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Introduction

Considered problem

Shifts

¢ No work on ¢ Release dates,

weekends deadlines
¢ Workload AN _.”Y  Precedences
limitations ¢ Exclusions
(satellite position)
Resources
I - -, .
Operators | Activities,

I

v tasks

¢ One resource per task
¢ Task-resource suitability

— Preemptive Jobshop Scheduling Problem with additional constraints
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7 Illustrative example
~=~ .. of the preemptive Jobshop Scheduling Problem (pJSP)

T —— T2 —— T3

3 1 1
Op1
T4 —— T5 —— T6 Op2
3 1 5
Op3
7 —— T8 —— T9
2 3 2
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lllustrative example
.. of the preemptive Jobshop Scheduling Problem (pJSP)

Solution example

s
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Workload limitation

Introducing a new constraint

MaxW constraint :
k
(6uv,k,[u,v])

“Operator k needs at least
8% rest shifts withininterval [u v ]

77

= at most(v—u— 0% ) working shifts
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7 Illustrative example
- .. of the MaxW-pJSP

02— T3
(2, Op1, [5, 12])
. 2, 0p2, [1, 8])
14— 6ER (76 B
3 1 5 PE (3, 0p2, [2, 10])
7 T8 T9 Op3 (2, Op3, [0, 5])
2 3 2
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lllustrative example
.. of the MaxW-pJSP

MaxW constraints
- (4, Op1, [0, 10])
(2, Op1, [5, 12])

(2, Op2, [1, 8])
(3, Op2, [2, 10])

1083 | (2, 0p3, [0, 5))

An optimal solution

s




' Summary

d Considered problem

d Workload limitation

B CP modelling : CPO vs Mistral

d Experimental results

d Perspectives

©
anr AAPG édition 2022 - ANR-22-CE10-0012-05



© Modelling

Easy!:)
- Fake tasks
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7 Modelling

at least 3 off shifts
A

4 A\
0 1 2 3 4 5 6 7 8 9 10

at least Zyoff shifts

at least 3 off shifts
A

Sy
y

1 2 3 4 5 6 7 8 9 10

at least 2Yoff shifts
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with CPO

’ Modelling

CPO : Preemption #®

anr’
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CPO : Preemption ’\ W, ;= unitaryinterval var for shift | of task j of jobi

O, ., = optionalunitary interval var for shift b
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© Modelling

with CPO

CPO : Preemption ’\ W, ;| = unitary interval var for shift [ of task jof jobi

Oy . », = optional unitary interval var for shift b
of MaxW constraint c of operator k

Op1
O:: [0, 8] Presence(O;) + O is present in [4, 10] +
O: [0, 8] Presence(O,) + O is present in [4, 10] +
Os: [0, 8] Presence(Os) + Os is present in [4, 10] +
O4: [4, 10] O, is present in [0, 8] + Presence(O,) +
Os: [4, 10] Osis presentin [0, 8] = 3 Presence(Os) = 2
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* Modelling

with CPO

CPO : Preemption ’\ W, ;| = unitary interval var for shift [ of task jof jobi

Oy . », = optional unitary interval var for shift b
of MaxW constraint c of operator k

min  max (endOf(W; ;5..))
i.J

interval Wy, size =1 Vi, Vi, Ve 41, ... 05}
interval Ok, ., optional ,size =1 Vk,Veg,, VA € {1,...,0,}
Okckz)\ 2 [Ukz;'i"kz] Vk Veg, VA € {1,...,5Z}

ENDBEFORESTART(Wij e—1, Wijie) W, Vo N e 42}

ENDBEFORESTART (W j .., W; j11,0) Vi, Vj € {0,...,n; — 1}

NOOVERLAP ([W}jg]wﬂ U [Okd]vc,)\) Vk, 7 € tasksg

Z PR.E-SENCE-(OkayA).(Okcky)\ € [Ukz;‘b‘kz]) >0; V&, Vg
y=1...|Cx|
=18
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* Modelling
~ with Mistral

Mistral : Preemption |‘ (PreemptiveNoOverlap)
[Juvin et al., CP2023]
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’ Modelling

with Mistral

Mistral : Preemption |‘ (PreemptiveNoOverlap)
[Juvin et al., CP2023]

(Sj ; ej) = earliest start and
latest end of task J
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’ Modelling

with Mistral

Mistral : Preemption |‘ (PreemptiveNoOverlap)

(Sj s ej) = earliest start and
latest end of task J

[Juvin et al., CP2023]

