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Overview

Why scheduling is a good field for Constraint Acquisition (CA)
Present what scheduling problems looks like

From simple to complex
Give links to data in literature
Show some realistic examples

Focus on data, not algorithms
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Why Scheduling?

This is the most successful application area for Constraint Programming (CP)

Huge variety of different problem types and sub-types

Often involves optimization of some objective(s)
CP works best when there are many side constraints
e Easy to add to a model

There is a lot of literature

Scheduling is important for many users
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Challenges

Nearly always instances of different sizes
Underlying problem is constantly evolving

o New/deleted products, processes, machines
e You need snapshot of relevant background data to reproduce results

Nobody is interested in resolving previously solved instances
e Unless you find better objective value

There is rarely more than one solution kept for each instance
Typically no non-solutions are produced and/or stored

You may have different plans based on compromises between
objectives/stakeholders
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Challenges (II)

e New instances are constantly added (every day)
e We need to generate solutions for these unseen instances
e Big difference between planned schedule and actual, observed schedule

e Machine break-downs

e Quality issues, rework

e Rush-orders, cancellations

o Impact of (lack of) component stock

e Don'tdo asldo, do as | say

e You don't want to learn the bad ways of fire-fighting
e Hope that the original plan is stored, as well as the actual production data
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Existing Literature

e Methods to Learn Abstract Scheduling Models. Carchrae, Beck, Freuder. CP
2005. [9]

e Suggests backdoor based approach to project scheduling

e Learning Scheduling Models from Event Data. Senderovich, Booth, Beck.
ICAPS 2019. [40]

¢ Learning models from traces of execution of actual schedules

e Guided Bottom-Up Interactive Constraint Acquisition. Tsouros, Berden,
Guns. CP 2023. [42]

e Example of smallish job-shop problem

e Boolean-Arithmetic Equations: Acquisition and Uses. Gindullin, Beldiceanu,
Cheukam-Ngouonou, Douence, Quimper. CPAIOR 2023. [18]

e Learning formulas from tables
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My Interest

"Passive" Constraint Acquisition

e Learn from positive (negative) examples
o Few (one) solutions per instances, many instances

Search for transferable model

e Learn model from samples, apply to unseen instances
Deal with large number of hidden variables

e Stored results only show actionable decisions
No membership queries for humans

e Ask more meaningful questions: Can you interrupt execution of a task on this
machine?
e Automated oracles can only answer full queries
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Examples from Books on CP

e Can we acquire the models of scheduling problems in books on CP?
e Which books? There are books?
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Books on CP

Author Title Year Pages Language CP System Exercises

P Van Hentenryck Constraint satisfaction in logic 1989 224 English CHIP[12] -
programming[20]

F. Fages Programmation logique par 1996 192 French GNU Prolog yes
contraintes[13]

K. Marriott, P. Programming with Constraints[32] 1998 467 English CLP(R)[27] yes

Stuckey

P Van Hentenryck The OPL Optimization Programming 1999 254 English OPL[22] 77
Language[21]

J. Hooker Logic-Based Methods for 2000 495 English - no
Optimization[24]

K. Apt Principles of Constraint Programming][2] 2003 407 English - yes

R. Dechter Constraint processing[11] 2003 481 English - 77

T. Frithwirth, S. Essentials of constraint programming[14] 2003 156 English CHR no

Abdennadher

K. Apt, M. Wallace Constraint Logic Programming using 2007 329 English ECLiPSe[39] yes
ECLiPSe [3]

J. Hooker Integrated Methods for Optimization[25] 2007 486 English - yes

P. Hofstedt, A. Wolf Einfiihrung in die Constraint- 2007 388 German TURTLE[19] yes

Programmierung[23]

firstcs[44]

Teaching Exercises
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Books on CP (ll)

Author Title Year Pages Language CP System Exercises
D. Poole, A. Mack- Artificial Intelligence - Foundations of 2010 900 English - yes
worth Computational Agents[35] (CsP 777)
C. Lecoutre Constraint Networks: Target- 2013 320 English 77 77
ing Simplicity for Techniques and
Algorithms[30]
A. Niederlinski A Gentle Guide to Constraint Logic 2014 509 English ECLiPSe[39] yes
Programming via ECLiPSe[34]
E. Tsang Foundations of Constraint Satisfaction: 2014 444 English 77 77
The Classic Text[41]
N. Zhou, H. Kjeller- Constraint Solving and Planning with 2015 140 English Picat[45] yes
strand, J. Fruhman Picat[46]
E. Bourreau, M. De la programmation linéaire a la 2019 348 French Gusek no
Gondran, P. La- programmation par contraintes[7] CPLEX
comme, M. Vinot GLPK
Choco[37]
E. Bourreau, M. Programmation par Contraintes[8] 2020 232 French Choco[37] no
Gondran, P. La-
comme, M. Vinot
S. Russell, P. Norvig Artificial Intelligence: A Modern 2020 1115 English - no
Approach (4th Edition)[38] (CSP 28)
M. Wallace Building Decision Support Systems - 2020 224 English MiniZinc[33] yes

using MiniZinc[43]

Teaching Exercises
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Source: Workshop on Teaching Constraint Programming,
Santanam, Simonis, 2023

Constraint Programming Education
Survey

e Tejas and myself are working on overview

paper based on workshop
e Exists in draft form, if you are interested o
e If you are teaching a CP course, please fill in

e https://forms.gle/v54HUsbSXcyHmfME9
e or contact us!
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Some Example Scheduling Problems

o Importance of data to acquire problem

o Constraint structure given as part of data, or implicit as part of problem
structure

e Very often: data hardcoded in program

e |t saves space...
e We should not teach this
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Bridge Scheduling Problem (Van Hentenryck 1989 [20])

1 ] ] 1 ] 1

H H . | N | Name | description | duration | resource I
First schedul blem with CHIP i v i i
L Irs SC e U Ing pro e WI I'T I~ PA | beginning of project I 0 1 - I
1 21 Al | excavation (abutment 1) ] 4 | excavator 1

- I 31 A2 | excavation (pillar 1) I 2 | excavator 1

1 4| A3 | excavation (pillar 2) 1 2 | excavator I

e Based on PhD thesis of Bartusch PR | e e D R
1 6 | A5 | excavation (pillar 4) 1 2 | excavator 1

I 71 A6 | excavation (abutment 2) 1 5 | excavator I

e H H 181 P1 | dation pile 1 20 | pile-driver 1

e Disjunctive Scheduling (RCPSP) R e e R e e
110 | UE | erection of temporary housing 1 10 1 - I

111 | s1 | formwork (abutment 1) 1 8 | carpentry I

13| 83 | I 4 | carpentry I

o Different types of temporal relations s ! b4 | ames
115 | 85 | ] 4 | carpentry |

126 | s6 | 2) I 10 1 arpentzy i

. H 1171 B1 | abutment 1) | 1 | concrete-mixer |

e Minimize makespan - freetvel TR QR oo chostsrndl
119 | B3 | (pillar 2) 1 1 | concrete-mixer |

120 | Ba | (pillar 3) | 1 | concrete-mixer |

121 | B5 | (pillar 4) I 1 | concrete-mixer |

122 | B6 | (abutment 2) | 1 | concrete-mixer |

123 | AB1 | concrete setting time (abutment 1)| 1 1 - I

124 | AB2 | concrete setting time (pillar 1) | 1 1 - |

-~ [ -~ [ ~ [~ 125 | AB3 | concrete setting time (pillar2) | 1 | z |

126 | AB4 | concrete setting time (pillar 3) | 1 1 - I

127 | AB5 | concrete setting time (pillar 4) | 1 1 - I

128 | AB6 | concrete setting time (abutment 2)| 1 1 - I

129 | M1 | masonry work (abutment 1) 1 16 | bricklaying 1

vz M3 o s 130 | M2 | masonry work (pillar 1) [ | bricklaying |

131 | M3 | masonry work (pillar 2) [ | bricklaying |

132 | M4 | masonry work (pillar 3) I 8 | bricklaying 1

bR 77/2% 3 s | ss 17/ 136 | TL | positioning (preformed beazer 1) | 12 | crane I

st L) 43 ) 37 | T2 | positioning (preformed bearer 2) | 12 | crane |

A AL ne, A 138 | T3 | positioning (preformed bearer 3) | 12 | crane 1

/ / 139 | T¢ | positioning (preformed beazer &) | 12 | crane |

// // 140 | T5 | positioning (preformed bearer 5) | 12 | crane I

y L 141 | UA | removal of the temporary housing | 10 I - |

2 142 | V1 | £illing 115 | caterpillar I

7 143 | v2 | £illing 2 110 | caterpillar |

144 | X1 | point 1 of cost function 1 o 1 - !

