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ON OPTIMIZATION OF PROCESSES FOR SEQUENTIAL BATCH MACHINING

A problem of optimal design of processes of sequential machining of multiple parts on rotary table machines is con-
sidered. Batches are processed in a given sequence. Parts of the same batch are located at the working positions of rotary table
and are machined simultaneously. Operations are divided into groups which are performed by spindle heads or by turrets.
Constraints on the design of spindle heads, turrets, and working positions, as well as on the order of operations are given.
The problem is to minimize the estimated cost of machine equipment while reaching a given output. The proposed method
to solve the problem is based on its formulation in terms of mixed integer linear programming. Computational results are reported.
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K OIITMHA3AIUA TPOLECCOB MOCJEJTOBATEJBHOI OFPABOTKH MMAPTUM JTETAJEN

PaccmarpuBaercs 3a1aua OnTHMaIbHOTO MPOEKTUPOBAHMS IIPOIECCOB TMOCIEA0BATENIbHOW 00pabOTKN mapTuil aetasiei
Ha CTaHKax ¢ MOBOPOTHEIM cToJioM. ITocnenoBarenbHOCTh 00pabOTKM MapTuif 3a1aHa. Jletanu ogHoM 1 TOH ke mapTuu ycTa-
HaABJIMBAKOTCA Ha pa601mx IMO3UIUAX CTAaHKA U 06paGaTbIBa}OTC$[ OJHOBPEMEHHO. MHOXeCTBO TEXHOJIOTHUYECKUX epexoa0B
U1 00pabOTKH BeeX JeTaeil pa3duBaeTcs Ha rPyIIIbl, KOTOPbIE BBITOIHSAIOTCS C TOMOIIBIO ITTUHACIBHBIX HIIH PEBOIIbBEP-
HBIX T'OJIOBOK. 3a/laHbl OTPAaHUUCHUS, CBA3aHHbIC C Pa30HMEHHEM NEPEX0/I0B 110 MINNUHACIBHBIM U PEBOJILBEPHBIM I'OJIOBKAM,
pabounM MO3HLHMSAM CTaHKA, a TAKXKe MOPSIKOM BBIIOIHEHHS MEPEeXonoB. 3ajaua 3aKJIF0UaeTCs B MUHUMH3ALUN OLECHKH
CTOMMOCTH 000PYJOBAaHUS CTAHKA NMPU 00ECIIEUEHNH 3alaHHON TIPOU3BOIUTENBHOCTH. [IpennaraemMblii MeTO] peleHus 3a-
Jla4y OCHOBaH Ha e¢e (OpMyIHpPOBKE B TEPMHHAX CMELIAHHOI'O LEJIOYUCICHHOr0 JIMHEIHOro nporpammuposanus. [Ipuso-
JATCS Pe3yJIbTaThl BBIYUCIUTEIbHBIX KCIICPUMEHTOB.

Kuroueswvie cnosa: cTaHOK € TIOBOPOTHBIM CTOJIOM, OIITHMU3AIIHS, OCIIEI0BaTeNIbHAsI 00paboTKa mapTHii.

Introduction. This paper deals with a problem of the optimal design of a rotary transfer machine
with turrets for sequential machining of multiple parts. Such a machine is multi-positional, i. e. parts are
sequentially machined on m (1, 2, ..., m) working positions. One position of the machine (zero) is
exclusively used for loading new billets and unloading finished parts. At each working position, several
machining modules (spindle heads) can be installed to process the operations assigned to this position.
They are activated sequentially or simultaneously. 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. There are horizontal and vertical spindle heads and turrets to access to different
sides of parts on a working position.
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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.

At the preliminary design stage, the following decisions must be made: the choice of orientations
of parts, the partitioning of the given set of operations into positions and machining modules, and
the choice of cutting modes for each spindle head and turret.