No Overload test

» Total duration of any set of tasks is no greater than its span

Z pi < max(ej | tj € 2) — min(s; | tj € Q)

tjGQ

+ JacksonPreemptiveScheduler

©
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* Modelling

with Mistral

Handle MaxW constraints:

No optional variables

Opt in Mistral :(
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* Modelling

with Mistral

Handle MaxW constraints:

0 1 2 3 - 3 & T a 9 10
Op1

0 1 2 3 4 5 6 7 8 9 10
Op1

O —_— O —

A — —
- -
-
d]_ d d3
2
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* Modelling

with Mistral

Handle MaxW constraints:

0 1 2 3 - 3 & T a 9 10
Op1

0 1 2 3 4 5 6 7 8 9 10
Op1

O —_— O —

A — —
- -
-
d]_ d d3
2

©
anr AAPG édition 2022 - ANR-22-CE10-0012-05

d;+d; =
d,+d; =

N

14



> Modelling

pJSP with Mistral

(44 B o—

Si,j € [U, UB — Pz’.,j]; €ij € [Pi‘j, UB}
c‘rnu:ﬂ E |:U'-' UB:|

Si,0 — 0 and €in; < Crnax

PRE.NOOVERLAP ({ (814, €
Vi, VjETy

dsDidlt )

Vi, j

Vi, Vj
Vi,V
Vi

Vk



* Modelling

" MaxW-pJSP with Mistral

(G UH§ I o

Si,j € [U, UB — Pi,j]; €i,5 € [P‘é,ja UB
CT”(].-CE E |:U'a‘ UB:
dg € [0, ql]

S50 — 0 and €in; < Crnax

PRE.NOOVERLAP ({ (Si,ja €355 Piaj) }U { (Sq, Eq, dg) })

Vi,ViET}, Vg

rk rk ok k

(VE-uF)-ok< Y b
Vge[UE,VE]

d¥* < max (1?" — i',»'f") .

|
I = veeMaxwk
st. g E_[”-:k"’fck ]

Vi, g

Vr{ﬁ. IH‘:"/!'_.-'

Vi, Vj

Vi, Vj

Vi

Vk

Vk.Ve € :\-[ei:{\\";"

Vk,Vq

s
=8

Hge

-

e B o, R, D iy i
QQ Q QA

LW N = Ol

L S SER I U e

(C4)
(CH)

(C6)



> Preliminary results

Mistral vs CPO

« 78 pJSP instances of OR-Library
9 MaxW instances per pJSP instance

— 78*9 = 702 instances
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anr’

Solver | # Optimality proofs
CPO 35 (4.98%)
Mistral 171 (24.3%)
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Preliminary results

Mistral vs CPO

« 78 pJSP instances of OR-Library
9 MaxW instances per pJSP instance °
— 78*9 = 702 instances 845 min

anr’

Solver | # Optimality proofs
CPO 35 (4.98%)
Mistral 171 (24.3%)

How to deal with the exponential number of subintervals
generated by the MaxW constraints decomposition ?

AAPG édition 2022 - ANR-22-CE10-0012-05
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Classical approach

For a Constraint Optimization Problem

Start with
all MaxW

Solve with
all MaxW




Classical approach

For a Constraint Optimization Problem

Start with
all MaxW

_

A

Solve with (
\[ Al MaxW J | Reduce makespan J

Solution foundA
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Classical approach

For a Constraint Optimization Problem

Start with (Optimality

all MaxW / g %5 § proof)
Solve with (
\[ All Max\W J‘ | Reduce makespan J

Solution foundA
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. Iterative approach

Lazy Constraint Generation
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Iterative approach

Lazy Constraint Generation

Start with empty
MaxW set

Solve with
current MaxW set

Are all MaxW verified ?A
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. Iterative approach

Lazy Constraint Generation

Start with empty
Max\W set

Solve with
current MaxW set

Activate some
MaxW (heuristic)

. Are all MaxW verified ?A

NO (52)

- check violation of each MaxW

- activate most violated C

- forget about MaxWs overlapping C
- activate most violated



Iterative approach

Lazy Constraint Generation

MaxW set

Solve with W# (
\[ current MaxW setJ _Reduce makespan J

YES

. Are all MaxW verified ?A

NO (52)

E Start with empty

Activate some
MaxW (heuristic)

18



Iterative approach

Lazy Constraint Generation

E Start with empty (Optimality

MaxW set / g 55 § proof)

Solve with Reduce makespan ]
current MaxW setJ L P

YES

. Are all MaxW verified ?A

NO (52)

Activate some
MaxW (heuristic)

18
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© Number of optimal solutions

CPO vs Mistral vs lterative

anr’