145 | K2 | point 2 of cost function | 0 | - !

/ 146 | PE | end of project I 0 I - 1

[ — I I, 1 I
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A Gentle Guide to Constraint Logic Programming (Niederlinski
2014 [34])

e Discusses many scheduling
examples

e Most are open-coded, no
i f d dat A Gentle Guide to
separation or program an ata Constraint Logic Programming
o ECLiPSe code given via ECLES

e Result visualizations given

Antoni Niederlinski
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Ship Loading Example

/%9x/

/%10%/
/*11%/
/¥12%/
/%13%/

/*14%/

/*15%/
/%16%/
/¥17%/
/%18%/
/%19%/
/%20%/
/%21%/
/%22%/
/%23%/
/%24%/
/%25%/
/%26%/
/%2T*/
/%28%/
/%29%/
/*30%/
/*31%/
/%32%/
/%33%/
/%34%/
/*35%/
/%36%/
/ %37/
/*38%/

Ls 1..400,
LD :: 1..40,
LR 1..12,
End :: 1..400

Limit :: 1..12,

cumulative(LS,LD, [R1,R2,R3,R4,R6,R6,R7),R8,R9,R10,R11,
R12,R13,R14,R15,R16,R17,R18,R19,R20,R21,R22,
R23,R24,R25,R26,R27,R28,R29,R30,R31,R32,R33,R34],

LF,Limit),

S1 + D1 #=< 82,
S1 + D1 #=< sS4,
52 + D2 #=< 83,
S3 + D3 #=< S5,
83 + D3 #=< 87,
S4 + D4 #=< S5,
S5 + Db #=< S6,
56 + D6 #=< S8,
S7 + D7 #=< S8,
S8 + D8 #=< 89,
S9 + D9 #=< S10,
S9 + D9 #=< S14,
510 + D10 #=< Si1,
S10 +

S11 +

S12 +

S13 +

S13 +

S14 +

815 +

S16 +

S17 +

S18 +

S18 +

Teaching Exercises

Task Man-hours Next task
1 12
2 16
3 12
4 24
5 25
6 10
7 12
8 2
9 2
10 6
11 2
12 10
13 4
14 15
15 6
16 9
17 12
18 14
19 4
20 4
21 4
22 8
23 28
24 40
25 16
26 3
7 3
8 12
9 8
0 9
31 6
3 X
33 6
34 6




Job-Shop (Wallace, 2020 [43])

int: n_machines;

int: n_jobs;

int: n_tasks = n_machines;

set of int: jobs = 1..n_jobs;

set of int: tasks = 1..n_tasks;

set of int: machines = 1..n_machines ;
array [jobs, tasks] of machines: jt_machine;
array [jobs, tasks] of int: jt_duration;
int: max_end = 1050 ;

array [jobs, tasks] of var 0.. max_end: jt_start;
var 0..max_end: t_end ;

constraint
forall ( j in jobs, k in 1..(n_tasks - 1) ) (
jt_start[j, k] + jt_duration[j, k] <=
jt_start[j, k + 1]
);
include "disjunctive.mzn" ;
constraint
forall(m in machines)
(disjunctive(
[jt_start[j,t]|j in jobs,t in tasks where jt_machine[],t]=m],

)

solve minimize t_end ;

[jt_duration[j,t]|j in jobs, t in tasks where jt_machine[j,t]=m])

n_j

obs = 10;

n_machines = 10;

jt_

machine = array2d(jobs, tasks,

[o,1,2,3,4,5,6,7,8,9,

ONRNNR RO
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NWRrRWOUR WA
AN WL AN
I O N DOV WO oW
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5
6
3
7
6
8
9
7

©OWhNOLDA®
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B

9,5,3,4,71);

s

2
0
2
0
1
0
0
1
0
d

_duration = array2d(jobs, tasks, [

78, 9, 36, 49, 11, 62, 56, 44, 21,
9, 75, 11, 69, 28, 46, 46, 72, 30,
85, 39, 74, 90, 10, 12, 89, 45, 33,
95, 71, 99, 9, 52, 85, 98, 22, 43,
6, 22, 61, 26, 69, 21, 49, 72, 53,
2, 52, 95, 48, 72, 47, 65, 6, 25,

37, 61, 13, 32, 21, 32, 89, 30, 55,
86, 46, 74, 32, 88, 19, 48, 36, 79,
69, 76, 51, 85, 11, 40, 89, 26, 74,
13, 61, 7, 64, 76, 47, 52, 90, 45

Teaching Exercises
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Resource-Constrained Project Scheduling Problem (RCPSP)
(Bourreau et al., 2019 [7])

e RCPSP with different approaches
o Different solvers, Choco-Solver, : —

OPL Studio == ol 2]
e Complete Java projects |

e Focus on modelling alternatives, 1
performance 0 10

. Figure 4-31. Solution optimale de valeur 45 obtenue avec la modélisation cumulative
o Partial search (LDS)

e Also considers job-shop

30
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Common Points

A good number of scheduling problems are presented
Often not in a form that allows Constraint Acquisition to work
Needs a lot of work to present data and solutions in machine readable form

Resulting models are easy for tools to find, even with single (Few) positive
examples

Teaching Exercises | nsig hT ‘9
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Format Examples
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Motivation

More and more papers attach data

But, every paper uses different format
CAideally should be able to deal with these
Broad basis for requirements analysis

Most papers do not make it easy to understand data

CP Based Scheduling Literature |nSig hT {9



Methodology

Use DBLP as primary source
Extract relevant meta-data

Text analysis of pdf to find shared concepts
Manual extraction of some features

CP Based Scheduling Literature |nS|ghT 19



Existing Literature Surveys

e Optimal methods for resource allocation and scheduling: a cross-disciplinary
survey. Lombardi, Milano. 2012 [31].
e Compares CP, MIP and hybrid methods
¢ Gives examples of models and solution methods
e From 2012, a lot of progress since then

e Applications of constraint programming in production scheduling problems:
A descriptive bibliometric analysis. Prata, Abreu, and Nagano. 2024 [36].
o Deeply flawed paper: data, methodology and analysis
e Only focuses on flow/job/open shop

