C H A P T E R X Tuning theCuttingConditions on aMachiningTransfer LineUsing FuzzyConstraintPropagation

Didier DuboisI.R.I.T., University of Toulouse III, FranceAbstract

The attractiveness of fuzzy set-based methods, and especially fuzzyarithmetic is shown on a technological problem: that of tuning thefeed and cutting speed of a machine-tool for the proper performanceof metal-cutting operations. A method for simultaneous tuning ofmachine-tools in a synchronized transfer line is described. Fuzzyarithmetic makes it possible to delay as long as necessary theassignment of precise values to parameters. The feasibility analysis iscarried out once for all, from fuzzy-valued cutting parametersreflecting subjective preferences. The procedure eventually convergesto a trade-off between the quality of cutting and the consistency of the

2TITRE DU LIVREtool-replacement policy, under the synchronization constraint. Theadvantages of the proposed methodology are its computationalefficiency and its ability for handling different sources of knowledge.X.1INTRODUCTIONFuzzy sets were first suggested by Zadeh [11] as a convenientmathematical representation of incompletely or imprecisely definedquantities or concepts. The aim is to enable computers to processinformation pervaded with vagueness. The kind of imprecision whichis modelled by fuzzy sets is typically that which any designer ofcomplex systems encounters in the first stages of his task: he can onlysupply a rough description of what he is planning, an approximateappraisal of expected performance and characteristic parametervalues. But such vague notions expressing preference are guiding thedecisions of designers, until imprecision has entirely vanished.Proceeding further in the design process requires some verifications tobe made in order to check the consistency of decisions. Thecorresponding computations are performed by arbitrarily assigningprecise values to significant parameters, and modifying them untilsatisfactory tuning is obtained. Such a procedure is very often tedious.On the contrary, modelling the system as a fuzzy one, by integratingin the model the actual imprecision pervading specifications, obviatesthis blind search because it is possible to make computations out offuzzy data. The designer is no longer obliged to supply precise valueswhen he is unable to.Clearly the kind of fuzziness which is dealt with here in is notrelated to random phenomena, and refers to preference. However thesystem under design may be prone to random phenomena such asfailures, wear, �To illustrate such considerations we consider a manufacturingsystem made of a machine-tool or a synchronized line of machine-tools, on which cutting conditions must be tuned. This problem hasbeen studied at length in the literature, especially the single-machinecase, for which optimization algorithms have been proposed. Thetransfer-line problem has been scarcely dealt with in the past. It is hardto solve because all the machine-tools must be simultaneously tunedunder many constraints such as prescribed cycle times,synchronization of all stages, quality of cutting and consistentreplacement policy for worn tools. This task is very common in theindustry, and is carried out by trained people using rules of thumbthrough a �sometimes long� interative procedure. As indicated inthis paper, fuzzy arithmetic leads to speeding up this procedure which

AN APPLICATION OF FUZZY ARITHMETIC3no longer has to be initialized by precise (and often infeasible) apriori specification of cutting parameters. The necessary backgroundin fuzzy set theory and fuzzy arithmetic can be found in the books ofDubois and Prade [5], [7] or in the survey [6]. This paper is a shortversion of a previously published article [3].X.2RESULTS IN FUZZY ARITHMETICSLet U be a set taken as a reference. A fuzzy set F on U is a subset of Uwhose elements are weighted by numbers conventionally in the unitinterval [0,1]. The weight of element u is denoted mF(u) and calledgrade of membership of u in F. Crisp sets are obtained by restrictingthe range of membership grades to {0,1}. Grades of membership canbe interpreted in various ways according to the context, e.g.,preference grades, similarity indices, degrees of compatibility with asubjective category, upper probabilities, etc. In this paper membershipfunctions will express preference or feasibility, not uncertainty.The membership function mF is interpreted as a possibilitydistribution restricting the values of a variable. Let S be a crisp subsetof U. The possibility of selecting in S some element in accordance with(= belonging to) F is assessed by the quantity PosF(S) such that [12]:PosF(S) = supu˛S mF(u),(1)i.e., we search for the element in S which is most in accordance with F.When mF expresses preference, PosF(S) is the degree of consistency ofa constraint-satisfaction problem involving the fuzzy constraints F andthe crisp constraint S. It presupposes that the variable x whose value isconstrained by F and S is controllable and can be chosen as u* suchthat mF(u) = PosF(S).Similarly, the extent to which S includes all feasible elements inthe sense of F is viewed as the grade of impossibility of finding in thecomplement �S some element belonging to F. The grade of necessityfor all elements consistent with F to be in S is thus defined by [5], [13]NecF(S) = 1 — PosA(�S) = infu˛S 1 — mF(u).(2)If S is a fuzzy event, i.e., is a fuzzy set, equations (1) and (2) can begeneralized. NecF(S) is also the degree of certainty of satisfying aconstraint S when all that is known about an uncontrollable variable xis that "x is F". Then mF expresses uncertainty and not preference. This

