
ESTIMATION OF SETUP TIME FOR MACHINED PARTS:ACCOUNTING FOR WORK-HOLDING CONSTRAINTS USING A VISEDiganta DasMechanical Engr. Dept. andInstitute for Systems ResearchUniversity of MarylandCollege Park, Maryland Satyandra K. GuptaRapid Manufacturing LaboratoryThe Robotics InstituteCarnegie Mellon UniversityPittsburgh, Pennsylvania Dana S. NauDept. of Computer Science andInstitute for Systems Research,University of MarylandCollege Park, MarylandABSTRACTFor machined parts, setup time is a major component ofthe total time required to manufacture a machined part froma stock. If the number of setups and hence setup time can bereduced, this will not only decrease the manufacturing time,but will also ensure better machining accuracy, require fewerwork-holding devices and increase machine usage time.To achieve any improvement in setup time, �rst we needto estimate the setup time accurately. In this paper we pro-pose a methodology to estimate the setup time for machin-ing prismatic parts in a three axis vertical machining center.We concurrently consider three major factors for estimatingthe number of setups, namely|the precedence constraintsamong machining operations, the feasibility of work holdingusing vise clamping, and the availability of datum faces forlocating the workpiece on the machine table during machin-ing on a 3 axis vertical machining center.1. INTRODUCTIONAs design activities determine most of the life cycle costof a product [18], early detection of any production relatedproblem will save time and money in the long run. Inparticular, if the manufacturability of a part can be esti-mated early in the design stage, this can help in avoidingcostly modi�cations to design later in the production cycle.The manufacturability of a machined part depends on manyfactors|but one of the biggest factors is the setup time. Ingeneral, reducing the number of setups will not only reducethe time needed for manufacturing, but will also result inbetter machining tolerances for the machined component.To achieve any improvement in setup time, �rst we needto estimate the setup time accurately. This paper describesa methodology for estimating the setup time needed to ma-chine a prismatic part in a three axis vertical machiningcenter. The outline of the approach is shown in Figure 1.As shown in Figure 1, we examine di�erent sets of machin-ing features that can be used to create the part, and foreach set of machining features we investigate di�erent pos-sible setup sequences. We use branch-and-bound techniquesto avoid enumerating every possible combination of featuresand sequences.

The paper is organized as follows. Section 2 reviews re-lated work. Section 3 describes the preliminary analysisperformed in Step 1 of Figure 1. Section 4 describes howwe generate FBMs in Step 2(a) of Figure 1, and Section 5describes how we determine the setup time required for anFBM in Step 2(b) of Figure 1. Finally, Section 6 presentsour conclusions and directions for future work.2. REVIEW OF RELATED WORKSection 2.1 presents some background work on how prece-dence constraints among features are identi�ed and handled,and Section 2.2 gives reviews of some work on automatedsetup planning and �xturability analysis for machined parts.2.1. Precedence ConstraintsFor a given part, the machining operations usually can-not be performed in any arbitrary order [7]. Geometric andtechnological constraints will require that certain operationsbe performed before or after other operations. These prece-dence constraints among machining operations play an im-portant role in setup time estimation.AMPS [3] uses heuristic techniques to determine prece-dence constraints among features. A number of rules basedon machining practices have been de�ned and are used todetermine precedence constraints among pairs of features.This approach allows for strict and loose constraints. Strictconstraints cannot be violated, while loose constraints can|but at a detriment to ensuring good machining practice.The machining features in this approach are allowed tohave multiple approach directions and may have conditionalprecedence constraints.The Machinist system [10] is capable of handling theprecedences that arise because of setup considerations. Inthis system, precedences are generated by examining thesetup interactions among machining features. If machiningof a feature destroys the precondition for clamping duringmachining of another feature, then these two features inter-act and a precedence constraint exists between them.Because of its closeness to well-known combinatorial opti-mization problems, optimization of operation sequences hasreceived signi�cant research attention. A number of sys-tems have been developed that take precedence constraints



1. Preliminary Analysis.(a) As input, obtain CAD models of the part Pand the stock S. Find all primary machiningfeatures for P and S, and let F be the set of allof these features, as described in Section 3.1.(b) Find constraints on the order in which the fea-tures in F can be machined, as described inSection 3.2.2. Estimation of Setup Time. Perform the followingsteps repeatedly, until all the promising FBMs havebeen considered (an FBM is a set of features F � Fthat contains no redundant features and is su�cientto create P from S).(a) As described in Section 4, generate a promisingFBM. (An FBM is considered unpromising|and thus is discarded|if a quick analysis of itsapproach directions reveals that it will requirea greater setup time than the best FBM seen sofar. Since we build up FBMs one feature at atime, we can often detect this before the FBMis fully generated.)(b) Estimate the FBM's setup time by generatingand examining possible setup sequences for itsfeatures, taking into account the following fac-tors in a concurrent manner:� approach directions and precedence as de-scribed in Section 5.1;� how the workpiece can be probed for locat-ing it on the machine table, as described inSection 5.2;� how the workpiece can be held properly formachining, as described in Section 5.3.In order to achieve e�cient computation, thisstep uses branch and bound techniques that en-able it to discard unpromising setup sequencesbefore they are fully generated.Figure 1: The basic steps of our approach for estimatingsetup time.