CP Based Scheduling Literature |nS|ghT ‘9



Literature Survey - Recent Articles

Table 3: Articles from bibtex

Key Authors Title LC  Cite Year Journal Pages
PrataAN23 PrataAN23  Bruno A. Prata, Levi R. Abreu, Marcelo S. lications of in production [312] 2024 Results in Control and 1
Nagano ing, 1 s analysis Optimization
abs-2402-00450  abs- q Nguven Dhananjay R. Thiruvady, Y. Sun, M.  Genetic-based Constraint Programming for Resource [279] 2024 CoRR null
2402-00450 Constrained Job Scheduling
AbrenNP23 AbreuNP23 Lm Hibeiro de Abren, Mareelo Seido Nagano, A new bwo-stage constraimt programming approach for  NO [90] 2023 Int. J. Prod. Res 20
Bruno A Prata open shop scheduling problem with machine blocling
AlramNHRSA23 Bilal Omar Akram, Nor Kamariah Neordin, F. and Routing for Deter- [7] 2023 IEEE Access 16
AlramNHRSA23 Hashim, Mohd Fadlee A. Rasid, Mustafa Ismacl ‘ministie Hybrid Traffic in Tine Sensitive Networks Using
Salman, M. Abdulgh t Programming
Caballero23 Caballero2d  Jordi Call Caballero Scheduling through logic-based tools [71] 2023 Constraints An Int. J. 1
GurPAE23 GurPAE23 §. Giir, M. Pinarbasi, Haci Mehmet Alakas, T.  Operating room scheduling with surgical team: a new ap- [157] 2023 Central Eur. J. Oper. 25
Eren proach with constraint programming and goal program- Res
ming
IsikYA23 IsikYA23 Eyiip Ensar Isik, Seyda Topalogly Yildiz, Ozge  Constraint programming models for the hybrid flow shop [186] 2023 Soft Comput 28
Satir Akpunar ing, problem and its extensions
LacknerMMWW23 M. Lackner, C. Mrkvicks, N. Musliu, D. Exact methods for the Oven Scheduling Problem [224] 2023  Constraints An Int. J. 42
L Wi Walkiewicz, F. Winter
iD23 Monte-  R. Monte M. Dell’Amico Salving the Parallel Drone Scheduling Traveling Salesman [268] 2023 Algorithms 1
manniD23 Problem via Constraint Programming
iD23a Mon-  R. M. Dell'Amico Constraint programming models for the parallel drone [267] 2023 EURQ J. Comput. Op- 1
temanniD23a scheduling vehicle routing problem tim,
ShaikhK23 ShaikhK23 Aftab Ahmed Shaikh, Abdullah Ayub Khan Management of electronic ledger: a constraint program-  NO 2023 Int. J. Electron. Secur 12
ming approach for solving curricula scheduling problems Digit. Forensics
YuraszeckMCCR23 F. Yuraszeck, E. Montero, D. Canut-de-Bon, N. A Constraint P of the Multi- [406] 2023 IEEE Access 11
YuraszeckMCCR23 Cuneo, M. Rojel Mode Res Cy 1 Project ing Problem
for the Flexible Job Shop Scheduling Problem
abs-2305-19888  abs- V. Heinz, A. Novik, M. Vik, Z. Hanzdlek Constraint ing and C: ies for [170] 2023 CoRR null
230519888 Parallel Machine Scheduling with Sequence-Dependent
Setups and Common Servers
abs-2306-05747  abs-  P. Tassel, M. Gebser, K. Schekotihin An End-to-End Reinforcement Learning Approach_for [356] 2023 CoRR null
2306-05747 Job-Shop Scheduling Problems Based on Constraint Pro-
gramming
abs-2312-13682  abs-  G. Perex, G. Glorian, W. Suijlen, A. Lallouet ‘A Constraint P: Model for S the Un- [300] 2023  CoRR null
231213682 loading of Trains in Ports: Extended
AbrenN22 AbrenN22 Levi Ribeiro de Abren, Marcelo Seido Nagano ew hybridization of adaptive large neighborhood (89] 2022 Comput. Ind. Eng 1
search with constraint programming for open shop
scheduling with sequence-dependent setup times
uGGLT22 Bour-  E. Bourrean, T. Garaix, M. Gondran, P. La- A constr . base method  NO (8] 2022 Int. L Prod. Res 10
LT22 comme, N. Tehernev for the Gemeralised Workforee Schedubing and Touting
Problem (GWSRP)
Campeau(i22 L. Campeau, M. Gamache Short- and medium-term optimization of underground [r2] 2022 Constraints An Int. J. 18
Campeau(i22 mine planning using constraint programming
FetgoD22 FetgoD22 ne Betmbe Fetgo, Clémentin Tayon Horszontally Hlastic Edge-Finder Ajgorithm for Cumula- [116] 2022 Oper. Res. Forum null
sgni tive Resource Constraint Revisited
HeinzNVI22 2, A. Novak, M. Vk, Z. Hanzilek Comstraint Progranming and ronsiretive heuristics for [169] 2022 Comput. Ind. Eng. 1
HeinzNVH22 parallel machine scheduling with sequence-dependent se-

tups and common servers




Literature Survey - Extracted Concepts

Table T: Keywords by Work and Domains

Work Concepts “lassifi Constraint: ProgLanguages  CPSystems Areas Industries Benchmarks Algorithm
PrataAN23 [312] scheduling, order, job, task, ac-  single ma-  cumulative, cir- CHIP aircraft, robot, manufacturing  benchmark, time tabling

tivity, resource, machine, prece-  chine, parallel cuit energy  price, industry real world, real

dence, preempt, machine, Open dairy life,  https//,

pendent setup, Shop Scheduling hteps:/ [

span, completion time, flow Problem

time, latencss,

lin flow

date, setup time, di
scheduling, bateh process

abr-2402-00450 (279] scheduling, order, job, task, single machine  cumulative, or tools mining industry
resource, machine, precedence, disjunctive, bin
completion time, tardiness, car- packing
liness, job shop, due date, multi
agent world, Titbp://
https://, github
AbreuNPa3 [90]
AkramNHR bin packing python or tools agriculture, hmark.

A23 [7] scheduling, order, task, resource,
machine, precmpt, completion
time, distributed

)IH:Kn I/

Caballero23 [71] scheduling, resource RCPSP http://,
httpsi//
GurPAE23 [157] scheduling, order, resource, ma- eumulative eplesc physician, real life.
chine, inventory, distributed, re nurse,  patient hetps://
scheduling COVID
ikYA23 [186] scheduling, order, job, task, single machine, cumulative, cir- medical, robot  steel industry benchmark, energotic  rea-
resourco, machine, precodonco,  parallel maching  cuit, nooverlap, generated  in-  soning
preempt, sequence  dependent endbeforestart stance,  real
setup, transportation, make world, real
span, cmax. completion time, life,  Tttp://,
tardiness, earliness, flow shop, httpsi//
job shop, release dato, due date,
Ty time, distributed, batch
proce:
LacknerMAWW23 [224]  Scheduling, order, job, task, ma  sing na-  albernative umm o semiconductor,  electronics benchmark, time tabling
chine, make span. lateness, tardi-  chine, parallel  constraint Lok, OPL, ¢ oven scheduling  industry, man-  instance genera-
calinces, job. shop, rel machine, OSP cumulative, chuffed,  mini ufacturing tor, random in-
ate, duc dute, sebup bime, bateh disjunctive, sine industry, steel  stance, real life,
process nooverlap,  end- industry industrial part-
beforestart, bin ner.  hibp://
packing hbtpsi//,  zen-
ado
MontemanniD23 [268]  scheduling, order, task, resource, circuit python gurobi, or tools  robot benchmark,
machine, distributed supplemen-
tary material,
hetps:/,
MontemanniD23a [267]  scheduling, erder, task, trans- circuit python or taols benchmark,

portation, completion time http:/ /.

hitps:)/ [

Based Scheduling Literature




Literature Survey - Supplementary Materials

Table 4: Article Properties
Key Title P System Data Avail  Sol Avail  Code Avail  Based On Classification Constraints
PrataAN23 PrataAN23 of constraint in = = - - survey =
problems: A iptive bibli ic analysis
abs-2402-00450  abs-  Genetic-based Constraint P ing for Resource ¥ n - RCIS cumulatives
2402-00459 Constrained Job duling

- Y .