4TITRE DU LIVREsituation will not be met here (see Dubois, Fargier and Prade [4] forfuzzy constraint satisfaction under uncertainty).A fuzzy number M is a fuzzy set of real numbers clustered aroundsome value. More specifically, the membership function mM isnormalized and unimodal. Any level set of M, Ml = {u | mM(u) ‡ l}," l ˛ ]0,1] is a closed interval. The modal value can be extended to aclosed interval [m,�m]. M is then called a fuzzy interval (see FigureX.1). Any arithmetic real operation *, i.e., any two-place mapping canbe extended to interval arguments[x1,x2] * [y1,y2] = {x * y | x ˛ [x1,x2], y ˛ [y1,y1]};(3)and, consistently, to fuzzy numbers or intervals as follows: if M and Nare fuzzy intervals, M * M has the membership function" w ˛ r, mM*N(w) = supu,v min(mM(u), mN(v))(4)under the constraint u * v = w.It can be seen that mM*N(w) = PosM·N({u, v | u * v = w}), where M· N is the Cartesian product of M and N (translated via the minimumoperator). In other words (4) can be viewed as computing the degreeof consistency of a constraint satisfaction problem involving variablesx and y. It operates the propagation of preference from x, y to therange of variable z = x * y.As soon as the supremum is reached in equation (4) (e.g., * iscontinuous, mM and mN upper semi-continuous), the l-level set ofM * N, say (M * N)l, can be obtained by combining the level sets Mland Nl via equation (3). Consequently, as soon as equation (3) is easyto perform (e.g., * = addition, product), equation (4) becomes simple.It can become even simpler if we adopt the following representation offuzzy intervals: M is said to be a LR-type fuzzy interval if it definedby—a range [ m,�m] of values with membership grade 1,—a support {u | mM(u) > 0} = ] m — a, �m + b[—shape functions L and R [0, +¥) fi [0,1] with L(0) = R(0) = 1;R(1) = L(1) = 0, L and R are non-increasing upper semi-continuous mappings.mM is then defined by (see Figure X.1)

AN APPLICATION OF FUZZY ARITHMETIC5mM(u)

= Lm — ua

; u £ m= 1; u ˛ [ m,�m]

= Ru — mb

; u £ m.M is denoted (�m, m, a, b)LR or (m, a, b)LR if it is a fuzzy number; aand b are called left and right spreads, respectively. The followingresults hold [5], [6]:(a)if M = (m, a, b)LR, N = (n, g, d)LR, thenM ¯ N = (m + n, a + g, b + d)LR (extended addition);(b)1/M is defined by m1/M(w) = mM

1w;(c)" a ˛ R, a Æ M= (am, aa, ab)LR(a > 0)= (am, —ab, —aa)LR(a > 0)(scalar multiplication);(d)if M = (m, a, b)LR; N = (n, g, d)RL (N is of the opposite type),then M — N = (m — n, a + d, b + g)LR (extended subtraction);