as input and �nd the optimum operation sequence [14, 15].However, most of these systems do not automatically gen-erate the complete set of precedence constraints.Gupta at al. [6] provide a systematic method of �ndingprecedence constraints among machining operations whichconsiders dimensional and geometric tolerances, accessibil-ity of machining features, standard machining practices andmachining time.2.2. Fixturability and Setup PlanningTo ensure successful machining, each intermediate work-piece shape should be �xturable. This requires considera-tion of �xturing devices and formulating the conditions thatare needed to insure proper �xturing. Setup planning in-volves determining the various setups in which the part willbe machined. While advances have been made in automated�xture design, existing research has mainly focused on de-signing new �xtures for a given geometry.Chang [3] presented comprehensive conditions for hold-ing the workpiece in a vise. These conditions are based onthe intermediate workpiece geometry and are su�cient forsuccessfully clamping the workpiece. He also presented analgorithm for setup planning that, while producing valid re-sults, in certain cases may generate setup plans that arenon-optimal.Kumar et al. [12] presented a system for automated �x-ture design system. They used di�erent supporting, locatingand clamping constraints as rules. It appears that there canbe a very high number of possible combinations of locationsfor the elements. It is not clear from their presentation howthey exactly determine the locations of di�erent �xturingelements on the part. They also did not include most ofthe types of precedence constraints among features in theirwork.Sakurai [17] developed and implemented a methodologyfor automatic setup planning and �xture design. He devel-oped some guidelines for selecting and locating clamps andlocators. He considered both vertical and horizontal clamp-ing. He also mentioned that under certain cases these guide-lines are prone to failure. He also uses some kinematic andfriction force analysis for validating the locations of clamps.Yue and Murray [21] presented a comprehensive set of�xturability and clamping conditions for vise clamping, ma-chine table clamping, and frame bolting for manufacture of2.5D prismatic parts. These conditions are based on in-termediate workpiece geometry and consider friction forces.Lee and Cutkosky [13] provide a detailed analysis of frictionforce estimation for �xtures. For a review of �xture designautomation, readers are referred to [9, 19].As pointed out by Chang [2], in most approaches for setupplanning and �xture design, the two tasks are done sequen-tially: �rst a set of machining operations are found whichwould be machined in a setup and then �xture planningis performed. In contrast, our approach addresses the twotasks concurrently: although we do not perform detailed�xture design, we check for the feasibility of �xturing whenwe generate the sequence of machining operations.