AbreuNP23 AbreuNP23 A new two-stage constraint programming approach for 7

apen shop scheduling problem with machine blocking
AkramNHRSA23 Toimt. Scheduling and Routing Optimization for Deter-  OR-Tools n n - TSN -
AkramNHRSA23 ministic Hybrid Traffic in Time-Sensitive Networks Using
onstraint Programming
Caballero23 Caballero23 ﬁchedulmg through logic-based tools SAT - - PhD Thesis ~ RCPSP -
GurPAE23 GurPAE23 Operating room scheduling with surgical team: a new ap-  Cplex n n - - -
proach with constraint programming and goal program-
ming
TsikYA23 IsikYA23 Constraint programming models for the hybrid How shop  OPL ¥ v - HFSP. alternative
scheduling problem and its extensions CP Opt endBeforeStart
noOverlap
cumulative
Lackner MMWW23 Exact methods for the Oven Scheduling Problem MiniZine DZN ¥ [223] 0sP alternative
Lackner MMWW OPL JSON noOverlap
MontemanniD23 Monte-  Salving the Parallel Drone Scheduling Traveling Salesman  OR-Tools ref ¥ n - PDSTSP
manniD2; Problem via Constraint Programminy
iD23a Mon- braint models for the parallel drone  OR-Tools ref n - PDSTSP cirenit
temanniDi23a scheduling vehicle routing problem multipleCire
ShaikhK23 ShaikhK23 Management of electronic ledger: a constraint program- 7 7 ? 7 ? ?
G (ur solving curricula scheduling problems
SCR23 A of the Multi- CP Opt ref n - FJSSP alternative
VurassockMCCR23 Mmle Resource-Constrained Project S ing Problem endBeforeStart
for the Flexible Job Shop ’*uLhedulmg Problem cumulative
2 abs- d C Heuristics for ¥ ¥ n - Plseq, ser|Crnaz  alternative
2305-19888 Psullsl Vinchige f-:hsduhng with Sequence-Dependent. oOverlap
Setups and Common Servers cumulative
abs-2306-05747  abs-  An End-to-End Reinforcement Learning Approach for  custom ref n - noOverlap
2306-05747 Job-Shop Scheduling Problems Based on Constraint Pro-  Choco
gramming
abs-2312-13682  abs- A Const Model for the Un- n n - SUTP table
2312-13682 loading of Teaine i Poster Dxvone disjunctive
AbreuN22 AbreuN22 A new hybridization of adaptive large neighborhood ¥ n - noOverlap
search with constraint programming for open shop
scheduling with sequence-dependent setup times
BourreauGGLT22 Bour- A based cthod
reauGGLT22 for the Generalised Workforce Scheduling and Routing
Problem (GWSRP)
CampeanG22 of CP Opt ref n pulse
CampeanG22 mine planning using constraint programming alwaysn
endBeforeStart
noOverlap
FetgoD22 FetgoD22 Harizontally Elastic Edge-Finder Algorithm for Cura'a-
tive Resource Constraint Revisited

HeinzNVH22 Constraint Programming and constructive heuristics for




Literature Survey - The same for Papers

Table 2: Paper Properties

Key Title CP System Data Avail  Sol Avail Code Avail Based On  Classification Constraints.
AalianPG23 [Optimization of Short-Term Underground Mine Planning] CP Opt n n 7
[AalianPG23| 2|
Bit-Monnot23 Bit- Search for Disjunctive] ARIES vy v - Jssp -
Monnot23 CP Opt. 0SSP
OR-Tools
Mistral
EfthymiouY?23 [Predicting the Optimal Period for Cyclic Hoist. ] OR-Tools n n - CHSP -
EfthymiouY23 Problems]
JuvinHHL23 Juvin- T _Eficient Constraint Programming Approach to Pre] CP Opt ref y PJISSP endBeforeStart
L2 Mistral =
noOverlap
JuvinHL23 JuvinHL23 |Constraint_Programming for the Robust Two-Machine] CP Opt ref n - Perm FSSP endBeforeStart
Chlex noOverlap
sameSequence
KameugneFND23 Horizontally_Elastic Edge Finder Rule for Cumulative] 7 BL n - RCPSPs cumulative
KameugneFND23| PSPlib
KimCMLLP23 KimCM-| [Tierated Greedy Constraint Programming for Scheduling] — Gurobi v n - scc alternative
LLP23| OR-Tools noOverlap
Mehdizadeh-Somarin23 amming 0del for a_Reconfigurable] CP Opt n n - Jssp alternative
i i [Job Shop Scheduling Problem with Machine Availability] RMS endBeforeStart
noOverl
PerezGSL23 |A Constraint ing Model for Scheduling the Un-|  custom n n - SUTP ble v
PerezGSL23 disjunctive
PovedaAA23 riially Preemptive  Multi__Skill/Mode _Resource-] CP Opt ¥ | PP-MS-MMRCPSP /max-cal
PovedaAA23 [Constrained Project Scheduling with _Generalized| MiniZinc
[Precedence Relations and Calendars] Chuffed
SquillaciPR23  Squil-| [Scheduling Complex Observation Requests for a Con-| ~ Cplex Studio [y n - EOSP 7
laciPR23
‘TardivoDFMP23 | Tardi- ‘onstraint Propagation on GPU: A Case Study for the] MiniCPP PSPLib v - RCPSP cumulative
VoDFMP23 MiniZine BL
‘TasselGS23 Tassel GS23| /An_End-to-End Reinforcement Learning Approach for| custom ll';czf‘:k v - Jssp noOverlap
Choco
‘WangB23 WangB23 namic All-Different and Maximal Cliques Constraints| FaCiLe ) n FIS =
YuraszeckMC23 CP Opt ref n - GSsP noOverlap
YuraszeckMC23 oup shop scheduling problem] endBeforeStart
ArmstrongGOS22 Arm- Wo-Phase Hyl pproach for the Hybrid Flexible] CP Opt ) - 3 HFFm|tt|Crax endBeforeStart
strongGOS22| [Flowshop with Transportation Times| alternative
cumulative
noOverlap
BoudreaultSLQ22 [A_ Constraint_Programming_Approach to Ship Refit] MiniZinc ] - RCPSP cumulative
BoudreaultSLQ22 Chuffed
GeitzGSSW22 firstCS i n = JsSP
GeitzGSSW22 QUBO
LiFJZLL22 LiFJZLL22 OPL ref n - BISSP endBEforeStart
CP Opt alternative

noOverlap

OuelletQ22 OuelletQ22 v - cumulative
minCumulative

OujanaAYB22 Ou- n n - HFFS alternative

[janaAYB22|



Literature Survey - Application Areas

Table 8: Papers by Domain and Keyword

Domain Keyword High Medium Low

ApplicationArens  crew scheduling PourDERB13[308] Mason01[259]. Touraivane)s[366] WangB23[301] HeinzNVH22(160] HachemiGRI1[158],
Beldieean

ApplicationArens  dairies Bartak02[33), Bartak02a[32]

ApplicationAreas  dairy Escobe Lzrrmm[nn\ PrataAN23[312]

ApplicationArcas  datacenter HermenierDL11[174 i Madi-WambaLOBM17(252], 1t
FimOS12[185], LeLurtE(‘lz[st]

ApplicationArens  datacentre

VS e e

Applicatio deep space

ApplicationArens  easth observation SquillaciPR23[346], VerfaillieL01[375 BensanalV99[51] PraletLI15[311], SimoninAHL15[342], KelarevaTK13[197], Odd-
POCO3[288]

ApplicationAreas  earth orbit SquillaciPR23[346

ApplicationArens  clectroplating Rodosek WIS[320] E[lhymmuYZX[lﬂG] Wallace¥20[380], NovasH12[286]

Application Areas

ApplicationAreas
Application Areas
ApplicationAreas

Application Areas
ApplicationAreas

Application Areas
ApplicationAreas
Application

pplication Arens
Application Areas

ApplicationAreas

Application
Application

Application Areas

Application

energy price
farming
forestry
hoist

offshore
oven scheduling
patien

perfoct square
physician

pipeline

radiation therapy
ail;

real time pricing
rectangle pack

HachemiGR11[158]
Eilymiou 23 100], WallaceY20(350].
Lodosel WOS[3:

20]
BEHOIS(3S], WangMD15(302]
TopaoguO1 1[364]

GurPAE23[157], abs-1902-01193[8],

BEHO18[338], WangMDL5[303],
Rend PHPR12[318], Simonis07[344],
Mason01[250]

L e e e

GurPAE2]|
SHnBBIO 18(365) Ilmhlnulll()[]().\]
WangMDL5[392], DejemeppeD14[93]

Rend IPHPR12[318], TopaloghiO11[364]
BeldiceanuCDP11[43], BeldiceanuCPUS[44]
GeibingerK KMMW21[133], ShinBBHOLS[338]

LopesCSM10[246], MouraSCLOS[271].
MonraSCLOSa[270], Ext1K91[109]

Frimodigs19[121]
PuurDErﬂi]a[mB] CappartS17[73],
Acuna-AgostMFGO9[4], AronssonBK09[15],
GeskeO5[139], MartinPY01[258]

VangS$19[402]

PrataAN23[319], EscobetPQPRAL[110], BenediltS
HeOGLWI1S[161], LimHTB16(234]

Winter MMW22(396], Astrand0F21[20]
AstrandOF21 [20]

IVHIS[49],

BonflettiLEM11[61] 1], BonfiettiLBM12(62] 1[242]
Kurlmn\((‘()ﬂ[QUE]‘ PapaB8[206]
LsikeYA3(186] AbreuN22[89],