Few studies on rotary transfer machines were published. Configuration of semi-automated systems
with multi-turn rotary table was discussed in [1]. Mathematical models of transfer machines with rotary
table were proposed in [2, 3]. The first mathematical model for the design of rotary transfer machines
with turrets for machining a single part was presented in [4]. MIP models for parallel and sequential
machining of multiple parts were considered in [5, 6].

Batch scheduling problems have been treated by many researchers. For an extensive review, we
refer to [7]. Two types of batch machines can be distinguished: sum-batch and max-batch machines.
On a sum-batch machine jobs are completed sequentially and the processing time of a batch is equal to
the sum of the processing times of all the jobs in the batch [8]. A max-batch machine treats the jobs
simultaneously and the processing time of a batch is equal to the time of the longest job [9].

1. Problem statement. We consider the problem of design of a rotary transfer machine with
m working positions for machining d, types of parts with required output O¢, d =1, 2...., d,. After finish
of processing of O“ parts of type d the rotary transfer machine is reconfugured, i.e. the fixtures of parts
are changed and some spindles are mounted or dismounted if necessary.

Let N be the set of machining operations needed for machining of elements of the d" part d = 1,
2,...,d,, located on n sides and N s=1,2,..., n , is a subset of opertations for machining of elements
of the s 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 » xn where h (d) is equal j,j = 1,2, if the elements from N ¢ can be machined by
spindle head or turret of type j for such an orientation of the part d.

do
Let N=[J N All operations peN are characterized by the following parameters:
d=1
— the length A(p) of the working stroke for operation peN;
—range [7,(p), v,(p)] of feasible values of feed rate;
— set H(p) of feasible orientations of the part (indexes re{l, 2,..., 7} of rows of matrix H(d)) for exe-

cution of operation pe N a by spindle head or turret of type j (vertical if h (d) = 1 and horizontal if h (d) = 2).

Obviously, there is no solution exists if (| H(p)= for some de{l, 2,...,d,} and s€{l, 2,...,n}.

peN{

Let N,, k = 1,..,m, be a subset of operations from N assigned to the k" working position;
N,, and N,, be the sets of operations assigned to working position K that are concerned by vertical and
horizontal machining, respectively; b, be the number of machining modules of type j installed at
the k'™ working position; N, [ = 1,...b,;, be subsets of operations from N, assigned to the /" machining
module of type ; at the k™ working position.

This assignment has to take into account the following technological constraints:

— possible sequences of operations for machining parts (precedence constraints);

— the necessity to perform some pairs of operations from N at the same working position, by
the same turret, by the same machining module (inclusion constraints);

— the impossibility to perform some pairs of operations from N at the same working position,
by the same turret, by the same machining module (exclusion constraints);

— the maximal number m of working positions and the maximal number b, of machining modules in
a turret;

— feasible orientations of the part for execution of each operation;

— the impossibility to perform operations from N d by machining modules of different types;
— the productivity providing the given output.
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The precedence constraints can be specified by a directed graph G°R= (N,D°R) where an arc (p,q)eD®
if and only if the operation p has to be executed before the operation g. It should be noted that if such
operations p and q belong to different sides of the part then they cannot be executed at the same position
without violating the precedence constraint.

The inclusion constraints can be given by undirected graphs G™ = (N,ESM), GT = (N,ES"), and
G3" = (N,ESP) where the edge (p,q)eESM ((p,q)€E®", (p,q)€E®) if and only if the operations p and g must
be executed in the same machining module (turret, position).

The exclusion constraints can also be defined by undirected graphs G°M= (N,EP™), GPT= (N,EP"),
and GP? = (N,EPP) where the edge (p,q)€E®™ ((p,q)€EP"), (p,q)€EPP)) if and only if the operations p and
g cannot be executed in the same machinning module (turret, position).

It is assumed that infeasible combinations of part orientations are given by a set EPH, each element of
which e = {dr ),d,r,),....(d,.r)} represents a collection of pairs (part number d and row number of
H(d)) that prohibit simultaneously orientation r, for part d,, orientation r, for part d,, and orientation r,
for part d. Obviously, the set EP" includes {(r’,d’"), (r",d")} if there exist pe NS, se(l...., d,}
qeNg, s"e{l,...,n,,} such that (p,q)eES™ U ESTand h ,(d") # h,,..(d").