78*9 = 702 instances

845 min

Solver # Optimality proofs
CPO 35 (4.98%)
Mistral 171 (24.3%)
Mistral-Iterative 205 (29.2%)

AAPG édition 2022 - ANR-22-CE10-0012-05
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\ﬂ% Time

CPO vs Mistral vs lterative

anr’

Cumulative number of optimally solved instances

200 A

150 A

100 A

50 A
lterative
All_ MW
0 - CPO
500 1000 1500 2000 2500
Time (s)
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* Added proportion of MaxW

Iterative

" 700

®)]
o
o

Instanc

5001

= N W b
o O O O
o O O O

Cumulative number of

o

Mistral: at least 1 sol
Mistral: optimality shown

0%

anr’

20% 40% 60% 80%  100%
Percentage of activated MaxW constraints
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New solver ! “TEMPQO”

- new constraint programming lazy clause and literal generation solver
- developed by Emmanuel Hebrard in LAAS-CNRS (Toulouse)
- PreemptiveNoOverlap implemented :)

- same model as Mistral
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New solver ! “TEMPQO”

- new constraint programming lazy clause and literal generation solver
- developed by Emmanuel Hébrard in LAAS-CNRS (Toulouse)

- PreemptiveNoOverlap implemented :)

- same model as Mistral

anr’

Solver # Optimality proofs
CPO 35 (4.98%)
Mistral 171 (24.3%)
Mistral-Iterative 205 (29.2%)
TEMPO 303 (43.2%)

TEMPO-Iterative

320 (45.6%)

AAPG édition 2022 - ANR-22-CE10-0012-05
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2 Iterative : Mistral VS TEMPO

0 700 - ,
o Mistral: at least 1 sol
= 600 - Mistral: optimality shown
Jé - Tempo: at least 1 sol
— 5001 --+ Tempo: optimality shown
o
o 400
o)
£ 3001
c
£ 2004
©
S 100+
=
o 0 , , , ,
0% 20% 40% 60% 80% 100%

Percentage of activated MaxW constraints
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' Takeaways
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' Takeaways

PreemptiveNoOverlap
IS great for preemptive
scheduling
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© Takeaways

N

TEMPO
IS great

PreemptiveNoOverlap
IS great for preemptive
scheduling
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© Takeaways

Lazy Constraint Generation
can be great if some
constraints can be verified
without being enforced in the
model

TEMPO
IS great

PreemptiveNoOverlap
IS great for preemptive
scheduling

©
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d Workload limitation
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Perspectives

Operations research

- Try to make use of Tempo's clause learning
- Study different MaxW constraint addition heuristic

- Integrate MinW constraints (not symmetric)

©
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’ Questions ? Tanguy.Terrien@laas.fr

My paper Disjunctive scheduling
on TEMPO (CP25)

-‘L ] .

©
anr AAPG édition 2022 - ANR-22-CE10-0012-05



,‘/)

o) ~ Appendix

N7

©
anr AAPG édition 2022 - ANR-22-CE10-0012-05



[

%

V4

Future work
HMI

Human-Machine Interaction

- Develop a user interface that is in line with both optimization
functionalities and cognitive-wise needs (ongoing)

| |J| J2 J3 J4 J5 J6 J7 J8 Jo J10 Jn Ji12 J13 Ji14 |
T T . 0 . . . . . . . . . . o W T T ITITr
| Apprét Peintureinterne, . " .. " ... " .. 0T | Laq Peinture Noire
Pelntre A R R | [ ]
104h [l 24k R R A PP T el
e e e e e e ST | —
Masquag Couche Primaire PR LU0 DI, e L
Poinire S N et e N € < o¢ 4 o et e It Lt d el e e o S I - v w - aa o o B o h e Pt SR o h e i e TR e R TR o bt e h e R e e el
72h h R 240 D P T P P P
Prépa Surface Décapag: Couche Final
Peintre C
720 16h 24h 32h
T T I I ' P
N Ctrl Visuel Ctrl Epaisseur Ctrl Rugosite Ctrl Aspect__| . Ctrl Externe” . ", " . ",
Controleur A crrr rr W s e e e e e
48h 8h 8h 8 %6 u e v v P P
T U U n . P S B N e Iy TR
N Ctrlinter | | . CtrlInterne * . Ctrl Final Crl Tl
Controleur B crr rrr W e e e e
48 o o ] ten ten
EEEEET | SENENENRERE L

Actlvités & Taches (2/21)

—Ah%__

o g I TN t:t—» F h T »—b tjr:“




Future work

Cognitive science (+ HMI)

Cognitive science (+ HMI)