HochingH1G[163), DojomeppeD 4[24,
APHPR12(318]

et Q22[291]

AleranNHRS
bingeriKK Mm\vn[lx 3] [121]
2be1902-01193f8) GodikKEK18[1%),” BoothNBIGISS).  Donla-
BiRP14103], Simonis0T(34d
] abs-2312-13682(300),  FrimodigS19[121],

GeibingerMM21(136], FrohnerTR19[122]

SubulanC22(347)

Geibinger KKMMW21[133]

BeniniBGMOG[50], WolinskiKGO4[399]

LaborieRSV18[222], Mason01[259]

HOGLW1S[161], GrimesIC

14[152)

KKMMW21[133],
|

A hkawnSTTlﬁnDN], GedikKEK18[L32], DoulabiRP 14[103],
TopaloglaO11[364]

BondreaultSLQ22[67]

MurinR19[273], DoulabiRP14[103], Simonis07(3

GurPAE23[157) WangMDI15[302],
TopalogluO11[364]

EfthymiouY23[106], PopovicCGNC22[307), HanenKP21[159],
NishikawaSTT15[250..  NishilawaSTT18a[251], Labor
ensyisiezl, o GilaHI(0L  GoolSH h
moninAl 0] 10[285], BarlattCGOS[31],

wolfvn[;o*] Kughungkx“ﬂ![ﬂ]ﬁ], GruianKO8[155], Darby-
DowmanLMZO7[86], SimonisC95[345]

BogaerdtW19[371], ZhouGL15[416], AbrilSB05[3), Wallace95[358]
LimHTB16[234]

lossigeGSMC17[260].
SchuttW10[334], Beld

mLS15[385], BeldiceanuCDP11[43],
-eanuCPOS[44]
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Literature Survey - Frequent Authors

Table 5: Co-Authors of Articles/Papers

Author Entries

Andreas Schutt va 102] KeererSSUTRLT] NoungrS17[108] Goldwasers 71146] Sehuuis 10339 s SHIG(111] EvenSH15a[112] Schut-
SFSTa(430] cpaio-ShuiFS13(020) GuSS13(156] Schutt CSW12(428) SchutFW 111332 SmWIO[334] SehatrEWOD1)

Nicolas Beldiceanu v 1) LetortBC12[228] ClereqPBJ11[81) BeldiceanuCDP11[43] BeldiceanuCPOS[44]

J. Christopher Beck o KovacsB11[210] BeckFW11(38] WatsonBOS[303] Kovacs1308[200]
CarehuaelSFOS[73 WaBBOS 101 BeckDFO7(37]

Emmanuel Hebrard 13] HL15[342] SilaAH15[340] BessiereHMQW14[53] S a1 54]
GrimesI11[150] GrimesH110[119] Grimes MOO[151] He\,ma-nvns[;ez]

Peter J. Stuckey cterSS17[217) = BurtLPS15[70]  SchuttFS13[330] SchuttFSLa[320]  Guss13[156]
SchuttCSW12 SchuatESWoo (1]

Michele Lombardi i ] BonfiettiLM1463) L 5 [62] Boni 11061]
oAb Lo d OO o3 HooeeGor07 575

Pierre Lopez [158]  JuvinHL23(159] [306] NattafALI7277] HL15[342) sizre] s ) 1

Michela Milana
Petr Vilim
Christian Artigues

John N. Hookes
Claude-Guy Quimper

Pierre Schaus
Pascal Van Hentenryck

Philippe Baptiste
Mats Carlss
Nysret Muslia

¢t Simonis
Niea Bonfeti
Zdenok Hansdlek
Philippe Labori
Gabriela P. Honning,

Emmanuel Pode
Mark Wallace
Roman Bartik

Deville
Thibaut Feydy
Roger

T

Steven Ga

Tobias Galbinger

Diarmuid Grimes

Kraysztof Kuchcinski

Laurent Michel
lovian Mischek

LabimerLH11[225] TrojetHL11[367] LopezAKYGO0[24
i [6-4] Lombard 211 ] BonfiettiLM14(63] L 5 62] Boni 11[61] L

14
LombardiM10[244] LombardiM09[243) BeniniBGM06[50)

VilimLS15[385] Vilim11(352] Vilim09[380] epaior-Vilim09[381] VilimBCOS[384] Vilim05[379] VilimBC0A[383] Vilim04[378] Vilim03[37
e R HL15[342] NattafAL15[276] 5 341 Ar
Hooker17(181] oo o68] Cirecitisoo] Cobantiolso] Hooker05(178] 5(179] Hooker04[177) 21152)
) 3] FahimiOQI[113] KameugneFGOQ18[192] OuclletQ18(200] GingrasQ16[141] BessiereHMQW14{53]
e 15[92) GayHLS15[125] GayHS15120] ayHS15(130] HoundjiSWD14[183] GaySS14[131] SchausHM-
CMD11[326)
FontaineMIHL0[17] DrenSHI5(111] BvenSilisalliz] SchausMCMDLL[320] D 73] [172]
90[10:
u,ummmx[zo] u.,mmw[zv,} BaptisteLPNOG(27] 5
7269 LotoriCB15230] Lotort BC12(228] BeldiceanuCDP11[43] ssmmnucrnn[m Beldiccamco)
Lnchmer W WES(22] IMWW21[223) GoibingorKKMMW21[133] GeibingerM M 5] abs-1911-04766(134]
KistangertiTand
30 ArmstrongGOS21[13) GrimesIOS14[152] cusiais s
BomhentEAIE(04] Bonherti660] LompArEATIS S Bonfeti4164] B LEM12(62) Bonfict LBM11(61] L
2305-10888(170] Holna VH22(160] VIKHTS1{387) BeneckaMit20[18) BenedikiSMVEL 140 Ksl\)elHu[mﬁ]
r15(222] L S BaptisteLPNOG

NovaraNH16[283] vaHu[za,] Novslt12[286] Novast m[ ] ZslmllunQH]U[‘dn’l] Zaballostios 09 ¢ erugnZHUi[!]ﬂ
HensSBLS165] HeinaKB 1316 ¥ i2lo) ReinaDisliod HoimeS11[17] BertholdALMC100

KomaB11[310] KonesK11(21 i ] KovacsEKV05(211]

dicoanuCDP11 (13 1302 BeldicennuCPOS[1d] P

u,m,\km[m VilimB005(351] Vilimb G A0S, BaroSl B kI

Hou 53] DejemeppeD14[93] SchausHMCMD11[326] MuneneDHO’l[?&ﬁ] MonetteDDO7[265]
Vounghs 71003 sumnr 101330 cpiorScuttFS13/520] SchutFSWLI[532) SchutPSW00l53
KameugneFND23[193] 41195 11[194)
BaptisteLPN06[27] 2] [296] Bap 28] [
Novas19[234]
DoulabiltP16[104] DoulabiRtP14[103] ChapadosJRI1(78] HachemiGR11[158]
oo Lum( SM10246] MouraSCLOS2T1] m.mms( SLosa(210)

i 1fo1] ]
Cmmetam DA IE D e DejemeppeD 1450
T 3 o oL

abs-1911-04766[134]

G 514(152] GrimesH11[150] GrimesHM09{151]

TurdivoDFMP23(354] SchansHMCMD11(326] Hentenryck MOS[173] HentenryckMO4[17:
abs.

oti-birsatiad
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Most Recent Papers/Articles with Supplementary Materials

Key Size Instances MetaData Format Solutions  Checker
AbreuN22 [10] 1.3MB 192 n TS n n
AntuoriHHEN21 [1] 23.3MB 120 n TS n n
ArmstrongGOS21 [4] 11MB 225 n dzn n n
BenderWS21 [5] 116KB 84 vy TS n n
Bit-Monnot23 [6] 23.5MB 357 n TS n n
GeibingerKKMMW?21 [15] 40KB n
GeibingerMM21 [16] 13.9MB n
GeitzGSSW22 [17] 16.0KB n
IsikYA23 [26] 3.9MB n
KimCMLLP23 [28] 4.1MB n
KovacsTKSG21 [29] 138MB 18 n JSON n n

CP Based Scheduling Literature
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AbreuN22 [10]

MO

33 436 108
401 221 132
177 259 155

WD

@ ow!