(a): An example part
(b): The stockFigure 2: An example part, which we will call P1 andthe stock from which it is machined.3. PRELIMINARY ANALYSIS3.1. Input from the DesignerA part, P , is the �nal component created by executing aset of machining operations on a piece of stock, S. In thispaper, we assume that P and S are available as solid models.For example, Figure 2(a) shows an example part which wewill call P1; this part would typically be machined from arectangular piece of stock S1 (shown in Figure 2(b)).A workpiece is the intermediate object produced by per-forming zero or more of the operations needed to create P .Amachining feature is a portion of the workpiece a�ected bya particular machining operation. A machining feature con-sists of three components: the volume swept by the tool, theapproach direction (the direction from which the operationis performed), and the type of operation. Only a portion ofthe swept volume actually corresponds to the volume thatcan be removed by the machining feature. We refer to thisvolume as removal volume rem(f). The e�ective removal

volume of a feature with respect to the stock is the intersec-tion of the removal volume with the stock. The accessibilityvolume, acc(f), is the remaining portion of the tool sweptvolume. An approach face separates the removal volumefrom the accessibility volume.In this paper, the only types of operations we will con-sider are end milling, side milling, and drilling performedin a vertical machining center. Each machining operationis capable of creating certain types of surfaces: drilling pro-duces cylindrical and conical surfaces, and end milling andside milling produce planar and cylindrical surfaces. Thebasic three types of machining features used in this paperare shown in Figure 3. In Figure 3(b) the pocket is the re-moval volume for the end milling feature. The top plane ofthe workpiece is the approach face and accessibility volumelies above that plane.A primary feature for a given part P and stock S is amachining feature that is minimal with respect to S andmaximal with respect to P . Figure 4 shows an example; fora detailed de�nition the reader is referred to [6, 8].Given a part P and stock S, we will let F denote the setof all primary features for P and S. In [5, 16], we describean algorithm that, given P and S, will automatically �ndF . For example, in the case of the part P1 and stock S1shown in Figure 2, F contains 30 machining features, someof which are shown in Figure 5. In particular, h1 is drillingfeatures and s1 through s12 are end-milling features.3.2. Precedence ConstraintsDue to various types of interactions among the featuresused to machine a part, the features cannot be machinedin any arbitrary order. Instead, these interactions intro-duce precedence constraints requiring that some features bemachined before or after other features. For example, Fig-ure 6(a) shows a part in which the slot-hole interactionscreate precedence constraints for machining of that part.For proper drill engagement, the large vertical hole d1 mustprecede the two end-mill features s1 and s2. Also, to get
at entry and exit faces while machining the drilling featured2, the horizontal hole d2 must precede the end-milling fea-tures s3 and s4. These precedence constraints are shown inFigure 6(b).More generally, we consider precedence constraints com-ing from accessibility considerations and from preferredmanufacturing practices (such as those enumerated in [1, 3]).Here are some examples:1. If the accessibility volume of a feature f 0 intersects withthe removal volume of feature f , then f has to be ma-chined before f 0.2. Suppose f is an end-milling feature with at least oneside open (so that it can be created without �rst drillinga hole to allow entry of the end-milling tool), and f 0 isa drilling feature whose removal volume intersects withthe removal volume of f . If the pro�le of f 0 is containedin the pro�le of f , then f should be machined beforef 0; otherwise f 0 should be machined before f . Similar



(a): Side milling feature (b): End milling feature (c): Drilling featureFigure 3: Examples of machining features.(a): stock S (b): part P (c): non-primary,because holenot maximalwith respectto the part (d): non-primary,because holenot minimalwith respectto the stock (e): primaryFigure 4: Example of primary and non-primary features.precedence constraints hold between side milling anddrilling features.3. If two drilling features f and f 0 are collinear and theirremoval volumes intersect, then the smaller one shouldbe drilled �rst.We are interested in �nding these precedence constraintsbecause the number of setups (and hence setup time) re-quired to machine the part will depend on them (see Sec-tion 5). The procedure to �nd the precedence constraints isstraightforward: we simply check, for each pair of featureswhich intersect volumetrically and do not have the same re-moval volume with respect to the stock, whether the aboveconditions hold. If two features have the same removal vol-ume, then we do not need to consider precedences betweenthem, because no plan for manufacturing the part will in-volve machining both of these features.4. GENERATION AND EVALUATION OF FBMSA Feature Based Model (FBM) for P is any irredundantsubset F � F such that P can be produced from S byremoving the features in F . For example, Figure 5 showsone of the FBMs for the part P1. In general, a single partmay have several di�erent FBMs, and thus there may beseveral di�erent ways to machine the part.