LetP=<P..P,...P_>is a design decision with P, = (Pik11,Pak11,---Pdok11s++-:Pikibyss Pakibiy s+ - Pdokibirs
P1k211P2k211---an0k211"'1P1k2bk21P2k2bk2""1Pd0k2bk2)1 Pdkj|: (Ndkjl’ dkjl) P = (Pdk”“:la-”abkj)! Pdk: (Pko|J = 192)7
do m bkj )
andN.= U U U Nagi, j=1.2
d=lk=l11=1

The execution time t°(P aq) Of operations from N, with the feed per minute I, €[max{y,(p)|peN koI}
mln{yz(p)|peNdk J is equal to tb(Pdk ) = L(Ndk”)/ ag T T where L(Ndk ) = max{k(p)|peNkoI} and 12 is
an additional time for advance and dlsengagement of tools. We assume that only time needed for rotation

of the turret between nonempty sets N is taken into account and the execution time is equal to

(P, = 9 (P o) mln(P ko))+Z tb(P aq)» J = 1, 2, where 9 is an additional time for one rotation

of turret, I5ax(P,) = max{l = 1,2,..b, IN, #@} and 11, (P, ) = min{l=1,2,...b,IN, #D}, respectively.
The execution time tP(P,) is deﬁned as t*(P,) = T"+max{t"(P dk)|j 1,2}, where 1" is an additional time for
table rotation. Then the time t, for machining all the elements of d™ part is equal to t'(P) = max{t°(P_)|
k=1,...,m}.
We assume that the given productivity is provided, if the total time T(P) for machining O¢ parts does
do
i.e T(P) =2, td (P)(Od +m-1)<T . We take into account that at

d=l
the beginning and the end of machining of O parts not all the working positions are occupied.

not exceed the available time T,

It is easy to see that the constraint on the productivity is provided if and only if it satisfied for
L= min{y,(PIpeN,  d=1,...d k=1,...m j=12,1=1...b.

LetC, C,, C, and C, be the relative costs for one position, one turret, one machining module of
a turret, and one spindle head respectively. Since the vertical spindle head (if it presents) is common for

several positions its size (and therefore the cost) depends on the number of positions to be covered. Let

krr:nn and kfl‘m be the minimal and the maximal position of the common vertical spindle head. Then its

cost can be estimated as C, + (kmlX — )C where C. is the relative cost for covering one additional

l’l’lll'l
position by vertical splndle head. If the vertical splndle turret is installed its cost can be estimated by

C,+C,b, . In the similar way the cost C(b,,) for performing set of operations N, by associated b,

machining modules can be assessed as follows:

0 if by, =0,
C(bkz) = C4 if bk2 =1,
C2 +C3bk2 if bk2 >1.

The machine cost Q(P) is calculated as the total cost of all equipment used i. e.
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Q(P)=Cim+Cysign(] N1 [)(1- g‘, sign(| N2 [)) + g‘, sign(| Ngi2 )(C 2 +C3byg) +
k=1 k=1

m
+ Cs(Kihax — ki )+ > C(bya)
k=1

where sign(a) = 1 ifa >0, and sign(a) =0 if a <0.

The studied problem is to determine:

the number of positions m;

orientations of parts H(d);

the number bkj of machining modules of type j (j = 1 for vertical and j = 2 for horizontal) installed
at the k' position, k = 1,...,m;

subsets N, of operations from N“ assigned to the I'" machining module of type j at the k™ position,
d= 1,2,...,d0, k=1,.,m,I= 1,...,bkj;

the feed per minute T, for each subset N, d = 1,2,....d, k= 1,..m, j =12, 1=1..., b, in such
a way that the machine cost is small as possible and all the constraints are not violated.