M1
g8 120 2e 280
] 184 250 252

® 10 214 25 469
11
12 M3

1Lz 353 53 262
14 T0 24 420
15 463 304 1e8
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AntuoriHHEN21 [1]

1 452

2 8000

)

4 0 00 PF 1550 0 40 0 3625 2

2 1 00DF 1950 1 40 0 3625 2

6 2 00 FPE 1550 1 15 0 3825 2

7 3 0 0 DE 1550 0 15 0 3625 2

8 4 01 PF 1550 0 40 3625 7250 2

9 S 0 1 DF 1550 1 40 3825 7250 2

10 € 01 PE 1950 1 15 3625 7250 2

11 7 0 1 DE 15850 0 15 3625 7250 2

12 8 0 2 PF 1950 0 40 7250 10875 2
13 S 0 2 DF 1950 1 40 7250 10875 2
14 10 0 2 PE 1950 1 15 7250 10875 2
2 11 0 2 DE 1950 0 15 7250 10875 2

L4 16 12 0 3 PF 1950 0 40 10875 14500 2

17 13 0 3 DF 1950 1 40 10875 14500 2
18 14 0 3 PE 1550 1 15 10875 14500 2
19 15 0 3 DE 1950 0 15 10875 14500 2
20 16 0 4 PF 1550 0 40 14500 18125 2
21 17 0 4 DF 1950 1 40 14500 18125 2
22 18 0 4 PE 1950 1 15 14500 18125 2
2z 15 0 4 DE 1550 0 15 14500 18125 2
24 20 0 5 PF 1950 0 40 18125 21750 2
25 21 0 5 DF 1550 1 40 18125 21750 2
26 22 0 5 PE 1550 1 15 18125 21750 2
27 23 0 5 DE 1950 0 15 18125 21750 2
28 24 0 € PF 1950 0 40 21750 25375 2
29 25 0 6 1950 1 40 21750 25375 2

CP Based Scheduling Literature



ArmstrongGOS21 [4]

e Instances in MiniZinc .dzn fFormat
e Single file per instance
[ ]

Matches program in paper

e Integers, String, Arrays, Sets

e Tedious to parse for other solvers
e Could now be replaced by JSON

e Checker is easy to add

[3,10,4,4,6,8,7,4,1,4,7,10,1,4,9,9,9,3,1,1,6,8,6,
.5,9.4,3,3,7,10,5,10,8,3,10,9,2,6,6,4,7,7,9,4,10,
capacity = [10,10,10,10,10,10,10,10];

stage =

8,2,3,6,6,8
8,8,5,9,4

11,2,3,4,5,6,7,8,1,2,3,4,5,6,7,8,1,2,3,5,6,7,1,2,3,4,5,6,7,8
5,6,7,8,1,2,3,4,5,6,7,8,1,2,3,4,5,6,7,8,1,2,2,4,5,6,7,8,1,2,
machines =

11,2,3,4,5,6,7,8,9,10}, (11,12,13, 14, 15,16,17,18,15, 20}, (21,
,78,79,80},(1,2,3,4,5,6,7,8,9,10}, {11,12,13, 14,15,16,17,18,1
4,75,76,77,78,79,80}, (1,2,3,4,5,6,7,8,5,10}, (11,12,13, 14,15,
14,15,1€,17,18,19,20), (21,22, 23, 24, 25, 26, 27, 28, 29,30} , (31,32
(11,12,13,14,15,16,17,18,19, 20}, (21,22, 23,24, 25, 26,27, 28,29,
7,8,5,10}, (11,12,13,14,15,16,17,18, 19, 20}, (21,22,23,24,25,26
2,3,4,5,6,7,8,9,10}, {11,12,13,14,15,16, 17, 18,19,20}, {21, 22,2
75,80},11,2,3,4,5,6,7,8,5,10}, {11,12,13,14,15,16,17,18,15, 20
8,9,10}, (11,12,13,14,15,16,17,18,19, 20}, (21,22, 23,24, 25,26,2
s,26,27,28,29,30}, (31,32, 33, 34, 35, 36,37, 38, 35, 40}, {41, 42,43,
22,23,24,25,26,27,28,25,30}, {31, 32, 33, 34, 35, 36,37, 38, 39, 40},
5,20}, (21,22,23,24,25,26,27,28,29,30}, (41,42, 43, 44, 45, 46, 47,
2€,27,28,29,30}, (31,32, 33, 3¢, 35, 3¢, 37, 38, 39, 40} , (41,42, 43, 4¢
,23,24,25,26,27,28,29,30}, (31,32, 33, 34, 35,36, 37, 38, 35, 40}, (4
20}, (21,22,23,24,25,26,27,28, 29,30}, (31,32,33, 34, 35, 36, 37,38
,17,18,19,20}, (21,22,23,24,25,26,27,28, 29,30}, (31,32,33,34,3
3,14,15,16,17,18,15,20}, (21,22, 23,24, 25,26,27,28,29,30}, {31,
}.{11,12,13,14,15,16,17,18,15,20}, (21, 22, 23,24, 25, 26, 27, 28,2
€,7,8,9,10}, (11,12,13,14,15,16,17,18,19,20}, (21,22, 23, 24,25,
1,2,3,4,5,6,7,8,9,10}, (11,12,13,14,15,16,17, 18, 19,20}, (21,22
8,79,80}1;

preg
(11,212,313,414,515,616,717,819,10110,11111,1212,13]13,14]1
9149,50150,51|51,52152, 53|53, 54|55, 56| 56, 57157, 58158, 59159, 6
4,95155,96|96,97|97,98]99,100|100, 101101, 1021102, 1031103, 10
1125,1301131,1321132,133|133, 134134, 135135, 1361136, 1371137
transportTime =
(11,11,111,12,211,13,311,14,411,15,511,16,611,17,711,18,811,
4,114,15,214,16,314,17,414,18,514,19,614,20,715,11,515,12, 4|
18,217,19,317,20,418,11,8(8,12,718,13,618,14,5(8,15, 418,16, 3
L1111,21,1111,22,2111,23,3111,24,4111,25,5111,26,6111,27,711
3,30,8114,21,4114,22,3114,23,2114,24,1114,25,2114,26,3114,27
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BenderwsS21 [5]

4,2,4

c4,43

30,320

0,186.454,228.75,116.595,175.71
3,2,2,3,2,2,2,3
27.5399,14.5452,44.6473,6.2793,2.5734
35.4074,25.5414,44.8147,10.3621,22.0405

e Describes format of data

. T IS TU R ey

=]
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Bit-Monnot23 [6]

Wb

88
72
83

e Mix of strings and numbers
e Text stream

o Different formats for job shop and
open shop instances

(SRS
"W

o

Times

68
50
61

CP Based Scheduling Literature

nb_jobs nb machines
10 10

0000

94
69
83
61
82

99 67 89 77

3810 41
9 36 710
6819 10
356910
10 75 6 3
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KovacsTKSG21 [29]

1 {
2 "info": {
3 E "days": 14,
4 = "objective": {
5 "penaltyPerDay": 1,
3 "w:neTimePenalty": 3
7 "jobWeight": 1,
8 "projects": []
9 - }
10 S
i; E thks [
13
14
e Nice JSON format of data o s
17 "Earllast start"
® Real-life data 18 "directly_after_. last false,
15 "free_days befors" f
e One instance per file, one file per -
instance .
24
e Task length given as float = (lengeans 220 12
» Machine capacity given as float - :?iiiciii;}fi‘?;im R
CP Based Scheduli




Challenges

Data formats are often ad-hoc, token streams common
Meaning of value depends on position in stream

Solutions very rarely provided

o |If given, only one (best) solution is given
e Sometimes can be generated from code which is provided

Checkers non-existent

For many papers, extracting the constraint model is not the challenge
¢ Finding a good solution quickly enough is

CP Based Scheduling Literature |nS|ghT ‘9
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Realistic Examples

e Two examples of a more complex nature
e Realistic, but not real problem set
e Show complexity of real-world problems

Realistic Examples |nS|g hT 19



Roadef2022 Challenge

Competition by French OR society
Roadef, European OR society Euro

Problem provided by Renault

Schedule transport of components
from suppliers to Factories

Decide when to transport item,
how to pack them into trucks

Decide how many resources
(trucks) are needed

Not a vehicle routing problem
(routes predefined and given)

