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A problem of the optimal design of a rotary transfer machine with turrets for ma-
chining multiple parts is considered. Parts are located at the loading position of rotary
table in a given sequence and they are processed simultaneously on several working
positions. At each working position, several machining modules can be installed to
process the operations assigned to this position. They are activated sequentially or si-
multaneously. Constraints related to the design of machining modules, turrets, and
working positions, as well as precedence constraints related to operations, are given.
The problem consists in minimizing the estimated cost of the transfer machine, while
reaching a given output and satisfying all the constraints. The proposed method is
based on solving a sequence of subproblems generated using MIP-recombination.
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INTRODUCTION

The trend in today’s market place requires flexible and adaptive manufacturing sys-
tems. A possible solution is to employ reconfigurable manufacturing systems (RMS). RMS
are able to manufacture different types of products by batches without losing all other advan-
tages of large series production systems. One of the most important problems in the design
of such systems is to determine RMS configuration (i.e. numbers of machines, positions on
each machine, pieces of equipment on work positions, as well as assignment of operations to
pieces of equipment, sequencing of parts to be machined, etc.) and the machining modes
(cutting parameters).

This paper deals with a problem of the optimal design of a rotary transfer machine with
turrets for machining multiple parts. The parts are grouped in several batches which are
processed sequentially. After finish of processing a current batch the rotary transfer machine
is reconfugured, i. e. the fixtures of parts are changed and some spindles are mounted or
dismounted if necessary. The parts of the same batch are machined simultaneously on
several working positions. At each working position, several machining modules (spindle
heads) can be installed to process the operations assigned to this position. They can be
activated simultaneously or sequentially. Simultaneous activation is possible if machining
modules are related to the different sides of the part and work in parallel. Sequential
activation is realized by the use of turrets.

We consider the case when there is only one vertical turret mounted at one position or
one spindle head common for all working positions. There are several horizontal spindle
heads or turrets. However, there is only one horizontal spindle head or turret per position.

The considered design problem consists in the choice of orientations of parts, the parti-
tioning of the given set of operations into positions and machining modules, and the choice
of cutting modes for each spindle head and turret.

PROBLEM STATEMENT

We consider the problem of design of a rotary transfer machine with my working
positions for machining do types of parts. The parts are grouped in N batches with required
output O,, v =1,2, ..., &, which are processed sequentially. Parts of v-th batch are loaded in
sequence T, = (Ty1, Tu2, ...,n%) where m,je{0, 1,2, ..., do}, J=1, 2, ..., W, Mo IS multiple

to mp+ 1 and m,; = 0 means that no part is loaded. Using sequences =, we can define in one-
to-one manner function w,(i,k), i =1, ...,Oup, + mo— 1, of part number on the k-th working
position after i turns of the rotary table.

Let N be the set of machining operations needed for machining of elements of the d-th
part, d =1, 2, ..., do, located on nq sides and N, s=1, 2, ..., ng, is a subset of opertations
for machining of elements of the s-th side of the part. The part d can be located at zero
position in different orientations H(d) but elements of no more than one side can be
machined by vertical spindle head or turret. All elements of other sides of the part have to be
assigned to horizontal spindle heads or turrets. H(d) can be represented by matrix of
dimension rgxng where hy(d) is equal j, j = 1,2, if the elements of N can be machined by

spindle head or turret of type j.
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do
Let N = U N?. All operations peN are characterized by the following parameters: the

d=1
length A(p) of the working stroke for operation peN, the range [y1(p), y2(p)] of feasible val-
ues of feed rate, and the set H(p) of feasible orientations of the part (indexes re {1, 2, ..., rq}
of rows of matrix H(d)) for execution of operation pe N¢ by spindle head or turret of type j

(vertical if hys(d) = 1 and horizontal if hys(d)=2).