It is easy to see that if P is an optimal solution of the considered problem then the design decision
P’ with P’dkjl = (Ndkjl’ min{Yz(p)|p€Ndk,-.}) is also optimal. This property is used in MIP formulation
of the problem.

2. MIP formulation. Let us introduce the following notation:

X,y — @ decision variable which is equal to 1 if the operation p from N is assigned to the I'" ma-
chining module of spindle head or turret type j at the k' position;

Y jds — an auxiliary variable which is equal to 1 if at least one operation from N is executed by

spindle head or turret of type j;

Yk(jjI — an auxiliary variable which is equal to 1 if at least one operation for machining elements of

the d* part is executed in the 1" machining module of spindle head or turret type j at the k™ position;

Y, — an auxiliary variable which is equal to 1 if the I" machining module of spindle head or turret
type j is installed at the k™ position;

Ifjmax — an auxiliary variable for estimation of the last machining module of spindle head or turret
type J at the k'™ position for machining elements of the d' part;

Ilfj min — an auxiliary variable for estimation of the first machining module of spindle head or turret
type j at the k™ position for machining elements of the d'" part;

Y,..» — an auxiliary variable which is equal to k if k is the minimal position covered by vertical
spindle head or turret;

Y, .. — an auxiliary variable which is equal to Kk if k is the maximal position covered by vertical
spindle head or turret;

Y, —an auxiliary variable which is equal to 1 if the vertical spindle head or turret is installed;

Z, —an auxiliary variable which is equal to 1 if at least one operation is assigned to the k™ position;

h¢ — an auxiliary variable which is equal to 1 if elements of the d* part are machined with the rt
orientation;

Fk(jjI — an auxiliary variable for determining the time of execution of operations from N%in the 1"
machining module of spindle head or turret type j at the k' position;

F?— an auxiliary variable for determining the time of execution of all the operations from N¢;

de — an auxiliary variable which is equal to F? if the k™ position exists and 0 otherwise;

t — minimal time necessary for execution of operations p and g in the same machining module,
t., = max(A(p), A@)miny,(p)y, (@)

It is assumed that (p,q)eE®" if min(y,(p).y,(d)) < max(y,(p).y,(@)).
The number of variables and constraints can be reduced by using set N instead of N. The set N’ is

built based on graph GV. Let G = (N ,ESM), i=1,...,n%™, be connectivity components of GSM
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including isolated vertices. Only one vertex (operation) . is chosen from each N and included into
N'. Later y(p)=g, for all peN{.
2.1. Cost calculation. The objective can be represented as follows:

. mo mo mo 2 mo 2 bo
mMinC; 3> Zx +C4 2 Yka1 +(C2 +2C3-C4) D> > Vi +C3 2 > D Yijt +CaY1 +Cs(Yimax —Yimin)- (1)
k=1 k=1 k=1 j=1 k=1j=11=3

If the horizontal turret is installed at position k then Y_ = Y _ = 1 and
C4Yk21 +(C, +2C5 —Cy4)Yk22 =C; +2C;5. If the horizontal spindle head is installed at position k then
Y, =0,1=2,...,b,, and C4Yyo; +(C; +2C3 —Cy4)Yk22 =Cy. If the vertical turret is installed at position k

then Ykll Y. =LY=1Y =Y and (Cz +2C; —C4)Yk12 +C4Y; +CS(Y1max _Ylmin) =C, +2Cs.

ki2 > " 1min Imax
If the vertical spindle head is installed common for positions kK =Y ..k = Y thenY =1Y, =0,
mo
1=2,.. .,bo, k=1,.. M, and C,Y; + (Cz +2C; —C4)2Yk12 =Cy.
k=1
Variables Z,, k= 1,...,m and Y, should satisfy the following constraints:
mo
Y, <2 Yui, (@)
m=1
mo
> Yk < mOYl, 3
m=1
Z < Ykll + Yk21’ k "mO’ (4)
Ykll +Y,,,<2Z,k= ,...,mO. ®)

