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Saint-Etienne School of Mines (EMSE)

- Created by Royal decree on the 2nd of August 1816

- One of the oldest Schools of the group “Grandes Ecoles” (a sort of Ivy
League), with Ecole Polytechnique, Ecole Centrale de Paris, etc.

Our School is often classed
among the Top 10 Graduate
Engineering Schools in France

The EMSE produces outstanding
industrial managers — ausTA

B gt Etienne

St-Etienne: pop. 400 000 § Ganunse
56 km from Lyon

SWITZERLAND
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Saint-Etienne School of Mines (EMSE)

IS structured around five divisions:

- Henri Fayol Institute

- Materials Science Centre

- Chemical Engineering Centre
- Microelectronics Centre

- Engineering and Health Centre

Just a couple who have made history from our School:

Benoit Fourneyron (1802-1867) - inventor of the hydraulic turbine
Henri Fayol (1841-1925) - known for his theory of management

The laying of the first French rail route (Saint-Etienne to Andrézieux) which
opened in 1825 is also credited to the School
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Henri Fayol Institute

The Institute was named after one of the fathers of modern
management, Henri Fayol who graduated from our School
in 1860

Our institute deals with industrial management,
systems engineering and information technology

Composed of four departments:

- Decision in the Enterprise: Modeling and Optimization
- Industrial and Environmental Management

- Distributed and Cooperative Multi-agent Systems

- Behavior Management and Social Sciences
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Henri Fayol Institute

Key figures:

40 Faculty members, 43 Ph.D. candidates and 7 full time
employees

50 articles in refereed scientific journals
95 conference presentations

800 000 euros of industrial contracts
15 000 teaching hours

constitute the "steady state" annual performance of the Institute
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Optimization in Design of Automated Machining Syste ms

Prof. Alexandre Dolgui

Ecole Nationale Supérieure des Mines de Saint-Etienne,
France

www.emse.fr/~dolqui

dolgui @emse.fr
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Outline

e Major challenges of machining line design
e Types of automated machining lines

e Lean manufacturing approach

e Architecture of decision-aid software

e Illustrations of applications

e Optimization models

e Conclusions
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Machining system design
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Typical industrial partner

PCI (Process, Conception, Ingénierie):
Leading French Company for Design and Manufacturing of Industrial
Equipments, www.pci.fr

PCI-SCEMM in Saint-Etienne

Designing, executing and commissioning machines and machining lines
ensuring mass production of cast iron or aluminum parts. These applications
relate to engine casings, gearbox casings, cylinder heads, knuckles, etc...

SPCI

PROCESS CONCEPTION INGENIERIE
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Examples of sophisticated parts
for which these lines are designed
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PCI-SCEMM business activity

Set of tasks,
constraints...
New product
Product Task (operation)
specifications assignement
Production volume and equipment
selection

New machining
system
Workstations with

spindle heads, system
configuration

DI —— | porscewm
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System manufacturer

Preliminary design

PCI-SCEMM

- Task assignment - Configuration

- Process planning - Throughput

- Equipment selection - Product quality
- System cost

Detailed study

Month 7th

- Part specifications

- Annual volume of production PSA Peugeot Citroén
- Client preferences

Client



Automated machining systems produced by PCI-SCEMM (  especially for
the automotive industry) are:

- complex
- costly (from 500 thousand to 5-10 million euros)

- excessive time for accurate system design, but lim ited time for
contract negotiation (max 2 weeks)

This market is exceedingly competitive

Thus development of decision-aid tools to optimize machining systems
and speed up the design is critical
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Preliminary design

Number of possible solutions is enormous
Each potential interesting solution should be studi ed in detail
The time of preliminary design is limited (to 2 wee ks maximum)

Modifications of part specifications are frequent d uring the preliminary
design

The offer to client must verify all the constraints and be profitable for
both manufacturers and clients

Major challenge : propose design solutions quicker, of better quality,
and at lower cost than the competition

g

Development of a decision-aid system is crucial
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Part analysis

Choice of the type
of machining

Task assignment,
equipment design

System’s cost
estimation

Decision-aid tools
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Some machining system manufacturers
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Types of machining systems
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Machine with a mobile table