The number of FBMs for a part can be very high|for ex-ample, the part shown in Figure 2 has 512 di�erent FBMswithout even considering the side milling operations. Inorder to �nd the FBMs that has the least setup time with-out having to generate all of the FBMs, we use a depth-�rstbranch-and-bound procedure that builds each FBM one fea-ture at a time. Di�erent kinds of heuristics can be appliedwhile building the FBMs to reduce the number of FBMsneed to be generated even further, Gupta [8] discusses theseheuristics in detail in his PhD thesis. As the FBM is beingbuilt, we discard it before it has been fully generated if ouranalysis reveals that it will have a high setup cost than anyother FBM already built and examined.The procedure Analyze-Design take as arguments thepart P , the stock S, the set of all possible primary machiningfeatures F , a partial FBM G (which is initially empty) andthe setup time T (which is initially 1). Each time thatAnalyze-Design �nds an FBM that has lower setup timethan T , it updates T accordingly.In Analyze-Design and several of its subroutines, ts isthe setup time required for each setup. In this paper, ts isthe setup time for a 
at jaw vise, which we take to be 2minutes [20].After completion of Analyze-Design, T is the minimumsetup time over all of the FBMs. If T =1 after completionof Analyze-Design, then there is no way to manufacture
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the part P using the manufacturing operations that we areconsidering in this paper (drilling and milling operations ona three-axis vertical machining center using vise-clampingfor �xturing). One has to consider di�erent types of manu-facturing and work-holding procedure to manufacture thatpart.procedure Analyze-Design(P;S;F ;G; T )1. Let n be the number of approach directions of the fea-tures in G, and ts be the setup time for each setup asdescribed in the text. If n � ts � T , then return T ,because G will not result in an FBM with lower setuptime than T .2. Otherwise, if there exists any feature g 2 G such thatthe removal volume of g is completely subsumed by theunion of the removal volumes of the other features inG, then return T because G is redundant.3. Otherwise, if subtracting the features in G from thestock S creates the part P , then G is an FBM. To �ndthe setup time for that FBM, do the following:(a) Set F = G(b) T =min(T;Find-Best-Setup-Time(F;G;C;1; 0))(As described in Section 5.1, Find-Best-Setup-Time �nds the machining sequence for the FBMG that requires the least setup time.)(c) Return T4. Otherwise, do the following:(a) Pick a feature g from F(b) T = min(T;Analyze-Design(P;S;F � g; G [g; T ))T = min(T;Analyze-Design(P;S;F � g; G; T ))(c) Return T5. SETUP-TIME ESTIMATIONIt is evident that in a 3-axis vertical machining center,only features with same approach direction can be machinedin one setup. In this paper, we consider three more cri-teria for determining whether a set of features having thesame approach direction can be machined in the same setup.First, the precedence features of those either have to be al-ready machined or the precedence features have to belongto the same set. Second, it should be possible to probe theworkpiece for locating on a CNC machining center. Third, itshould be possible to hold the workpiece using vise in such away that the work holding devices do not interfere with thefeatures to be machined. We have already discussed prece-dence constraints in Section 3.2. We will discuss the probingand �xturing considerations respectively in Sections 5.2 and5.3.Unlike other approaches discussed in Section 2, we donot �nd the operation sequence �rst and then analyze �x-turability. We take the �xturability and probing feasibility
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s2 s4(a): A part in which some of the featuresmust be machined before others (b): Precedence constraints amongthe features in (a)Figure 6: Example of precedence constraints.into consideration while generating the setup sequence it-self. This concurrent approach ensures that we never gen-erate a setup sequence for which intermediate workpiecescannot be held using a vise. In this fashion we integrate thesetup planning and �xturing planning as one step. Althoughindividual aspects of setup planning and �xture design au-tomation had been accomplished by others, our approachcombines the two in one framework.Once we have an FBM, it is a speci�c set of machin-ing features all of which needs to be machined to get the�nal part from the stock. Each feature f has a speci�c ap-proach direction ~v(f), and some of these features may havesome precedence constraints among them. Each operationsequence for machining the part corresponds to a sequentialordering ff1; f2; : : : ; fmg of the features that is consistentwith the precedence constraints. In a vertical machiningcenter, the number of setups required by this operation se-quence is one more than the number of times the approachdirection or the vise position changes when we scan the se-quence from start to �nish.The number of setups needed to machine the FBM will bethe minimum, over all feature machining sequences satisfy-ing the precedence and work-holding constraints of the num-ber of setups required by the feature machining sequence.Estimation of setup time involves determining the exactsetup sequence and estimating the time associated with eachof the setups in the sequence. Thus, the formula for setuptime estimation is given bysetup time = nXi=1 tsiwhere tsi is the time associated with the ith setup. Theactual value of tsi depends on the part size, weight, geom-etry and the setup method. Wilson's handbook [20] givesdata for a variety of setup procedures. We assume that theparts are small in size which can be moved and reorientedmanually by one person during the machining process. In