Since the objective function (1) is minimized variables Y, . andY, can be defined by the following
constraints:

(m—k+1Y, +Y, . <m+1Lk=1..m, (©6)
Yoo 2 KY, s k=1...m, 7

Ylmax = mOYl’ (8)

Ylmin S m()YI' (9)

If there is no vertical machining in the design decision (Y, = 0) thenboth Y, and Y, . are equal to 0
due to (8) and (9). If the vertical turret is installed at position k (Y, , = 1, and Y, =0, k= k) then Y . <k
and Y, >Kkdueto (6) and (7). In this case C,(Y, _ —Y, )isminimalifY =Y . =k Ifthe vertical
spindle head is installed common for positions k = K’,..,k =k” then'Y . <k’ andY, >Kk" due to (7)
and (8) and C(Y, Y, )isminimalifandonlyifY, =k"andY, =Kk".

2.2. Time calculation. The time of execution of operations from N by the 1" machining module of
spindle head or turret type j at the k™" position cannot be less than the time of execution of any operation
from N assigned to this machining module:

d -

Fyji = tqqxx(q)kl, geN‘, d=1,..d,k=1...m,j=12,1=1,..b,. (10)
The time of execution of operations from N by the I'" machining module of spindle head or turret type j
at the k' position cannot be less than the time of execution of any pair of operations from N assigned to
this machining module:

Fit 2 X X gD P 4eN?, d = 1,....d,, (p.)2EPPUE®, p<q, k= 1,...m, j=1,2,1=1..b. (I1)

The time of execution of operations from NY cannot be less than the time of execution of vertical and
horizontal spindle head or turret at each of m  positions:

Fi> 1 +2ij,+r (g ), d= 1,0, k=1,...m,j=1.2, (12)

kj max kj min

where variables ij max and ij min €an be defined by the following constraints:
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d .
(bo—l+1)YkJ.+Ik, min < b0+1 d=1,...d,k=1L...m,j=12,1=1..b, (13)
e = Y, d=1Lod k= 1..m j=12,1=1,..b, (14)
| max < o EY"?" d=1,..d, k=1,..m,j=12, (15)
d % q
=1

If there no operations from N¢ assigned to spindle head or turret of type j at the k™ position

(Yk?l =0,1=1,...,b) then ij max IEJ min = 0 due to (15) and (16). If operations from N are executed by
machining modules | =1',...,| = 1" then IkJ min <1"and ijmax > 1" due to (13) and (14).

Variables Tk are defined by constraints:
T >F-T (1-2),d=1,...d, k=1,...,m,. (17)

Then the productivity constraint can be expressed as follows:

do d d
dZ(F 0 +2Tk —F%<T,. (18)
1

2.3. Assignment constraints. Each operation is assigned to one block

pkjl =1, peN'. (19)

I M§

2
§

i MO

Each predecessor  of the operation p assigned to the I'"" machining module of spindle head or turret
of type j at the k' position has to be executed at the previous positions or the previous machining module
of the corresponding turret

1-1

Z szx(q)k i+ Z Xo@kil' = Xy (pykit> (0,9)€DR, p,geN, k=1,...m,j=12,1=1,...b,. (20)
‘=1 j=1l=

Inclusion and exclusion constraints for working positions, turrets, and machining modules are
expressed by (21)—(26).

2 bo 2 bo
Z Z Xx(p)kjlzz IZ Xx(q)kjh (p’q)EESP’ p:QEN, k= 1:-'-am0a (21)
j=11=1 j=11=1
bo bo .
Z x(p)kjl :Z Xx(q)kjl 5 (paq)eESTa p:qEN: k= 1,...,m0,J = 1>29 (22)
2 bo
Z Z x(p)kJI+Z Z Xkt <1, (p.O)€E™, p,geN, k=1....m, 23)
j=11=1 j=l1=l1
bo bo T .
IZXx(p)kjl +2 Xkt TY, <2, (p.0) €E°T, p,geN, k= L...m;, j= 1,2, (24)
=1 1=1
Xx(p)kjl+xx(q)ijS1; (p,)eE™, p,geN, k=1,...m,j=12,1=1...b,. (25)