10abRL

mmMFigure X.1

6TITRE DU LIVRE(e)if M and N have supports in [0, +¥), and both L — R typed, thenmMÆN(w)

= Lna + mg

— (mg — na)2 + 4agw2ag, w £ mn,

= Rnb + md

+ (md — nb)2 + 4bdw2ag, w £ mn(extended product).A second-order approximation (small spreads) of the productformula is M Æ N � (mn, mg + na, md + nb)LR.Other results, and proofs are given by Dubois and Prade [5], [6].Such simple formulae indicate that it is not too difficult to performcalculations with ill-defined quantities modelled by fuzzy numbers.X.3THE CUTTING CONDITIONS TUNING PROBLEM ON ATRANSFER LINEVery often the tuning of cutting conditions must be carried out on agroup of machines rather than on an isolated one. It is sometimescrucial to achieve simultaneous tuning, i.e., take into account thedependence between several cutting operations. This is especially trueon a synchronized transfer line. The methodology presented in thissection has been developed in collaboration with a machine-toolcompany [1]. It was first outlined in [2].X.3.1Statement of the ProblemThe transfer line is supposed to be made of a sequence of M work-stations. At each station i a sequence of Ki operations is performed.One operation may be the performance of several identical tasks inparallel (e.g., drills). Each operation j at station i is characterized by acutting speed vij and a feed rate fij, limited by technological boundssuch as the following constraints:

v £ v £ �v,(5) f £ f £ �f,(6)v Æ fbf £ B,(7)f Æ vlv ‡ CS,(8)

AN APPLICATION OF FUZZY ARITHMETIC7where bf and gv are technological coefficients. The upper bound on vis due to the maximum available spindlespeed and temperaturelimitations; the upper bound on f is due to cutting force restrictions orsurface finish requirements. Lower bounds on v and f, together withinequality (8) define the stable cutting region. Constraint (7) stemsfrom the maximal available horsepower. Constant B also dependsupon the depth of cut. Objectives are usually the minimization ofmachining cost and the maximization of production rate, metalremoval rate, tool life, production between tool changes etc. Whentechnological coefficients are assumed to be well-known, manytechniques exist for the single objective optimization of the cuttingoperation. A classical survey is the one by Philipson and Ravindran[10], who also discuss explicit solving through differential calculusmethods. Cutting speeds at each station are related via the spindlespeed wi:"j, vij = pDijwi,(9)where Dij is the work-piece diameter. Hence, decision variables at eachstation are Ki feed rates and one spindle speed. The transfer line issynchronized in the sense that each station has the same cycle time tc.If tij denotes the cutting time for operation j of stage i, then one musthavetc ‡ �j=1,Ki tij + Dti, " i = 1, M,(10)where Dti is a non-productive set-up time. Goals to be achieved are:—Suitable machining times so that the cycle time, which defines theproduction rate is respected.—A good quality of cutting, expressed in terms of preferred speedsand feed rate ranges for each operation.—A reasonable worn-tool replacement policy which allows a singlereplacement frequency and specifies a number N of produced partswithout changing tools. For each operation j of stage i, the numberof parts machined by the same tool, say Nj should be of the form

Nij = qijN + rijrij << Nij,(11)