particular, since we are assuming that vise clamping is theonly work holding method available, we use tsi = ts = 2minutes for every setup.The FBM F with the set of precedence constraints C cantogether be seen as a machining plan. It should be notedthat given F and C, the minimum number of setups is notnecessarily equal to the number of approach directions. Inpresence of precedence constraints, the minimum numberof setups for a given machining plan may be greater thanthe number of approach directions. Also in some situationsthe number of setups will be a�ected by the probing and�xturing feasibility considerations.5.1. Algorithm for Setup Time EstimationThe procedure Find-Best-Setup-Time described belowestimates the minimum setup time required to machinea given FBM F . Find-Best-Setup-Time is a branchand bound procedure which in turn calls the proceduresWorkpiece-Probe and Holding-Analysis. The proce-dure Workpiece-Probe �nds whether it is possible toproperly locate an intermediate workpiece using machinemounted probes. The procedure Holding-Analysis anal-yses the feasibility of machining a collection of machiningfeatures in a setup using vise as workholding device.The procedure Find-Best-Setup-Time takes as argu-ment a set of features B which are to be put in valid setups,the set of precedence constraints among the features in Band the setup time t. Another argument F is the FBM forwhich setup time is being estimated, this remains unalteredduring the execution of the procedure. Initially the set offeatures is the FBM G found by the procedure Find-FBMand the setup time is zero. The argument T (initially 1)is used by Find-Best-Setup-Time to hold the best setuptime it has seen in any of the setup sequences it has exploredso far.Find-Best-Setup-Time returns the best setup time itcan �nd for the FBM G. If Find-Best-Setup-Time returns1, then this indicates that the FBM is not manufacturable



using the manufacturing operations that we are consideringin this paper (drilling and milling operations on a three-axisvertical machining center using vise-clamping for �xturing).procedure Find-Best-Setup-Time(F;B;C; T; t)1. If t � T , then return T , because the setup time isnot better than the best solution so far. This condi-tion prevents unpromising setup sequences from beinginvestigated further.2. If B = ;, then there are no remaining features, soreturn t. Otherwise, do the steps below.3. Let READY be the set of all features in B that haveno predecessors.4. Let V be the set of all approach directions of features inREADY (i.e., V = f~v(f) : f 2 READYg). V containsthe approach directions from which the next setup canbe machined.5. For every approach direction ~v 2 V , do the following:1(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 pre-decessors in B have ~v as their approach di-rection.Note that all of these features can be machinedin the same setup if the �xturability conditionspermit.(b) Let W = S �� (([�F )�� ([�B)).W represents the current workpiece, i.e., theworkpiece after machining the features alreadyremoved from B during its recursive calling se-quence (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 byHolding-Analysis is a set of features K �H that can be machined in one setup.)ii. Remove from K any set K 0 that is a propersubset of some other set K 2 KFor each K 2 K;2T =min(T;Find-Best-Setup-Time(F;B �K;C � C 0; T; t+ ts)),where C 0 is the set of all precedence con-straints in C that involve at least onefeature in K.Return T1We pick the approach directions to examine in decreasingorder of the number of features in READY from that approachdirection2For computational e�ciency, we pick K in decreasing orderof cardinality among all the K 2 K

In step 5c of the procedure Find-Best-Setup-Time wecheck the workpiece geometry to �nd if it has faces andfeatures which allow locating the workpiece on a CNC ma-chining center. We proceed with the workholding analysisonly if the workpiece has that property, otherwise a di�erentsetup sequence is chosen for analysis.In Step 5(c)i, Find-Best-Setup-Time uses a procedurecalled Holding-Analysis (described in Section 5.3.1) to�nd alternative sets of features that can be machined inone setup. Holding-Analysis assumes that a vise is theonly available �xturing device|but we are developing pro-cedures for use with other types of work holding devices(such as clamping), and we intend to use these proceduresto augment the set K. Since Holding-Analysis assesses�xturability independent of the rest of the analysis, it willbe straightforward to incorporate these procedures into ourapproach.Here is as an example how Find-Best-Setup-Timeworks. For the part P1 shown in Figure 2, the FBM thatrequires the least number of setups is shown in Figure 5. Inthis FBM, the features s1; s2; s3; s4 and h1 all have sameapproach direction and do not have any precedence con-straints. If there are no problems from work holding pointof view, all these can be machined in one setup. However,no face pairs exist to hold the workpiece in such a man-ner so that all these features can be machined in one setup.So these features will have to be machined in two setups.By means of this and similar analysis of the other features,Find-Best-Setup-Time will �nd that this FBM requires atleast six setups.5.2. Probing methodologyWhenever we have a possible workpiece to investigate forviability of a setup, we need to �nd whether there existsgeometric features on the workpiece which can be used toestablish a datum on the part for CNC machining. If thatis not possible we will discard any setup sequence whichwill require us to machine that workpiece from the givendirection. Kanumury et al. gave details about the need andprocedure of probing in their article [11].At Step 5c of the procedure Find-Best-Setup-Time de-scribed in Section 5.1 we check the workpiece for feasibilityof probing it for locating on a machine table. The procedureWorkpiece-Probe returns true if it is feasible to probe theworkpiece and returns false otherwise. The feasibility is de-termined by checking for the existence of already machinedfaces or stock faces which are accessible from the top, in theworkpiece that allow establishing a datum point for machin-ing the features. We assume that existence of three mutuallyperpendicular planar faces, one of which is perpendicular tothe approach direction is su�cient for establishing datum.33It is possible to establish a datumwith combinations of cylin-drical and planar faces in some special cases, we intend to extendour approach to account for those cases in future.