S_Ill Part /

Mobile table

All spindle heads at the same station
are activated in parallel ‘
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O. Battaia, A. Dolgui,

N. Guschinsky, G. Levin.
Optimal design of machines
processing pipeline parts
Int. J. of Advanced
Manufacturing Technology,
2012 (in Press)
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Machine with a rotary table
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A. Dolgui, N.
Guschinsky, G. Levin.
Graph approach for
optimal design of
transfer machine with
rotary table , Int. J. of
Production Research,
47 (2), 2009, 321-341.
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Machines with rotary table and turrets

Turret Turret _
Multi-

head
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- O. Battaia, A. Dolgui,

~ N. Guschinsky, G. Levin.
- Optimal Design of Rotary
. Transfer Machines with
- Turrets , Proceedings of the
o |[FAC Symposium INCOM’12,
B Bucharest, Romania, IFAC-

.~ PapersOnline.net.
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Machining transfer lines for large series

Spindle
Head

- & & e B

Loading / Workstation /JI nloading
station L;l I;' station
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Transfert linéaire

A. Dolgui, B. Finel, N.
Guschinsky, G. Levin, F.
Vernadat. MIP Approach
to Balancing Transfer
Lines with Blocks of
Parallel Operations , IIE
Transactions, 2006, 38,
869-882.

lIE Transactions Best
Paper Award 2008
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Reconfigurable lines composed of machining centers

M. Essafi, X. Delorme, A. Dolgui.

A Reactive GRASP and Path Relinking

for Balancing Reconfigurable Transfer
Lines, Int. J. of Production Research, 2012
(in Press)

» Mono-spindle CNC machining centers
» Several identical machining centers at

each station

» Setup times for tool replacement and/or

displacement
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Lean manufacturing
(usually associated with manual
assembly lines)
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Steps of lean process design

- “Takt time” calculation
- Definition of tasks (operations)
Choice of a process plan
- Layout type option
Line balancing (assign tasks to workstations)

- Equipment selection
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Takt time calculation

Operatingtime
Customedemand

"TaktTime"=

Operatinglime = Shiftsx EffectiveTime

“Takt Time” imposes the cadence of fabrication needed to meet customer demand

“Effective time” takes into account the shifts worked and makes allowances for
stoppages, for predetermined maintenance, and planned team briefings, breaks,
etc.

The customer demand includes anticipated average sales rate plus any extras
such as spare parts, anticipated rework and defective pieces
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Definition of tasks (operations)

The operations that should be kept, are those with added value, i.e. the

operation where the product value after the operation is greater than

before.

For example holding and transport operations have no added value

and should be reduced (or eliminated if possible).
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Assembly line balancing (ALB)

At this step, the assignment of operations to workstations is made under
Takt time and precedence constraints.

The load of each station cannot exceed the Takt time (TCP in this figure).

Situation initiale : Déséquilibre Charge Machine

Percer trou 7 TCP

Percertrout \

Percer trou 5 \

Percer trou 4

Percer trou 3

Percer trou 2

Percer trou 1

Dégrossissage

Face 2

Dégrossissag
Face 1

Finition a la fraise

Face 2

N

Finition a la fraise

Face 1

Avec éléments de taches individuelles transférés

TCP

Percer trou 5

Percer trou 6

Percer trou 7

Percer trou 4

Percer trou 3

Finition a la fraise
Face 1

Finition a la fraise

Face 2

Percer trou 2

Percer trou 1

Dégrossissage

Face 1

Dégrossissage

Face 2
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Example of ALB (hard combinatorial problem)

20 6 )
© gr(h
()
8
(t)
N
W, W, Ws

66 68 67
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ALB methods

| Methods |
Exact ‘ | o Heuristics ‘
Meta-Heuristics ‘

- Branch and ;

Bound - Taboo search N

: - COMSOAL
- Dynamic RE[I = random search

Programming Algorithms ( )

In general, this is a NP-hard combinatorial optimisation problem

Dolgui, A. (Ed.) Balancing Assembly and Transfer Lines
European Journal of Operational Research 168, 2006 , 663 - 951.
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An example of ALB document used In industry