Objective Minimize cost (resources
plus earliness cost of items)

Suppliers

0061910800

- 0011501900

0011141500

- 0011579600

Realistic Examples
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Input Data

Potent|a| Trucks

Supplier code;Supplier loading order;Supplier dock;Supplicr dock loading order;Plant code;Plant dock;Plant dock loading order;Product code;Arrival time;Id
truck;Length;Width;Height;Max weight;Stack with multiple docks;Max density;Max weight on the bottom item in stacks;Cost;EMmm;EMmr;CM;CJfm;CJfc; CIEh; EM;EJhr;EJCr; EJeh
0062069400;1; ;1; 0090018000;X0; 1; 852480062R; 202208182025; 230711301;14500; 2400; 2800;30000;0;1500; 1000005 1500; 12000; 31500; 7808, 000; 3800 ;1040;3330; 7300, 000;7630; 2350; 1670
0062069400;1; ;1; 0090018000;X0; 1; 745322815R; 202208182025; 2230711301;14500; 2400; 2800,
0062069400;1; ;1; 0090018000;X0;1;8201677103; 202208182025; P230711301;14500; 2400; 2800,
0062069400;1; ;1; 0090018000;X0;1; 781415006R; 202208182025; P230711301; 14500; 2400; 2800;
0062069400;1; ;1; 00950018000;X0;1; 781405634R; 202208182025; 2230711301;14500; 2400; 2800,
0062069400;1; ;1; 0090018000;X0;15821474009R; 202208182025; P230711301;14500; 2400; 28005300005 0515005 1000005 15005 12000; 31500; 7808, ooo 3800;1040;3330;7300, 000;7630; 235051670
0062069400;1; ;1; 0090018000;X0;1; 766361764R; 202208182025; 230711301;14500; 2400; 2800;30000;0;1500; 1000005 1500; 12000; 31500; 7808, 000; 3800 ;1040;3330; 7300, 000;7630; 2350; 1670
0062069400;1; ;1; 0050018000;X0;1; 791407225R; 202208182025; 230711301;14500; 2400; 2800;30000;0;1500; 1000005 1500; 12000; 31500; 7808, 000; 3800 ;1040;3330; 7300, 000;7630; 2350; 1670
10 DDE206900;1;1;0050018000;%0; 177765143028, 202208162025; 2230711301 14500; 2400; 2800, 30000; 0 1500; 100000; 1500; 12000; 21500; T80¢, 000; 38007 1040; 3330; 7300, 000;7630; 2350; 1670
11 0062069400;1;;1;0090018000;X0;1; 745326954R; 202208182025; 2230711301;14500; 2400; 2800; 3000

12 0062065400;1;;1;0090018000;%0;1;781400316R; 202208182025
13 0062069400;1;;1;0090018000;X0;1; 6251516178;202208182025; 230711301;14500; 2400; 2800;30000;0;1500; 100000; 1500; 12000; 31500; 7808, 000; 3800;1040;3330; 7300, 000;7630; 2350;1670
14 0062069400;1;;1;0090018000;X0;1;745338473R;202208182025; P230711301;14500; 2400; 2800;
5 0062069400;1;;1;0090018000;X0;1;764558550R;202208182025; 2230711301 ;14500;2400; 2800,
16 0062069400;1;;1;0090018000;X0;1;764124757R;202208182025; P230711301; 14500; 2400; 2800; i
17 0062069400;1;;1;00950018000;X0;1;781413811R;202208182025; 2230711301;14500; 2400; 2800;30000;0;1500; 1000005 1500; 12000; 31500; 7808, 000; 3800 ;1040;3330; 7300, 000;7630; 2350;1670
18 0062069400:1;;1;0090018000;X0;1; €56156707R;202208182025; 230711301;14500; 2400; 2800;30000;0;1500; 1000005 1500; 12000; 31500; 7808, 000; 3800 ;1040;3330; 7300, 000;7630; 2350; 1670
0062069400717 71; 0090018000;%0; 17 8438030598, 202208182025, 22307113017 1£500; 2400; 2800; 20000;0;1500; 1000007 1500;12000; 31500; 7808, 000; 3800; 1040; 333037300, 000;7630; 2350;1670

0062069400;1; ;1; 0090018000;X0;1; 763571 615R; 202208182025; P230711301;14500; 2400; 2800; 3000 0000;1500; 120 ; . 71040;3330;7300, 000;7630; 235051670
0062069400;1; 72350;1670
0062069400;1; 72350;1670
0062069400;1; 7235031670
0062069400;1; ; $2350;1670
0062069400;1; ;1; 0090018000;X0; 1; 765377759R; 202208182025; P230711301;14500; 2400; 2800; 5235071670

0062069400;1; ;1; 0090018000;X0; 1; 852486287R; 202208182025; P230711301;14500; 2400; 2800, 7235031670
0062069400;1; ;1; 0090018000;X0;1;8201745175;202208182025; P230711301;14500;2400; 2800; 30000;0;1500; 100000; 1500; 12000; 31500; 7808, 000; 3800;1040; 3330; 7300, 000;7630; 2350; 1670
0062069400;1; ;1; 0090018000;X0; 17 762428480R; 202208182025; P230711301;14500; 2400; 2800; 30000;0;1500; 100000; 1500; 12000; 31500; 7808, 000; 3800;1040; 3330; 7300, 000;7630; 2350; 1670
0062069400;1; ;1; 0050018000;X0; 17 762432508R; 202208182025; P230711301;14500; 2400; 2800; 30000; 0;1500; 1000005 1500; 12000; 31500; 7808, 000; 3800;1040; 3330; 7300, 000;7630; 2350;1670
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Input Data (I1)

Items to be Transported

1 Item jdgmt;Supplier code;Supplier dock;Plant code;Plant dock;Broduct code;

Package code;Number of items;Length;Width;Height;Weight;Nesting height;Stackabilit:

codejForced orientationjEarliest arrival time;Latest arrival time;Inventory cost;Max

0090018000_03072022000001; 00620654005 ; 0090018000; X0;762432908R; CON-5-0130;
0050018000; X0; 663606500R; CON-5-0130;

3 0050018000_03072022000002; 00620654007
4 0090018000_03072022000003;0025918200; ;
5 0090018000_03072022000004; 00280515007
& 0090018000_03072022000005; 00620694007
0090018000_03072022000006; 00299380007
0090018000_03072022000007; 00620694007
0090018000_03072022000008; 0062069400;

0090018000; X1;550206080R; SLI--—0770;
0050018000; X4;403007072R; ENS---0014;

0090018000; X0;764131108R; SLI—

0090018000; X
0050018000; X0; 62518927 5R; CON-S-0130;

0090018000_03072022000013; 00620694007
0090018000_03072022000014; 0062065400; ;

0090018000_03072022000024; 00620694005
0050018000_03072022000025; 00255380007
0050018000_03072022000026; 0062065400
0050018000_03072022000027; 0062060800

0090018000; X0; 8201590963 ; CON-5-0130;
0090018000; X3;272704463R; ECM--=5565;
0090018000;X0; 625191617R; CON-8=0130;
0090018000;X2;172022557R; ECM---0559;

Parameters of Problem

-5565;
~1271;
-1101;

0050018000_03072022000009; 0025938000; ; 0090018000;X3;272707927R; ECM-—-5565;
0050018000_03072022000010; 0062060800; ; 0050018000; X2;172022957R; ECM---0555;
0090018000_03072022000011; 00280519007 ; 0090018000; X4; 403008854R; ENS--~0015;
0050018000_03072022000012; 00620654007 ; 0050018000; X0; 763571 615R; SLI--~0601;

901323145R; CON-5-0130;