Let subset Ni, k = 1, ..., m contain the operations from set N assigned to the k-th work-
ing position; sets Ni; and Ny, be the sets of operations assigned to working position k that are
concerned by vertical and horizontal machining, respectively; by; be the number of machin-
ing modules (not more than bg) of type j installed at the k-th working position and respective-

ly subsets Ny, | = 1, ..., by contain the operations from set Ny; assigned to the same machin-
ing module.
Let P=<Pxy, ..., Py ..., Pn > is a design decision with Pu=(Py1, Pyyrs oo Pyjass -0
Plklbkl’ PZklbkl’ ceeo Pdoklbkl ’ I:)1k211 I:)2k211 T Pd0k21’ teo PlkZbkl’ P2k2bk1’ s PdOkZbkl)’
do m by
Pdkjl = (Ndkj|,rdkj|), Pdkj = (Ndkjlll = 1,...,bkj), Pdk: (Ndkj|j = 1,2), and Nj = UUU Ndkjl ,j = 1,2.
d=1k=11=1

The execution time tb(Pdk,-|) of operations from Ngq with the feed per minute
dej|e[max{yl(p)|peNdkj|}, min{yz(p)|peNdkj|}] is equal to tb(Pdkj|) = L(Ndkj|)/dej| + ‘Ea, where
L(Nakj) = max{A(p)[peNax}, and 7° is an additional time for advance and disengagement of
tools. We assume that if the turret of type j is installed at the k-th position then the execution

by
time of operations from Ngy is equal to t"(Pgg) = i + > t’(Paqy), li = 1, 2, where 1 is an
1=1
additional time for one rotation of turret. If the spindle head is installed then
th(Pdkj) = tb(Pdkj|), j=12. If all Ndkjl are empty then th(Pdkj) =0. If bkj =1 then
t"(Pag) = t°(Paa).

The execution time t°(Pgy) is defined as t°(Pg)=t"+max{t"(Pqy)[j=1,2},where " is an

additional time for table rotation. Then the time T,(P) of execution of all corresponding op-
Oyu, +mg—1
erations after pu, turns of rotary table is defined as T,(P)= D= max{t"(P, ;) k=1,...
i=1
N
,Mo} and the time T,(P) for machining all the batches is equal to T(P) = z To(P).

v=1

We assume that the given productivity is provided, if the total time T(P) does not ex-
ceed the available time To.

Let Cy, C,, and Cj be the relative costs for one turret, one machining module of a tur-
ret, and one spindle head respectively. Since the vertical spindle head (if it presents) is com-
mon for several positions its size (and therefore the cost) depends on the number of positions
to be covered. Let kI, and k" be the minimal and the maximal position of the common
vertical spindle head. Then its cost can be estimated as Ca+(k", -k! )Ca Where Cq is the
relative cost for covering one additional position by vertical spindle head. If the vertical
spindle turret is installed its cost can be estimated by C;+Cby;. In the similar way the cost
C(byo) for performing set of operations Ny, by associated by, machining modules can be as-
sessed as follows:
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0if b, =0,
C(bo) = C,if b, =1,
C,+C,b,, if b, >1.

The machine cost Q(P) is calculated as the total cost of all equipment used i.e.

Q(P) = Cysign(| N, (L 1y,)) + My (CrrCob) + Cy (Kl —KM) + 3 C(Bis))

m
where n,, = Zsign(| N, |, sign(a) =1ifa>0, and sign(a) =0 ifa<0.
k=1

The design decision P should satisfy the following constraints:

— precedence constraints which define possible sequences of operations;

— inclusion constraints which oblige to perform some pairs of operations from N at the
same working position, by the same turret, by the same spindle head or even by the same
spindle;

— exclusion constraints which prohibit the mutual assignment of some pairs of opera-
tions from N to the same working position, to the same turret, or to the same spindle head;

— constraints taking into account the possibility to perform operations only for certain
orientations of parts;

— productivity constraints to provide the required output.

MIP-BASED HEURISTICS

Different types of mathematical models of the considered design problem are given in
[1]. One of them is the set-theoretical model. Two other models are based on MIP formula-
tion. The first MIP model is applied for fixed orientations of parts while the second one is
capable to determine optimal orientations of parts.

There were also developed multi-start heuristics [2]. At each iteration, the heuristics
creates machining modules of current position step by step. At the beginning, it builds the
list In of operations, which are potentially assignable to a current machining module, taking
into account precedence constraints as well as exclusion constraints on positions. The list In
is modified in accordance with inclusion constraints. Then one operation or several opera-
tions with regard to inclusion constraints on machining modules and tools is chosen to be
assigned to a current machining module. If it is not possible a new machining modules is
created. After the assignment, the list In is modified and the assignment process is repeated.
When the list In is empty or by machining modules have been already created, the current
position closed and productivity constraint is verified. If it is violated, the algorithm starts
from the beginning (creation of the first position). The iteration is considered also unsuccess-
ful if after creation of mg positions not all the operations from N are assigned.