Fiche d’Equilibrage

Projet: _Armature Code-piéce n°: 23456789
Date: 20/07/97 Cycle («Takt Time») : 6,41
TEMPS TEMPS

oA g, | ciancer [pE Cvole]  GRAPHIQUE DU TEMPS TOTAL MACHINE | ToTaL | TP | waciine
DECHARGER MACHIN MACHINBy e Ta1pe EN CHARG

Epoxy 0 10- s Cycle 10,0 20 12.0

. 2 W Ch; !
Outillage découpe o 47 Déiﬁie,;e, 47 o7 54
Bobineuse 52| 8,2 134 48| 18,2
Soudage 0| 11,5 115 1,7 13,2
Controle final 7,2 0 i 72 03] 7,5
0 5 10 15

PERTES DE PRODUCTION : % ET SECONDES / PIECE

TEMPS D’ARRET| TEMPS D’ARRET CONTENU DE TACI EMPS DE CHAN

NOM DE LA PREVU NON PREVU TEMPS PERDY NON-CYCLIQUE GEMENT D'OUTILé

MACHINE % sec/piece] % sec/piéce | % sec/giécL % sec/piece| % sec/piece
Epoxy 0,03 030,15 15 002 02
Outillage découpe| 0,03 0,1| 0,10 0,5 0,02 0,1
Bobineuse 003 03[015 20 221002 03
Soudage 0,03 03] 0,10 12 0,02 0.2
Contrdle final 0,03 0.2 0,02 0,1

GRAPHIQUE D’EQUILIBRAGE

Secondes/Piece

20,0
18,0 +
16,0 + @ Temps de Chgmt d'Outil
140 + B Tache non-cyclique
120 4+ O Temps perdu
10'0 O Temps d'arrét non prévu
SY o B Temps d'Arrét Prévu
' @ Temps Total Machine
6,0 T
40+
2,0+
0,0 - + + t t
. Découpage Contréle
E Outillage final
poxy . Soudage
Bobineuse
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Equipment assignment

Which type of equipment should be used at each workstation?

ALB considers that
) all stations can process any task; ii) task times are independent of
the station any iii) task can be processed at any station

So by definition the equipment selection is made after line balancing.

The tools, machines, etc. are selected to minimize the line cost while
respecting Takt time and equipment compatibility.

It is interesting to combine the assembly line balancing with equipment selection,
as for example in Bukchin, J. and M. Tzur (2000). Design of flexible
assembly line to minimize equipment cost, IIE Transactions, 32, 585-598.

Because optimizing each separately does not necessarily equal optimal when
combined.
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Decision-Aid Tool for Machining
System Design
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Steps for decision making

Step 1. “Takt time” calculation and choice of layout type
Step 2. Part modeling: using standard features to define tasks

Step 3. Process planning, i.e. choice of a process plan (required operations,
tools, technological constraints,...) by using an expert system

Step 4. Synthesis of the manufacturing process using optimi zation models :
line balancing and equipment configuration taking into account cutting modes
and parameters

Step 5. Preliminary 3D model
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Step 2: Part modeling to define tasks
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Database with features

SIS
TP T

ey A ?_‘

S SHs %_::é Examples of different

types of holes
from our database
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N
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Step 3: Choice of a process plan (expert system)

Process
planning

Cutting
mode,
required
tools
and their

parameters

Required operations

Plan et parameétres d'usinage -

Trow cylindrique, avec un chanfrein, borgne

Tranzformation FointageCH Pergage H14 ﬂlésage_ a ['alézair
Mom de |a tranzformation H2 1 HZ 2 H2 3
Diarnétre d'usinage, mm 13 g.8 9
Profondeur de coupe, mm 6.5 4.4 01 —
Longueur d'uzinage, mm B.5 10 10 Précedent
Fegime d'uzinage Dremi-finition Ebauchage Firition Arrler
| Type dOT 1 1 a1 hide
Rugaozité, i B.2 d .3
Reférence de l'alliage de 0T R13F R18 R13F
Longueur de la courze active |11.311 17.644 14.06
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X :
Complément & la régle Dk """ Con S t r a I n t S

| [roupe 1 Groupe 2 [roupe 3 [roupe 4 Opération i [Operation |
HZ 1l{Fointa|(H4 3{Filetag HE 2 HZ 1 Annuler
HZ ZiPergs ||H7_3(Filetay
HZ 3{hlés:z [|H& 3(Filetay Lide
Hi_liPoinr
HE _ZiPergs Contrainte d'exclusion dans un bloc au niveau de la distance minimale entre les centres des EST x|
H5 3{kléss — —
Pozsibilité Ares o o EST EST Istance entie les centres des