For operations p that cannot be executed in spindle head or turret type j

X o= 0peNd d=1...d,s=1...n,k=1...m, th @) =jr=1,...r} =3 1=1..b. (26)

x(p) Kjl R
Operations p from N have to be assigned to the same type of spindle head or turret
mo bo
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The following constraints define variables Yk(jjl, Yii and Y jds. They take 1 if and only if the corre-
sponding sums are not equal 0.

Y < zd Xkt 0= Loondy k= 1,..m, j= 1,2, 1=1,....b,, (28)
peN
dyd 4_ _ P _
Zd Xx(p)kjl S |N |ij|’ d - 1,...,d0, k - 1,...,m0,J - 1,2, I - 1,...,b0, (29)
peN
do
d .
Y Sdz_lijl Jk=1,...m,j=12,1=1...b, (30)
do .
dzlYk?l <dY k=1..m.j=12,1=1._b, 31)
Y-"S<zn§bz°x pLd=1,..d.j=12 (32)
)] = i x(p)kjl » EERRE A E] 9%y
peNs *=1 1=
Mg B dp ds -
de IZ:XX(P)kﬂ §|N5|Yj ,d=1,...,do,j=1,2. (33)
pENS =1 I=1

Operations from at most one side for d" part can be assigned to the vertical spindle head or turret

du ds
YY®<1,d=1,..d, (34)

s=l1

The constraints which prohibit empty machining modules:

Y1 = Y k=1,...m,j=12,1=2,..b,. (35
Vertical turret cannot be located with horizontal tables
YooY oS k=1,...m. (36)
Variables h,q can be defined by the following constraints:
d i 2 ds
hr 21-3° > Yy,d=1..d,r=1...n, (37)
s=1 j=1, j#hrs (d)
rq d
2hr =1Ld=1,..d, (3%)
r=1
S hf<le-1, eeEP". (39)
(r,d)ee

If the orientation (hrl(d),hrz(d),...,hmd(d)) is chosen for the fart d, then variables Y jds' = 0 for
d=1...d, 8 =1,..0, 8 %5,j= 12, j%h @). Therefore > 5 Y& =0,h¢ = I due to 37), and
s=1 j=1,j=hrs(d)
hrdf =0 forr"=1,...,r, r'=r, due to (38). Constraints (39) forbid to choose infeasible combinations of part
orientations.
2.4. Bound constraints.

X €40, peN, k= 1..m, j=12,1=1,.b, (40)
Y {01 k=1,..m,d=1,..d,s=1...n, 41)

Y el0k=1...m j=12.1=1..b,d=1..4d, 42)
Y el0lk=1...m j=12,1=1..b, 43)

|8 e Vg min €40, 1 b k=1,m j=1.2,d = 1,....d,, (44)
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Y Y ef0l..myk=1..m j=12,1=1..b, @5)

Y,e{0,1}, (46)

Ze{01)k=1,..m, @7)

Fd e 08" k= 1umy j=12,1= 1,0, d=1,....d, 43)
-d

Fle [t ],d=1...d, (49)

where t = max{(p)y,(p)+t+rpeNT and T = (To - dzo t4'0") /01,
d'=1,d=d

2.5. Estimation of m,. It is obviously that the number of variables and the number of constraints in
model (1)—(49) depends on m,. This value can be refined as |_(U B—LB)/CIJ where UB is an upper bound of
the objective function (1) and LB is a lower bound of the cost of equipment i.e. the cost of turrets, spindle
heads and machining modules needed to accomplish machining of all the parts. For finding UB
the heuristics [10] can be used. LB can be determined in the following way.