8TITRE DU LIVREwhere qij = integer part of Nij / N, i.e., tool (i,j) is changed every qijreplacement stops of the linear; rij is the number of parts whichcould still have been safely machined by the replaced tool.Optimizing the whole system at once may be quite challengingand leads to rigid procedures (e.g., maximizing N, minimizing tc).Another approach consists in suboptimizing each operation. This hasbeen done by Iwata et al. [9] and Hitomi [8] with single objectives(minimization of cost, maximization of production rate), andPhilipson and Ravindran [10] with several objectives, by goalprogramming. Here the optimization will be performed at eachstation.The spirit of the procedure described below is to provide aninteractive design tool where consequence of cycle time constraint andcutting quality requirements are evaluated, but the final choice ofcutting conditions is the designer’s responsibility. The procedure willonly guide the designer’s choice so that goals are attained, includingthe tool-replacement policy. Basically, the methodology is based onfuzzy constraint propagation.X.3.2Outline of the Tuning ProcedureUsually, designers are compelled to resort to experience-guided searchfor good cutting conditions, i.e., try, check, then modify, check again,etc. until a reasonable solution is reached. The main idea of theprocedure described here is to avoid assigning precise values tocutting parameters immediately, but to perform suitable evaluationsusing as operands fuzzy numbers whose shapes account for thecutting quality requirements. Here the role of fuzzy arithmetics is topropagate preference.More specifically, for each operation, the designer specifies rangesof permitted values for the cutting speed [v,�v] and feed rate [ f,�f](subscripts are dropped for simplicity); i.e., v ˇ [ v,�v], f ˇ [ f,�f] isforbidden. Ranges of preferred values [v*,v*], [f*,f*] are alsorequested. Fuzzy numbers are thus obtained as shown in Figures X.2and X.3, i.e., a fuzzy cutting speed v = (v*, v*, v*

— v, v — v*)LR (12) a fuzzy feed rate f = (f*, f*, f*

— f, f — f*)LR; (13)

AN APPLICATION OF FUZZY ARITHMETIC9

vv*v*vf*f*fFigure X.2Figure X.3according to the representation proposed in Section 2. Here L(u) =R(u) = max(0, 1 — u), i.e., linear membership functions are assumed. ‘vand ‘f may significantly vary according to the nature of the operation(e.g., rough or final cutting), of the tool or the processed part.At a given station i, from the knowledge of {‘vij, ‘fij, j = 1, Ki} thefollowing quantities can be computed, owing to the results presentedin Section 2 and expressions (9)-(11):(a)Fuzzy specifications ‘w ij of spindle speeds whoseconsistency must be checked.(b)A fuzzy processing time at station i, to be compared withthe required cycle time tc.(c)A fuzzy specification ‘N ij of the number of processedparts per tool. This fuzzy number will encompass thecycle time constraint and will also reflect the cuttingquality specifications. ‘Nij clearly pictures for the designera range of possible choices regarding the operation underconcern.Once the set of ‘N ij values is known, the designer chooses crispnumbers of processed parts Nij consistent with these fuzzy numbers[i.e., m‘N ij(Nij) close enough to 1] so that the tool-replacementcondition (11) is met. The computer is then able to determine the best

1 0 TITRE DU LIVREcorresponding cutting conditions �vij, �fij, i.e., maximizing min(m‘vij,m‘fij), in accordance with the cycle time constraint. This is the finaldefuzzification step. The fuzzy Cartesian product ‘fij · ‘vij is thussupposed to be a reasonable approximation of the feasibility regiondescribed by constraints (5)-(8). In the following the necessarycalculations are detailed for single- and multi-operation stations.X.3.3Single-Operation StationThe cutting time at single-operation station i isti

= lipDifivi,(14)where li = distance travelled by the tool in a pass. Let Gi � lipDiexpress the geometrical data.The fuzzy cutting time ‘ti is now obtained by calculating the fuzzyproduct ‘fi Æ ‘vi, using the expressions provided in Section 2 and thefuzzy intervals defined by equations (12) and (13), and we havem ti(q) = m fi ÆviGiq.(15)In the above, ‘fi Æ ‘vi is obtained by calculating a product of fuzzyintervals (see Section X.2) and ‘ti is a fuzzy interval whose support is]

Gifivi,Gifivi@ � ] t,‹t[and" q ˛

Gif*iv*i

,Gifi*vi* � [t*,t*], m ti(q) = 1.‘ti must now be compared with the cutting time �t induced from thecycle time constraints, i.e.,