5.3. Work Holding AnalysisWe assume that only 
at jaw vise is used for holding theworkpiece during machining. A vise is a pair of rectangularjaws. The workpiece needs to be secured by putting twovise jaws agaqinst two parallel faces on the workpiece. Forproperly holding the workpiece the minimum projected areaof those two parallel faces between the jaws have to be morethan a speci�c minimum area.In the following Section 5.3.1, we describe the details ofhow the work holding analysis works. We do not suggestthe exact setup locations for di�erent setups. We only de-termine which features can be machined in one setup usingvise jaws as work holding device.5.3.1. Analysis for Vise Clamping. This section describesthe Holding-Analysis procedure that is used in Step 5(c)iof the procedure Find-Best-Setup-Time. For this analysisthe workpiece is oriented to have the features in set H fac-ing upwards with their approach direction ~v perpendicularto the machine table. It is also assumed that the workpieceis kept at a �xed position on the machine table and thevise jaws are moved around to hold the workpiece. Duringsetting up of a workpiece on the machine table for actualmachining on the shop 
oor, usually the vise is kept at a�xed position and the workpiece is reoriented. However forautomated �xturability analysis purpose the relative posi-tion between the workpiece and the vise is of real importanceand so our assumption will not produce incorrect results.The procedure Holding-Analysis takes as argument thecurrent workpiece W , the set of features under considerationH, the approach direction ~v for the features in H and theprecedence constraints among the features. First it �nds outthe face pairs (Z) which can be used to hold the workpiecewhich are parallel to each other, is accessible to the visejaws and has a minimum projection area on each other At.The value of this threshold minimum area At depends onthe cutting force required to machine the part. We willassume direct relation between the minimum threshold areaand the material removal rate (MRR) of the machine tool.For the purpose of analysis we will take MRR to be themaximum possible material removal rate of the machine toolin use. The procedure calculates the set of distances (�)of the features which might possibly intersect with the visejaws, from a plane � tangent to the bottom of the workpiece(for example, Figure 9 and 8 show how this is done for theworkpiece shown in Figure 7).After calculating this set �, the procedure Holding-Analysis calls the procedure Find-Features-in-Setupwhich takes as argument the approach direction (~v), theworkpiece (W ), the set of features (H) under considerationand the sets of pairs of holding faces (Z) and the set �.It also takes as argument the set of precedence constraintsamong the features in H;C. It returns the set K, whichcontains subsets of H which can be machined in one setup.The set of vertical distances � are the vertical locationsat which the tops of the vise jaws will be aligned with theparallel faces to test for interference with workpiece and thefeatures. Later we also �nd similar lateral locations to align

(a): Workpiece
(b): Workpiece after machining featuresFigure 7: Workpiece for Holding Analysis
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the jaws. These locations may not be the best locationsfor actual �xturing but these are the locations where po-tentially maximum number of features will be available formachining.procedure Holding-Analysis(W;~v;H;C)1. Let R be the set of all planar faces in W such that foreach r 2 R, r is accessible to the vise jaw from thedirection opposite to its face normal i.e.(a) L \� W = ;, where L is the swept volume pro-duced by sweeping r in�nitely in the direction ofits face normal(b) r is accessible from the direction opposite to theapproach direction ~v(Thus R is the set of all faces that can potentiallybe used as holding faces. For example, for the work-piece shown in Figure 7, R consists of the facesa1,a2,a3,b1,b2,c1,c2 shown in Figure 9).2. Let � be the plane touching the workpiece W which isperpendicular to the approach direction ~v and tangentto the bottom of the workpiece.(For example see Figure 8)3. Let Z be the set of all face pairs (pi; pj) 2 R such that(a) pi; pj are parallel(b) The face normals of pi and pj have opposite di-rection.(c) A � Atwhere A is the area of the projection of pi onpj and At is the minimum holding area for viseclamping(The set Z will contain candidate face pairs whichcan be used for clamping in vise in a stablemanner. For example, in the case of the facesshown in Figure 9, Z would contain the facepairs (a1,a2),(b1,b2),(c1,c2) but would not con-tain (a1,a3), because the area of projection of a1on a3 is less than At.)4. For each h 2 H which intersects with any face in theset of face pairs Z, let 
h be the minimum distancefrom � to the feature h, measured along the approachdirection ~v5. Let � be the set of all the 
h's6. K =Find-Features-in-Setup(�;�; ~v;W;H;Z;C)7. Return KFigure 8(a) shows three features on a workpiece whichcan be machined in one setup if no �xturing problems exist.Figure 8(b) shows the plane � and the distances 
 from thethat plane to the features. Note that the distance to featureem 2 from the bottom plane is not computed, because inthis orientation em 2 is not going to interfere with the visejaws for any of the face pairs in Z.