HL_1l{Pergs d'application| d'uzinage Dpération Dpération | d'opération i | d'opération | EST
H3 1li{Percs Réelle tinirale
H4_1(Point— 7 H1 ]E'el;:age H14 F’ointageCH H2 He 18 405
H4_ZiPergs
H7 1{Loint v Pergage H14 Percage H3 He 18 405 Annuler |
H7 2iPerce Fergage H14 Filstager H3 Hd 18 13 hide |
KIN LTJ KT

v W3 PointageCH FiletageF H7 HE a2 91

v Fergage FiletageF H7 HE 42 91

v FiletageF PointageCH H7 HE 42 91

™ FiletageF Fergage H7 HE 42 91

v FiletageF FiletageF H7 HE a2 91
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Step 4. Line balancing and equipment selection

The designer checks

and/or modifies the
constraints and
parameters
/ Optimisation

: .
Final solution %ﬁ
i OO0 =0Oo0aQs
Station dechargemer station de trave statior de déchargeme

Optimal solutions that take
into account all the given
constraints

The solutions are
presented to the designer
who then verifies it
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Step 5: 3D layout

Caractéristigues techniques Esquisse  Cutls  Aide
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Mass production machines with
multi-spindle heads
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Multi-spindle heads

e
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Operation’s parameters

—

lxi l”x"i' ,—":
i I

|

|

\
g \ Spindle hcadsi / "
Spindles
Operationi F—;--. o = Operatior)
Tools
<y 5|
. :
’“LM//// IZ h{
I -
l-.a.

3

Operation j is given with:
Machining length A,

Feed per minute x;
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Spindle head’s parameters

‘-_L\N____J";'——\“I\_____

1 X({1.5Y) i
- I
\ Spindle head :

Job 7 " _

; e JoD |

L({i.7}) — i J,/ lL o
| ({z.71

Working length L(Ny) = max{A | jO N}

Spindle head’s feed ~ X(N,) =min{x | JON, }
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Goal function

Min mC;+Q C,

where

m number of working positions (stations)
Q total number of spindle heads

C, cost of 1 working position (station)

C, cost of 1 spindle head
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Design decision
P ={N1:{N11,---; Nlnl }’ " |\Im:{le""’Nmnm }}

Subject to
Takt time constraint:
T(P)=max{t5(N,) | Isk=m}<T,

- Precedence constraints
if (i, j) O D then a) k(i) < k(j) or b) k(i) = k(j) and I(i) < 1(j))

- Inclusion constraints:
N, n el{0,e}, elES, k=1, ....m

lonale
- Y_duperieure des Mines
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- Exclusion constraints:
e/N,, eJEB, k=1, ...,m, I1=1, ...,n,

e/N,, eJES, k=1,...m;

- Number of working stations:

m=m(P)< m,

- Number of spindle heads per station:

n,=n(P) <n, k=1,....m.
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New problem: multi-spindle machining line balancing

50

51
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Comparison with assembly line balancing (ALB)
and their generalizations:

- Operation times are not known before optimization
- Assignment restrictions (constraints) are more complex
- Operations of the same spindle head are executed in parallel

- Line balancing simultaneously with equipment selection/design

G

f Ecole Nationale
| Supérieure des Mines

e L _ SAINT-ETIENNE




Dimensions of industrial problems

~ 30 — 350 operations
~ 5 — 50 stations

~ 2 — 4 spindle heads by station

= Hard decision problem
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MIP model (Cplex)

Analysis of constraints  to reduce
the number of binary decision
variables

l

Cplex solver for MIP model

Note that without this constraint analysis:
Only problems with maximum 40 tasks
were optimally solved in 10 hours

Dolgui et al., MIP Approach to
Balancing Transfer Lines with Blocks
of Parallel Operations, IIE
Transactions 38, 2006, 869—-882

Battaia and Dolgui. Reduction
approaches for a generalized line
balancing problem, Computers &
Operations Research 39, 2012, 2337—-
2345

Dolgui et al. Enhanced mixed integer
programming model for a transfer line
design problem, Computers &
Industrial Engineering 62, 2012, 570—
578
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Graph approach

A. Dolgui, N. Guschinsky,

G. Levin, J.-M. Proth.
Optimisation of multi-position
machines and transfer lines,
Eur. J. of Operational Research
185, 2008, 1375-13809.

