangular jaws. The workpiece needs to be secured by putting two jaws againsttwo parallel faces on the workpiece. For properly holding the workpiece the minimum projected area ofthose two parallel faces between the jaws have to be more than a speci�c minimum area. Our overallapproach in this vise clamping analysis is to �nd a set K which comprises of sets of features K thatcan be machined in one setup. The details of the algorithm is described in [6], for the sake of brevityhere we provide the only outline of how the procedure works.The arguments to the procedure include the workpiece W , a set of features H which are possibleto machine in one setup on that workpiece if no �xturability problems exist, the approach direction ~vfrom which the features are to be machined and the precedence constraints C among the features inH . As an example Figure 16 (a) shows the workpiece on which some machining operations are to beperformed. The Figure 17 (a) shows the set of machining features H which can be machined in thissetup if no �xturing problems are present. The part shown in Figure 16 (b) will result after machiningthose features.11It is possible to establish datum with combinations of cylindrical and planar faces in some special cases, we intend toextend our approach to account for those cases in future. 27
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c2Figure 18: Diagram for holding Analysis -IIThe procedure �nds all the faces on the workpiece which can potentially be used as clamping facesfor vise jaw based on location, orientation and accessibility of those faces. Next the face pairs which canbe used to hold the workpiece while performing machining operations are found. The projection areaof the parallel faces on each other is taken into consideration while �nding these face pairs. Figure 18shows four probable face pairs which are considered as possible holding faces, of these four the pair(a2,a3) is rejected because of low projection area of a2 on a3. Based on the locations of features, we�nd a set of vertical locations at which the vise jaws can be aligned. Figure 17 (b) shows some of thosevertical locations. These locations are not meant to be the actual positions to align the workpiece withthe vise jaws. These are the positions which will allow us to �nd what largest subset K of the featuresin H can be machined using a particular face pair.For each face pair we align the vise jaws along the di�erent vertical locations. For lateral positioningwe align the vise jaws at two extreme lateral positions of the workpiece. At each of these locations we�nd which subset of features K in H are possible to machine in that setup position. The conditionsfor a subset of features in H to be machinable in one setup are the following:1. The vise jaws will not intersect with the features removal or accessibility volume2. All the precedence(s) of the features in that subset also have to belong to that subset.We use di�erent heuristics to arrive at the maximal subsets of H which are possible to machine inone setup so that we do not have to test for all the possible combinations of face pairs and holdinglocations. 28