AN APPLICATION OF FUZZY ARITHMETIC1 1 �t = tc — Dti.(16)The following situations may occur:(a)�t > t* and m‘ti(�t) is low. The station is underloaded whatever thecutting condition. It may be useful to add another operation tothis station. Otherwise the cycle time constraint can be dropped.(b)�t > t* and m‘ti(�t) is 1 or close to 1. The stage is adapted to thecycle time constraint; cutting conditions can be chosen in thepreferred ranges. If �t < t*, then, for instance,vi ˛ [vi*,v*i] ˙

Gitf*i,Gitfi*.(17)(c)�t < t* and m‘ti(�t) close to 1. The best cutting conditions (�fi,�fi)maximizing min(m‘fi(fi), m‘vi(vi)) under the cycle time constraintare such thatm‘fi(�fi) = m‘vi(�vi) = m‘ti(�t) � ai.(18)Since fi and vi are L-R fuzzy intervals, it can be checked that fi = f*i + ( fi — f*i)R—1(ai) vi = v*i + ( vi — v*i)R—1(ai).(19)(d)�t < t* and m‘ti(�t) is 0 or low. The station is overloaded and needssome modification.The consequence of the cycle time constraint on the choice of cuttingconditions can be calculated more generally, so as to encompass allcases (a)-(d). This is achieved via fuzzy constraint propagation.Consider the feed rate: it is restricted not only by ‘fi, but also by thefuzzy rangem ti(q) = m fi ÆviGiq.(20)i.e., f’i =

Gi[0,t] Æ vi(21)

1 2 TITRE DU LIVREwhere [0,�t] is viewed as a fuzzy interval with null spreads, and thefuzzy product[0,�t] Æ ‘vi = (0, �tv*, 0, �t(�v — v*))LR.(22)In other words, including the cycle time constraints leads toreduction of the fuzzy specification ‘fi on the feed rate, to ‘fi ˙ ‘f’i.It can be checked that when the station is very much underloaded(�t > �t), ‘f’i ˙ ‘fi = ‘fi [case (a)] or if the station is too much overloaded(�t < �t), ‘fi ˙ ‘f’i = fl [case (d)]. Otherwise ‘f’i ˙ ‘fi is as shown in FigureX.5.Note that supm‘fi˙‘f’i = ai is attained for fi = �fi, as calculated in case(c). Similarly, ‘vi can be changed into‘vi ˙ ‘v’i =

Gi[0,t] Æ fi.The fuzzy restriction on the number Ni of processed parts per toolcan now be obtained from the restricted fuzzy cutting conditions, viaTaylor’s formula:Ni

= Tti

, where T = Kvafb is the tool life,

= KGi Æ vi1 — a Æ fi1 — b,(23) 10 ff*f*f’f ˙ f’ =Figure X.4Fuzzy constraints on the feed

AN APPLICATION OF FUZZY ARITHMETIC1 3 where K depends upon the depth of cut and a and b are Taylorcoefficients. When stage i is fully utilized (ti = �t), Ni depends onlyupon, say the feed rate:Ni

= KGia

Æ 1t1 — afi1 — b.(24)The fuzzy interval ‘Ni is obtained by substituting ‘fi ˙ ‘f’i in equation(24). ‘Ni is of the form a Æ Mp, whose membership function is simplyma Æ Mp(n) = mM

n1/pa.When the station is definitely underloaded ‘Ni has to be obtained viaequation (23) and ‘fi ˙ ‘f’i, ‘vi ˙ ‘v’i; the calculation must then beperformed through a level-set combination, or by means of anapproximate formula, as given in Section 2 or in Dubois and Prade[6], [7].X.3.4Multi-Operation StationIf Ki operations must be performed at station i, Ki fuzzy cuttingspeeds ‘vij are provided. ‘vij induces a fuzzy range of spindle speeds‘wij, such that"j, "w, m‘wij(w) = m‘vij(pDiw).(25)Since only one spindle speed wi need be determined, itscorresponding range is the intersection �j=1,Ki ‘wij. Especially whenthe Di values are somewhat different, this range may be very narrow.Moreover, the set of possible spindle speeds, say W, is discrete. Thusthe (fuzzy) set of spindle speeds compatible with the fuzzy cuttingspeeds is usually very small. It is reasonable to choose wi, whichmaximizes minj m‘wij(w). If no spindle speed can be found which isconsistent with the quality of cutting, the station must be modified.The cutting time at station i is now of the form