A. Dolgui, N. Guschinsky,
G. Levin. A Special Case of
Transfer Lines Balancing by
Graph Approach, Eur. J. of
Operational Research 168,
2006, 732-746.

Vo " V> VN -1 N

Dominance properties to reduce the size of graph
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Constraint shortest path

m(z)
Min Q(z)= >, C(u\uy.,),

k=1

m(z)
> tuwuy, ) S Ty-7"%

k=1

ze L,

m(z)<3.
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Powerful dominance properties: An example

Before their application
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Powerful dominance properties: An example

After their application
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Branch and Bound

- Enumerate solutions
- Evaluate Lower (LB) and Upper (UP) Bounds

(a novel approach using set partitioning)
- Prune branches where LB<=UP

- Verify dominance properties: remove dominated nodes

LB<=UP

A. Dolgui and I. Ihnatsenka.

Branch and Bound Algorithm for a

) ’X Transfer Line Design Problem: Stations
with Sequentially Activated Multi-spindle
Heads, Eur. J. of Operational Research
197, 2009, 1119-1132

LB<=UP

Solution
2,6,7
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Heuristics

» Random search (COMSOAL like heuristics, Backtracking with
learning, GRASP,...)

» Decomposition

a) Breakdown the initial problem into several sub-problems

1. Based on precedence graph

2. Based on a feasible solution 0. Guschinskaya, A. Dolgui,

N. Guschinsky, G. Levin. A Heuristic
Multi-Start Decomposition Approach for

b) Solving sub-problems by an exact method Optimal Design of Serial Machining
Lines, Eur. J. of Oper. Research 189,
1. Independent solving 2008, 902-913.
2. Aggregate solving A. Dolgui, B. Finel, N. Guschinsky,

G. Levin, F. Vernadat. A heuristic
approach for transfer lines balancing. J.
of Intell. Manufact. 16, 2005, 159-171.
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Optimization modules in our software:

» Problem size reduction procedures

» Lower bounds and dominance properties

» 4 mathematical models (one per type of system)

» 3 exact methods (B&B, Graph and MIP with Cplex)

» 8 heuristic procedures (list, GRASP, decomposition, ...)
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Comparison of the methods:

Problem size

Level of constraints

Best method

low MIP
Small

high G

raph approach or
high Branch and Bound
Medium

low

high GRASP
Large

low
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Lines composed of machining
centers
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Accessibility constraints

4- and 5- axis centers
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Additional setup times

= L+

Tool change time
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3 machining centers

Input

One part per cycle

— U Output

workstation

Parallel machines
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e  Minimize

My Ng my Ng
C,* 22N, +Cs* 2.2 Va

k=1 n=1 k=1 n=1

[ Cost of machines ] [ Cost of stations ]

Subject to
Y ¥y <L0k=12..,N,
n=1

sza S:LDk: 1’2’””Ns

alJA

> %< >z, 0kOK(@i),00 0N
qoS(k) adA(i)
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Setups
I 2 Ztu qqu Xj(q+n ~ s

jOM (g+D)\{i}
Oi OM (q), 0q 0 S(k) \ max{S(k)}, 0k =12,...,N

Takt time DI, D Dtk <T, @nl:ynk,ﬂk 12,..

qOS(k)\max{S(k)}  iON(k) q0S(k)

Precedence 1t 2A0 < 2 alk, DiON,DjOR
Qi) T

Inclusion Y %q = D %0, j0e0e0ES,OkOK() n K(j)

qis(k)nQ(i)  quS(k)nQ(})

Exclusion z(k)(xiq +Xi4) <10, j) DES, Ok OK(i) n K(j)

quS
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| Methods

Exact

—— Metaheuristics ‘

S

Combined

!