- Evaluate the effect of a decision-support system on users'
performances and cognitive and emotional state (ongoing)
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lllustrative example

- ..of the Preemptive Jobshop Scheduling problem (pJSP)

Optimal solution

1] 1 2 ) 10

T

T4

Operators LB max (6, 7, 8)

Jobs LB:

max (3+1+1,
3+1+5,
2+3+2)

Global LB: 9




° Summary

d Considered problem
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d Modelling : CPO vs Mistral

d Experimentations
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Specific case

Another new constraint

RMaxW constraint :

(5SV,N,I(,N,[U,V])

“On|u,v]|,operator k should have at least
5fw, v Off shifts in any N consecutive shifts ~
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Specific case

Another new constraint

RMaxW constraint :

(5SV,N,I(,N,[U,V])

“On|u,v]|,operator k should have at least
5fw, v Off shifts in any N consecutive shifts ~

& (Ogy no K, [u,u+ N]) Yue{l,...,v— N}

anr’



> Modelling of RMaxW

A better method

Maximum time lag :
Maximum time between two tasks or two occurences of a repeated task
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Modelling of RMaxW

A better method

Maximum time lag :
Maximum time between two tasks or two occurences of a repeated task

— We add Z unitary fictitious tasks to the whole horizon of RMaxW
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- Modelling of RMaxW

A better method

Maximum time lag :
Maximum time between two tasks or two occurences of a repeated task

— We add Z unitary fictitious tasks to the whole horizon of RMaxW

- ordering of unitary fictitious tasks:
e, < S,11 Vze{l ..,Z-—-1}
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* Modelling of RMaxW

A better method

Maximum time lag :
Maximum time between two tasks or two occurences of a repeated task

— We add Z unitary fictitious tasks to the whole horizon of RMaxW

- ordering of unitary fictitious tasks

« ensuring that the RMaxW constraint is verified:
S.u5— S, <N Vzed{l,..,.Z -9}

<7

‘ C
Z+2
0 Cmax
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- Modelling of RMaxW

A better method

Maximum time lag :
Maximum time between two tasks or two occurences of a repeated task

— We add Z unitary fictitious tasks to the whole horizon of RMaxW

- ordering of unitary fictitious tasks

- ensuring that the RMaxW constraint is verified

« enforce off shifts to be well divided along the horizon:
es < N 825 & O — IV

<7 <7

‘ S ‘CZ ‘ ‘ e ‘CLast-l ‘
O Cmax

©
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’ CPO model

min max (endOf(Wi,j,pij))

1,7
interval W@'jg, size = 1 Vi,V5,Vl € {1, 7p%j}
interval Oy, .\, optional ,size = 1 Vk, Ve, VA € {1,...,0.}
Okckz)\ g [ukZ7 Ukz] \V/]C,VCkz,\V/A S {17 ey 52}

ENDBEFORESTART (W, ¢—1, Wi ¢) W 5 L E {2 e}

ENDBEFORESTART (W’i,j,p@'ja Wi,j—}—l,O) \VI@,\VIJ = {O, g Tl — 1}

NOOVERLAP ([Wijg]w oY [OkC)\]Vc,A) Vk, j € tasksy

Z PRESENCE(Okcky,\).(Okay,\ = [Ukz,?)kz}) = s Wi, Vi
y=1...|Cg|
A=1...|5,|

anr’

AAPG édition 2022 - ANR-22-CE10-0012-05
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' Modéle complet Mistral

min €
sij € [0,ub — pi ], €i; € [pi,j,ub] vi.j (V1)
Cmax € [0, ub] (V2)
diq € [0, ]g]] Vk,Yg  (V3)
€ij 2 Sij + Pij Vi, VJ (CL)
Si,j—l—l :2 Ei,j \?"?\?{j (CQJ
gig=0 and &, =Cnax Vi (C3)
PHI‘J,}:O{:)\’t-;l{I.J-"-'LI‘({(Si,j.Et'_jjpt'?j}} U
{(start,, end,, dy, J}) Vi,Vj € tasksy,Vk,Vg  (C4)
Y dyg >4, Vk,Vq,V(d,,u,,v,) €C  (C5)

drq < maz(d) Yk, V(d.,uz,v:) € Cr, Vg € [u,v] (C6)

©
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© Modelling

with Mistral

Handling MaxW constraints :

0 1 2 3 1 5 G T g Q 10
Op1 | | Original task
Fixed duration,
|:| variable start/end
Added rest task
0 1 2 3 4 5 G T g Q 10

Fixed start/end,
variable duration

di+d, =
di+d; =

NW

©
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