1 4 TITRE DU LIVRE ti = 1wi�j=1,Ki lijfij.(26)This fuzzy sum of inverses can be calculated by means of level sets, byL-R approximation formulae or exactly, if ‘fij is defined such that 1/‘fijis of LR type. If the ‘fij are all equal to ‘fi, equation (26) becomes ti = 1wi Æ fi�j=1,Ki lij.(27)The same argument for matching ‘ti and �ti as in the previous sectionmay be used. The calculation of the range of feed rates induced fromthe cycle time constraint is carried out as follows: if ti is the cuttingtime, then fij satisfies ljfij = witi — �k„j lkfik.(28)The induced fuzzy range ‘f’ij is obtained by changing ti into [0,�ti] andfik into ‘fik (k „ j) in equation (40), similarly to equation (38).For each operation j, the fuzzy number of processed parts per toolis, from equation (35),

Nij = Kli(wi)a — 1 Æ (pDi)a( fij ˙ f’ij)1 — b.(29)X.3.5The Tool-Replacement PolicyThe fuzzy ranges ‘Nij visualize the possible tool-replacement policies,and bottleneck tools are located, i.e., tools (i,j) with smallest ‘Nij. Notethat when optimum cutting conditions exist in the sense of equation(28), they correspond to a number �N ij which maximizes themembership function of ‘Nij.The tool-replacement policy problem is now of the form: find aninteger N maximizing the feasibility level a(N) under the constraints

AN APPLICATION OF FUZZY ARITHMETIC1 5

Nij = qijN qij positive integerN = mini,j Nijandm

Nij(Nij) ‡ a(N) "i,j.(30)In other words, the transfer line stops every N produced parts, and tool(i,j) is replaced every qij stops. System (30) can be solved interactively,or a solution can be obtained by the computer. To ensure no (Nij)a isempty, the threshold a(N) is obviously such thata(N) £ �a = maxij supm‘Nij.(31)If system (30) has no solution for a = �a, then a must be decreaseduntil a solution is found. The cutting conditions can then be retrievedin the following way:—if Nij < �Nij, the optimal cutting conditions (28) are kept, providedtool (i,j) is not under-utilized too much (�Nij — Nij remain small);—otherwise, the knowledge of Ni and ti = �ti on single-operation stagescompletely determines the cutting conditions. On multi-operationstages the knowledge of Nij and wi determines fij.An algorithm for the calculation of the values Nij solutions tosystem (30) can be the following. Let A = {a £ �a | $i,j,n s.t. m‘Nij(n) =a} � {a1 ‡ a2 ‡� ‡ ap}, be the set of attained membership values.Let e be a subutilization rate, such that a tool is allowed to be replacedwhen it has cut Nij(1 — e) parts instead of Nij. Let (‘Nij)a = {n | m‘Nij(n)‡ a}. a ‹ b means: assign to a the value of b.AlgorithmFor k = 1 to pbegin(1)a ‹ ak;

Nij ‹ (1 — e) Æ min(‘Nij)a; �Nij ‹ max(‘Nij)a; "ij.(2)

N ‹ minij

Nij; �N ‹ �Nij s.t.