MIP with Cplex

Matheuristics

M. Essafi, X. Delorme, A. Dolgui, and O. Guschinskaya. A MIP
Approach for Balancing Transfer Lines with Complex Industrial
Constraints, Computers & Industrial Engineering 58, 2010, 393-400

P. Borisovsky, X. Delorme, A. Dolgui. Genetic algorithm for
balancing reconfigurable machining lines, Computers & Industrial
Engineering (under review)

Ant colony
heuristic

Genetic
Algorithms

GRASP
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Conclusions

 This is an overview on our research on decision-aid for design of
machining systems

* The optimization procedure was structured as follows:
- Takt time calculation, - Definition of tasks, - Choice of process plan, -
Choice of system type, - Load balancing, - Equipment selection

» A set of models were developed and tested on real life examples
« Software was developed

Our approach can be used for design other types of production
systems

This shows how advanced optimization techniques can be efficiently
used for automated manufacturing system design
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Some our recent publications

O. Battaia, A. Dolgui, N. Guschinsky, G. Levin. A decision support system for design of large series
machining lines composed of stations with rotary or mobile table, Robotics and Computer Integrated
Manufacturing, 28 (6), 2012, 672—-680.

O. Battaia, A. Dolgui. Reduction approaches for a generalized line balancing problem, Computers and
Operations Research, 39(10), 2012, 2337-2345.

A. Dolgui, N. Guschinsky, G. Levin. Enhanced mixed integer programming model for a transfer line design
problem, Computers and Industrial Engineering, 62(2), 2012, 570-578.

X. Delorme, A. Dolgui, M.Y. Kovalyov. Combinatorial design of a minimum cost transfer line, Omega,
40(1), 2012, 31-41.

M. Essafi, X. Delorme, A. Dolgui. Balancing lines with CNC machines: a multi-start Ant based heuristic,
CIRP Journal of Manufacturing Science and Technology, 2, 2010, 176-182.

M. Essafi, X. Delorme, A. Dolgui, and O. Guschinskaya. A MIP Approach for Balancing Transfer Lines with
Complex Industrial Constraints, Computers and Industrial Engineering, 58 (3), 2010, 393—-400.

O. Guschinskaya, and A. Dolgui. Comparison of Exact and Heuristic Methods for a Transfer Line
Balancing Problem, International Journal of Production Economics, 120 (2), 2009, 276—-286.

A. Dolgui and I. Innatsenka. Branch and Bound Algorithm for a Transfer Line Design Problem: Stations
with Sequentially Activated Multi-spindle Heads, European Journal of Operational Research, 197( 3),

2009, 1119-1132.

X. Delorme, A. Dolgui, M. Essafi, L. Linxe and D. Poyard. Machining Lines Automation. in: Springer
Handbook of Automation, S.Y. Nof (Ed.), Springer, 2009, 599-618. o
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collection finance « aestionsmanaaement diriaée par Jean-Marie Doublet

collection finance »gestion=management dirigée par Jean-Marie Doublet

A. Dolgui, J.M. Proth.

Les systemes de production modernes,
Hermes Science/Lavoisier, 2006,
I 2 volumes (In French), 806 pages
conception, gestion et optimisation

Les systémes

de production modernes

Alexandre Dolgui
Jean-Marie Proth

Lavoisier
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Other research topics of our team

- Combinatorial Design of Production and Assembly Lines
Assembly line balancing
Equipment selection
Buffer allocation

- Supply Chain Optimization under Uncertainties
Sales forecasting
Qutsourcing

Inventory control under lead time uncertainty
Lot sizing

- Scheduling
Due dates assignment
Dynamic scheduling
Railway scheduling
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Alexandre Dolgui
Jean-Marie Proth

A. Dolgui, J.M. Proth.

Supp|y Supply chain engineering: useful
methods and techniques,

Chain EngiHEETing Springer, 2010, 542 pages

Useful Methods and Techniques

@ Springer
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IFAC Conference on Manufacturing Modelling for Management and Control
Saint Petersburg, June 19-21, 2013
Site Web: http://mim2013.org

IPC chair: Alexandre Dolgui, France
IPC vice-chair: Agostino Villa, Italy

Deadline for submission of papers (6 pages): October 1st, 2012
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Thank you very much for
your attention

www.emse.fr/~dolgui
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