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Figure 11: Cases where the algorithm does not detectpossible holding facesThe procedure Holding-Analysis is sound, in the sensethat it will only �nd the face pairs which will allow properwork holding. However, it will fail to identify some possiblefaces and face pairs which could have been used for theclamping purpose. Figure 11 shows both of those situations.These cases are:1. Some faces which are only partially accessible can beused as holding face, but this procedure will rejectthose as holding faces. (The face a in Figure 11)2. Some times di�erent faces on the same plane can beused together for holding the workpiece, but this algo-rithm does not consider that. (The faces b & c withrespect to face d in Figure 11)For the purpose of analyzing how to put features in onesetup we assume the vise to be a pair of two identical rect-angular solids J1 and J2. The length of these jaws are morethan the longest linear dimension of the workpiece W mea-sured along the face normals of all the faces r 2 R. Theheight of the vise jaws is more than the longest linear di-mension of the workpiece W measured in a direction parallelto ~v along all r 2 R. The width of the jaws is not of con-sequence to the analysis. For the sake of completeness weassume both the jaws to have the same unit width. We as-sume that the opening between the vise jaws is su�cient tocover the distance between any pair of faces in Z. The twovise jaws will be aligned with the faces of the set of facepairs Z along the length of the jaws at di�erent locationsfor �nding which features can be machined in one setup.We also assume that both the jaws have to be in the samevertical and longitudinal position during a setup.The conditions checked by the procedure Find-Features-in-Setup for a subset of features in H to bemachinable in one setup are the following:1. The vise jaws will not intersect with the features re-moval or accessibility volume2. All the precedence(s) of the features in that subset alsohave to belong to that subset.

procedure Find-Features-in-Setup(�;�; ~v;W;H;Z;C)1. (Below, we compute sets KL and KR of features whichcan be machined in one setup using the face pair forholding the workpiece with the vise jaw J2 respectivelyto the left and right of the face pj.)Initially, set KL = KR = ;2. For each face pair (pi; pj) 2 Z (in increasing order ofthe total area of intersection with features in H, incase of more than one face pair having the same areaof intersection with features, the one with a face ofhigher overall area will be selected), do the following:(a) Let d1 and d2 be the shortest and longest distancefrom � to any point in A, where A is the area ofprojection of pi on pj (see Figure 9 and 10)(b) Let �s = fd2g [ fd 2 � : d1 < d < d2g(The set �s contains the possible vertical loca-tions where the face pair might potentially bealigned with the top of the vise jaws.)(c) (Below, we compute sets K�L and K�R of featureswhich can be machined in one setup using the facepair for holding the workpiece with the vise jawJ2 respectively to the left and right of the face pjat the vertical position 
 of the workpiece.)Initially, set K�L = K�R = ;(d) For each 
 2 �s do the following in the order ofincreasing value of 
 (the higher the value of 
,the higher the portion of the workpiece locatedinside the vise jaws):i. If the area of the projection A of face pi on pjbelow the height 
 is less than At, then exit,because there is not enough holding area tohold the workpiece securely in the vise. Oth-erwise, do the following:ii. If K�L = ; thenK�L =Left-Analysis(W;H;A;At; C; 
)KL = KL [K�LIf K�L = H, then then set K = H and goto Step 4, because we found that all thefeatures can be machined in one setupand we need not search any more.If K�R = ; thenK�R =Right-Analysis(W;H;A;At; C; 
)KR = KR [K�RIf K�R = H, then set K = H and goto Step 4, because we found that all thefeatures can be machined in one setupand we need not search any more.(If K�L or K�R is non-empty then we neednot call Left-Analysis orRight-Analysis,respectively, because no more features will beaccessible than before.)3. K = KL [KR



4. Return KAs an example, for the workpiece shown in Figure 7, theinput parameter Z to Find-Features-In-Setup consists ofthree face pairs (a1,a2), (b1,b2) & (c1,c2) that can possiblybe used for aligning the vise jaws. Figures 8,9 and 10 showthe parameters used and calculated by Find-Features-In-Setup. As the face pair (a1,a2) does not intersect with anyfeatures and has the maximum area that will be considered�rst by Find-Features-in-Setup. For this face pair, �s =f
1; 
2; da2g. For face pair (c1,c2), �s = f
1; 