Nij = N.(3)For N = �N down to

Nbeginqij ‹ �Nij/N"i,j (Euclidean division)Nij ‹ qijN"i,j

1 6 TITRE DU LIVREIf "i,j, Nij ‡

Nij stops with successendend; stop with failure.X.3.6ExampleTo illustrate the procedure, we consider a transfer line comprisingthree work stations:Station 1:rough turning l1 = 200 mm; D1 = 100 mm; single-edgetool.Station 2:final turning l2 = 200 mm; D2 = 100 mm; single-edge tool.Station 3:turning l31 = 200 mm; D31 = 210 mm; two-edge toollevelling l32 = 17 mm; D32 ˛ [166, 210]mm; one-edgetool.The cycle time is 1 min. Dt1 = Dt2 = Dt3 = 0.1 min, i.e., �t = 0.9 min.(a)Station 1Quality specifications: ‘v1 = (80, 90, 10, 30) m/min (L(x) =R(x) = max(0, 1 — x)); ‘f1 = (0.4, 0.8, 0.2, 0.2) mm.Cutting time:m t1(q) = 1 — 14

20 —

144 + 160pq, q ‡ 1.96 min;

1 — 112

42 —

36 + 480pq, q ‡ 0.87 min.It can be checked that m‘t1(�t) = 1 (�t = 0.9 min), i.e., this stage fits thecycle time.Fuzzy feed rate (including cycle time constraint) f1 ˙ f’1: seeFigure X.6a. Fuzzy number of processed parts per tool ‘N1 [usingequation (36)]:

n 14 151617181920212223m(n)0.20.40.620.8210.90.690.470.250.03(b)Station 2Quality specifications: ‘v2 = (110, 120, 20, 10) m/min; ‘f2 =(0.5, 0.5, 0.3, 0.1) mm.

AN APPLICATION OF FUZZY ARITHMETIC1 7 Cutting time:m t2(q) = 1 — 12

17 —

49 + 80pq, q ‡ 1.05 min;

1 — 112

43 —

549 + 480pq, q ‡ 1.14 min.It can be checked that m‘t2(�t) = m‘t2(0.9) = 0.44. This stage is slightlyoverloaded with respect to the best cutting conditions.Fuzzy feed rate (including cycle time constraint) ‘f2 ˙ ‘f’2: as shownin Figure X.6b the range of possible values has become quite narrow.

(a)100.20.60.81.0

f1f’1gf(mm)(c)

105101520

0.85N31No. parts/tool(b)

0.20.40.60.8

f’2f20.4410f (mm)(d)10507090110400.85

N32No. parts/tool

Figure X.5Fuzzy sets of solutions

1 8 TITRE DU LIVREThe optimal cutting conditions are ‘f2 = 0.555 mm; v2 = 125,5 m/min.‘N 2 is a fuzzy singleton whose support is {13} and membershipgrade = 0.39.(c) Station 3Quality specification: ‘v3 = (80, 90, 10, 30) m/min for bothoperations; ‘f3 = (0.4, 0.8, 0.2, 0.2) mm for both operations.Spindle speed: D31 = 210 mm � ‘w31 = (121.3, 136.4, 15, 45)rev/min; (D32)min = 166 mm � ‘w 32 = (153.40, 172.5, 19, 57)rev/min; (D32)max = 210 mm � ‘w’32 = ‘w31. Range of spindle speedsW = {50, 100, 150, 200�) rev/min. The support of ‘w31 ˙ ‘w32 isincluded in [134, 181]; the highest membership grade = 0.73, for aspindle speed w3 = 148.3 rev/min. Hence w3 = 150 rev/min.Cutting time:

t3 = l31 + 2l322w3 a3 (coefficient 2 comes from a two-edgetool). It can be checked that m‘t3(�t) = m‘t3(0.9) = 0.85, and the stage isslightly underloaded (the one-level cut is (‘t3)1 = [0.42, 0.85]min).Fuzzy feed rates: ‘f’31 = ‘f’32