Let H= {H = (H(1), H(2)...., Hd )[H(d)eH(d),d=1,2,...,d } be the set of all possible orientations of
parts. Then LB = min{LC (H)+LC, (H)|HeH} where LC (H) andLC (H) are lower bounds on the equip-
ment cost for vertical and horizontal machining with the orientation H of parts. They can be estimated
as follows:

LCy(H) = C4+Cs(LM(H)-1), if LM (H)> b,
P77 I min[Cy + C5(LM (H) ~1),C5 + C5LM ()], otherwise,

LC,(H) = min[C,LM,(H),C[LM,(H)/b +C,LM,(H)],

where LM (H) and LM (H) are lower bounds on the number of machining modules for vertical and
horizontal machining with the orientation H of parts. They can be calculated using algorithms [3].

3. Experimental study. The purpose of this study is to evaluate the effectiveness of the proposed
techniques. There were generated series of 100 test instances for batches of 4, 6, 8 and 10 parts. Their
characteristics are presented in Table 1 where |N| is the number of operations, OSP is the order strength
of precedence constraints; DM, DT, DP, and SM are the densities of graphs G, GP', GPP, and GM
respectively. Constraints were generated using tools [11]. Experiments were carried out on ASUS
notebook (1.86 Ghz, 4 Gb RAM) with academic version of CPLEX 12.2.

Table 1. Parameters of problems

Number of parts | Parameters of problems IN| OSP DM DT DP SM
Minimal value 44 0.034 0.064 0.026 0 0.027
4 Maximal value 95 0.525 0.659 0.659 0.242 0.067

Average value 69 0.106 0.373 0.348 0.024 0.04
Minimal value 89 0.029 0.003 0.002 0 0.024
6 Maximal value 159 0.471 0.462 0.462 0.205 0.088
Average value 124 0.29 0.228 0.197 0.027 0.043
Minimal value 118 0.023 0.003 0.002 0 0.024

8 Maximal value 216 0.456 0.438 0.417 0.214 0.09
Average value 165 0.288 0.197 0.168 0.025 0.045
Minimal value 251 0.023 0.025 0 0 0.014
10 Maximal value 255 0.447 0.58 0.47 0.194 0.071
Average value 254 0.164 0.326 0.183 0.032 0.024

First, we compare the effectiveness of refinement of m  in accordance with section 2.5 for tests with
4 parts. The results are presented in Table 2. With refinement of m, the total time for solving all test
instances was reduced in 3 times and 49 instances were solved in 20 sec. For one instance, m, was not
refined and its time solution was greater than without refinement.
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Table 2. Effectiveness of refinement of m,

Parameters mO: 8 Refined m0
Minimal time (sec) 10.890 5.321
Maximal time (sec) 2039.800 2101.840
Average time (sec) 173.903 58.399
Total time (sec) 17390.300 5839.910

Then we change the procedure of refinement of m . We set m; to be equal to the number of positions
of heuristic solution. Finally, we present the results of solving 4 series of 100 test instances for 4, 6, 8,
and 10 parts with such a refinement. The maximal available time was set to 2 hours (7200 sec). The cal-
culation results are presented in Table 3. Two test instances for 8 parts were not solved optimally during
this time (gap is 21 and 27 %). For 10 parts only 35 test instances were solved optimally. Moreover aca-
demic version of CPLEX was not capable to solve 54 test instances (out of memory).

Table 3. Time solution of test instances

Parameters 4 parts 6 parts 8 parts 10 parts
Minimal time (sec) 378 6.98 0.93 15.90
Maximal time (sec) 713.80 7193.40 7200 7200
Average time (sec) 21.23 630.23 1210.97 1185.60
Number of solved problems 100 100 100 46
Number of problems with proven optimality 100 100 98 35

Conclusion. A problem of design of rotary transfer machines has been studied. The problem is
to choose the orientation of parts and to assign the manufacturing operations to positions in order to mi-
nimize the equipment cost. The improved version of MIP formulation is proposed. Experiments show
that the MIP approach is applicable up to 8 parts and 200 operations. Further development will concern
the design of machining lines consisting of several rotary transfer machines.
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