2; dc2g. Forthe face pair (b1,b2), �s will consist of only db2, as all thevalues in � are more than db2. Find-Features-in-Setupwill not examine all of these face pairs, because all threefeatures are accessible using the face pair (a1,a2).The procedures Left-Analysis and Right-Analysisanalyze a face pair, their projection area on each other andthe vise jaws to �nd the features accessible in di�erent visepositions with respect to the workpiece. In both of theseprocedures we locate the workpiece with respect to the viseat di�erent vertical positions and at the extreme lateral po-sitions, (left and right), such that the minimum area of con-tact of the vise jaws with the faces being considered is theminimum threshold area At. These procedures compute thefeature sets which can be machined in those locations.In these procedures, we assume that appropriate spacerbars are available to position the workpiece at any desiredheight with respect to the vise jaws. As we are not tryingto determine the exact location of the vise, but only �ndingwhich features can be machined in a setup, this assumptionwill not produce an incorrect result.procedure Left-Analysis(W;H;A;At; C; 
)1. Let L be a vertical line on the area A, such that thearea of the patch on A below the height 
 and left ofL is At42. Let J2 be a vise jaw (as described in the text) such thatJ2's inside face (the one facing the workpiece) lies onthe face pj , J2's top edge is at a height 
 on the facepj , and J2's rightmost vertical inside edge is collinearwith L.3. Let J1 be a vise jaw whose inside face is at the corre-sponding location on pi.4. If the jaws J1 and J2 intersect with the workpiece W ,then return ; because the workpiece cannot be properlyheld at that position5. Otherwise, �nd the set of features K� � H which areaccessible for machining at that locationIf K� contains any feature k0 such that the precedenceof k0 is not in K�, then K� = K� � k06. Return K�4Although it is di�cult to compute an exact value for L, agood approximation can be computed reasonably quickly usingbinary search.

Right-Analysis is an identical procedure where we placethe vise jaw to the right of the workpiece instead of to theleft of the workpiece as done in procedure Left-Analysis.We do not suggest the vertical and lateral locations where welocate the workpiece with respect to the vise to be the ideallocation for clamping. We choose these locations, becausewe can estimate the maximum number of features whichmight be accessible for machining by checking at those lo-cations.6. CONCLUSIONS AND FUTURE WORKIn this paper we present a methodology for estimatingsetup time for parts to be machined in a 3 axis verticalCNC machining center. Our approach is based on inter-preting the part as a collection of machining features thatcorrespond to all of the alternative ways in which the partcan be machined. In order to generate groups of machiningfeatures that can potentially be machined in one setup, weconsider the approach directions of the machining features,and precedence constraints among these features. We thenexamine these groups of features further, by considering theavailability of probing faces in order to locate the workpieceduring machining and whether there is a feasible way to holdthe workpiece in order to machine the features in a singlesetup.In our analysis of work holding, the only kind of work-holding device that we consider currently is vise-clamping.However, our method is extendable to account for othertypes of work-holding devices as well, and we intend to ex-tend it to include work-holding methods such as toe clampsand machine clamps. We also want to include possibility ofusing other modular �xturing tools for identifying setups.As a longer-term goal, we would like to be able to identifythe need for special �xturing, or the need for modi�cationof part to add separate locating and supporting componentsto a part.We develop a potential setup only after performing fea-sibility analysis for �xturing. Thus, instead of having toarbitrarily split a setup into more than one setup when weencounter a �xturability problem, we can systematically an-alyze di�erent possible setup sequences. This allows us todetermine the setup time more realistically than if only onesetup sequence were considered.In addition to estimating setup time, our methodologycan be used to �nd out the whether a part is manufacturableusing the available resources. Furthermore, it will be rea-sonably straightforward to extend it to identify attributesthat prevent a proposed design from being manufacturable.We intend to extend our approach to include an analysisof the overall manufacturing cost for a given part, ratherthan just setup time|and to provide suggestions on howto change the design in order to reduce the setup time. Assuch, it will become an important extension to our ongoingwork on automatic generation of redesign suggestions [4].
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