=l31 + 2l32

2tw3, +¥ = [0, 37, +¥) mm,i.e., ‘f31 = ‘f32 = ‘f3 is crisply truncated from below. ‘N31 and ‘N32 areshown in Figures X.6c and X.6d. ‘N32 is calculated from an averagediameter (188 mm).(d) Tool-replacement policy: �a = 0.39 due to ‘N2. For a = 0.39,e = 0.25 we get the values shown in Table X.1.Note that the algorithm finds �N = 13, N = 10, and finds nothing forN = 13, 12, 11. Station 2 tool is under-utilized since v2 and f2 are theoptimal cutting conditions, i.e., the membership value is m = 0.39,Table X.1

StationOperationmin(‘Nij)a�Nij

NijNijmfij(mm)vij(m/min)tij(min)ti(min)

1233123.13.21 5 1 3 84 3 2 1 1 3 1 9 1091 2 1 0 63 3 2 0 1 0 1 0 1000.690.39110.8610.5550.7390.4068 1 125,59 9 [78,99]0.90.90.30.280.90.90.58 m is the grade of membership of the cutting conditions

AN APPLICATION OF FUZZY ARITHMETIC1 9 which corresponds to N2 = 13. The cutting conditions at Station 1 arerevised in order to properly use the tool (m = 0.69).X.4CONCLUSIONThe attractiveness of fuzzy sets for computer-aided design has beenstressed in the transfer-line case. We have described a procedurewhere, starting from fuzzy information describing subjectivepreferences, physical constraints are introduced little by little, in orderto reduce fuzziness, until final decisions are made. This proceduremay be useful for choosing the stages of a cutting process, i.e., theclustering of machining operations into production stagescorresponding to work-stations.X.5REFERENCES[1]Dubois, D. D�termination des conditions de coupe sur une cha�neautomatis�e d’usinage, Tech. Report CERT-DERA n� 1/7610, Centre d’Etudes etde Recherches de Toulouse, France, 1981.[2]Dubois, D. A fuzzy set-based method for the optimization of machiningoperations. Proceedings of the International Conference on Cybernetics andSociety, Atlanta, GA, 1981, 331-334.[3]Dubois, D. An application of fuzzy arithmetics to the optimization ofindustrial machining processes. Mathematical Modelling 9, 461-475, 1987.[4]Dubois, D., Fargier, H., and Prade, H. Fuzzy constraints in job-shopscheduling. J. of Intelligent Manufacturing 6, 215-234, 1995.[5]Dubois, D., and Prade, H. Fuzzy Sets and Systems � Theory andApplications, Academic Press, New York, 1980.[6]Dubois, D., and Prade, H. (1987) Fuzzy numbers: An overview. In: TheAnalysis of Fuzzy Information � Vol. 1: Mathematics and Logic (J.C. Bezdek,ed.), CRC Press, Boca Raton, FL, 3-39.[7]Dubois, D., and Prade, H. (with the collaboration of Farreny, H., Martin-Clouaire, R., and Testemale, C.) Possibility Theory � An Approach toComputerized Processing of Uncertainty, Plenum Press, New York, 1988.[8]Hitomi, K. Optimization of multistage machining systems. J. Engng Ind.Trans. ASME 93, 498-506, 1971.[9]Iwata, K., Murotsu, Y., and Oba, F. Optimum machining conditions forflow type multistage machining systems. Ann. ICRP 23(1), 1974.

2 0 TITRE DU LIVRE[10]Philipson, R.H., and Ravindran, A. Application of mathematicalprogramming to metal cutting. Math. Prog. Studies 11, 116-134, 1979.[11]Zadeh, L.A. Fuzzy sets. Information Control 8, 338-353, 1965.[12]Zadeh, L.A. Fuzzy sets as a basis for a theory of possibility. Fuzzy Setsand Systems 1, 3-28, 1978.[13]Zadeh, L.A. Fuzzy sets and information granularity. In: M.M. Gupta,R.K. Ragade and R.R. Yager (Eds.), Advances in Fuzzy Set Theory andApplications, North-Holland, Amsterdam, 1979, 3-18.