The proposed heuristics is based on solving a sequence of MIP problems as in [3].

Let Xpq be decision variable which is equal to 1 if the operation p from N is assigned to
the block g = 2(k-1)bg + (j—1)bo + I, i. e. I-th machining module of spindle head or turret type
j at the k-th position, B(p) and K(p) be sets of block indices from {1, 2, ..., 2mobo} and of
position indices from {1, 2, ..., mg} where operation peN can be potentially assigned.

Based on matrices H(d), a matrix H of possible orientations of all parts can be built.
Each row of H defines in one-to-one manner the orientation H and the corresponding parti-
tion of N to N; and N,. For such a partition B(p,H) and K(p,H) can be calculated using algo-
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rithms [4]. Then B(p) and K(p) are defined as B(p) = UB(p, H) and K(p)= UK(p, H)

HeH HeH
respectively.

Let TRyt be the current number of trials, TRnimp be the number of trials that do not im-
prove the current solution, Npin, and Nmax be the minimal and the maximal numbers of re-
leased operations in the current candidate, C be the cost of the current solution, and Cp, be
the cost of the best solution. The following Algorithm is a modification of a genetic algo-
rithm in which mutation and crossover operations are based on MIP-recombination [3].

Step 0. Generate the initial population using heuristics [2].

Step 1. Let Crin = o, TRt = 0, TRpimp = 0.

Step 2. Choose two solutions X" and X" from the population.

Step 3. Let N'={peNI|q"(p,X")=q"(p,X")} where q"(p,X)eB(p) and X oy =L

Step 4. If [IN\N| < Npin @ random set is removed from N If [N\N'| > Ny a random set
is added to N'.

Step 5. Let B(p) = {q (p,X")} for peN' and B(p) be unchanged for peN\N',

Step 6. Solve the obtained MIP problem with maximal running time Typ.

Step 7. Compute the value C of the objective function for the obtained solution.

Step 8. Replace the worst solution in population with the new solution.

Step 9. With probability Py, let N = N\N" and execute Steps 4-8.

Step 10. If Cyin > C, then set Cpin = C, TRnimp = 0 and keep the current solution as the
best, set TRnimp = TRuimp + 1 Otherwise.

Step 11. Set TRt = TRyot + 1.

Step 12. Stop if one of the following conditions holds:

e a given solution time is exceeded;

e TRy is greater than the maximum number of iterations authorized;

* TRuimp IS greater than a given value.

Go to Step 2 otherwise.

There were generated series of 100 test instances for batches of 4, 6, 8 and 10 parts.
Constraints were generated using tools [5]. Experiments were carried out on ASUS notebook
(1.86 Ghz, 4 Gb RAM) with academic version of CPLEX 12.2.

Table presents results for CPLEX12.2 (maximal solution time 7200 sec) with the pro-
posed heuristics HEUR for TRyt = 200, TRpimp = 80, Tmip = 10 sec, Py = 0 and maximal solu-
tion time 600 sec. In this table NSOL is the number of problems with found feasible solu-
tion, NOPT is the number of problems with proven optimality, AVT is the average solution
time (in sec), AVED, MIND and MAXD are average, minimal and maximal deviations (in
percent’s) the found value of the objective function from the best known respectively. If no
solution was found by a method, deviations were not calculated for it.

Results for CPLEX and HEUR

METH NSOL NOPT AVT AVED MIND MAXD

4 parts HEUR | 100 98 219,2 0,08 0,00 4,92
CPLEX | 100 100 50,4 0,00 0,00 0,00

6 parts HEUR | 100 60 362,0 1,40 0,00 8,47
CPLEX | 100 99 600,1 0,02 0,00 1,80

8 parts HEUR | 100 52 472,3 1,97 0,00 10,28
CPLEX | 97 95 1285 0,07 0,00 4,50
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HEUR | 100 67 586 1,04 0,00 7,37
CPLEX | 76 68 1564 1,29 0,00 38,26

10 parts
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