0090018000_03072022000015; 0025439300; ; 0090018000; X0; 8021 02463R; SLI---1200;
0050018000_03072022000016; 0062069400; ; 0090018000; X0; 8201677033; SLI---1200;
0090018000_03072022000017; 0062060800; ; 0090018000; X2; 172039318R; ECM---0555;
0050018000_03072022000018; 0062065400; ; 0090018000; X0; 8201677033; SLI---1200;
0050018000_03072022000019; 0062060800; ; 0050018000;X2;172039318! -0559;
0050018000_03072022000020; 0002853800; ; ~0770;
0090018000_03072022000021; 00620694007 -1534;
0090018000_03072022000022; 00620608007 —0555;
0090018000_03072022000023; 0062069400; ; 0090018000; X0; 776507388R; SLI---0601;

sraskabidity

3;780;570;478;81,720; 47;GERB--3195_780_570;widthwise; 202208150000;202208222025;2; 4
3;780;570;478; 96, 256; 47; GERB--3195_780_570;widthwise; 202207200000;202207212025;3; 4
€:1200; 10007 975; 577, 800;45; GERB--1213_1200_1000;none; 2022071300003 202207140602;7;100
10;1400;1225;1160;278, 500; 0; GERE--7576._1400_1225; none ; 202208250000 2022082614007 15; 100
7780;570;478; 100, 960; 47; GERB--3195_780_570; widthwise;202207080000;202207112025;1; 4
16;1400;1200;1450;7179,400;45;GERB--0475_1400_1200;none; 202208230000;202208241020;10;100
1;1600;1200;975; 1471, 600; 45; GERB--1613_1600_1200; none ; 202207130000; 2022071420257 26; 100
1;1900;1200;750; 713, 620; 45; GERB--0109_1900_1200;none; 202208100000;202208112025;13;100
12;1400;1200;1450;179,400;45;GERB--0475_1400_1200; nons; 202208080000;202208091020;10;100
8;1600;1200;1350;303, 5207 45;GERB-—1613_1600_1200;none; 202208010000;202208021800;5;100
11;1400;1225;1160;317,000; 0; GERB--7976_1400_1225;none ; 202207190000; 202207201400 16; 100
1;1200;1000;750; 227, 528;45; GERB--1213_1200_1 72022081 ; 5;100
1;780;570;478;101, 520;47; GERB--3195_780_570; widthwise;202208170000;20220818202573; 4
1;780;570;478;270,080;47; GERB--3195_780_570; width 1654
371600;1200; 930; 454, 873; 45; GERE--1613_1600_1200;none; 2022081500007 202208221735;8;100
371600;1200; 930; 547,300;45; GERB--1613_1600_1200;none; 2022072500007 202208012025;1;100
6:1600; 1200713505303, 920; 45 GERB--1613_1600_1200;none; 202208170000; 2022081814307 5;100
471600;1200; 930;547,300;45;GERB-~1613_1600_1200;none; 2022071300007202207142025;1;100
2;1600;1200;1350;303, 9207 45; GERB-—1613_1600_1200;none; 202207260000;202207271800;5;100
1;1200;1000; 575; 246, 000; 45; GERB--1213_1200_1000; none; 202207220000; 202207251600;4;100
2;1200;1000; 545; 729, 500;45; GERB--1213_1200_1000;none; 2022071800007 202207192025;2;100
1;1600;1200;1350;303, 920; 45; GERB--1613_1600_1200; none; 202208080000; 2022080914207 5;100
3;1200;1000;750; 229, 880;45; GERB--1213_1200_1000; 72022082 ; 4;100
17780;570;478;160,560;47;GERB--3155_780_S70; width ;
12;1400;1200;1450;179, 400; 45;GERB--0475_1400_1200;none; 202207220000 202207251020 105100
1;780;570;478;269,320;47; GERB--3195_780_570; widthwise;202207180000; 2022071920257 €;4
7;1600;1200;1350;303, 5207 45; GERB-—1613_1600_1200;none;202207150000;202207180915;5;100

1  Cosfficient inventory cost;Cosfficient
10;1;0,2;1800

tion cost;Coeffi

3

ient cost extra truck;timslimit (sec]
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Observations

o Data size varies between instances, but is typically (very) large

e Four stages of data availability, 150 instances in total

e One sample solution given

e But: Checker (in java) provided, normative

e Problem description 11+8 pages

e Data tables not normalized, contains much redundant information
e Normalizing data leads to UML Object Model on next slide
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Resulting Object Model
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Defined Output Format

1d truck char | P380411201
Loaded length int | 12500 mm | maz, 5z, s2¢
Weight of loaded items float 1894,31 kg
H Volume of loaded items float 14,544 m
® Th ree FI les Weight on the middle axle of the trailer (em™) | float 1875,83 kg
Weight on the rear axle of the trailer (em’) | float 1847 kg
e Trucks used
. Fleld Type | Example Comments
e Stacks built Td truck char | P380411201 | Must be defined in fhe output trucks file
. Id stack char | P330411201_1
e Pieces placed Stack code char A To be used for display (cf FIGURE 1)
X origin (s22) int 0 mm
M M Y origin (=y2 int 0 mm
e No direct link between planned and e - o
X extremity (szf) int 1010 mm
scheduled trucks Y extremity (sr7) | it 205 [
Z extremity (sz£) int 407 mm

e Concept of stack is redundant

Field Type T T
. . . . Ttem ident char | 00900160_20221201_2314 | Must be defined in the input items file
) 1d truck char P380411201 Must be defined in the output trucks file
O ne I te m resu lts I n m u ltl ple p I eces Id stack char P380411201_1 Must be defined in the output stacks file
. . Ttem code char Al To be used for display (cf FIGURE 1)
e Link between trucks, stacks, pieces Xorign | 0 i
origin int 0 mm
H H H Z origin it 0 mm
and input data by string ids X vy | 0 o
Y extremity | int 1206 mm
7 extremity | int 107 mm
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Complex Side Constraints

e Some of the constraints are not just
simple, linear formulas
e Interpretation requires detailed

o ers, (sa0+ ST physical model
= b EJ"
Z -~
. . em" EJhr '
E]r _ E‘Jeh 4 Ejh.r _ €]e ‘ :
| . . cj© 4 em y em
h tme xej +EMxEJ" ‘ I —
em" = TS ! EM
o k B X
- h o " —
" —=tmy + EM - em : ! i
cM i

_ oMxcJremh xcafh
- CJTm
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A Grand Challenge for Constraint Acquisition

e Can you extract a transferable model of this problem?
e Given the data and solutions of all problem instances

Not too hard to find packing constraints for pieces

Packing constraints for stacks are simple
Real problem

e How many stacks are needed?
e How many trucks are needed?
e Many non-trivial side constraints!

Previous competitions provide similar challenges

e There is a checker!
e Lots of instances
¢ Solutions not known until challenge end

Realistic Examples
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An Industrial Example

e ASSISTANT Siemens Energy use case
e Mid/Long-term scheduling/production planning
e Realistic/not real data

e Rather complex constraint model

Multi-stage BOM

Alternative Process Paths

Alternative machines

Quality/cost based routing preferences
Potential outsourcing of certain steps
Machine specific calendars

Infeasible release/due date pairs
Calendar dependent speed reduction
Complex manpower constraints

Realistic Examples |nsig hT ‘9



Assistant Siemens Energy Use Case

Use Case Scenarios

Schedule validation of gas turbine blades and
vanes manufacturing operations in Berlin plant
Schedule optimization to manage short-term,
mid-term and long-term load fluctuations

Generate Make-or-Buy proposals for workload
balancing within the manufacturing network

Realistic Examples | nsig hT ‘9



Digital Twin
Intelligent digital twin for process planning and scheduling SS STANT

Knowledge Graph, Data Model

Orders Data Supplier Data Quality Data Product & Process [l Machine Data || Worker Data Historical Schedule from

| 1D |Cuswmer|quanllly| Due | | D | supplier |quanmy|dellvery|...| |Bﬂ(5h| Item hie[d ra[el .
U] st [ o5 Jornn[ B[] cost | w05 [oni []

Simulation

Al-based Probability Production
Knowledge Model: Learner (T4.4) Planner (T4.4) Simulator (T4.3)
Domain and System Models

Different Visualizations Probability Production Plan Production Sche Constraint Programming Optimized Production Schedule
& Interfaces for Manual Distribution for KPIs and Analysis Model

Planning demand, lead time, {perod | 1 [2 |3 |.]

capacif
=L item 1 10 20 0

em2 0 0 10

tem3 0 10 2

Production Manager Ul (T4.2)
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SE Product Routing

51%

@
n
=}
o
=
@
=
©
=

P0045831600

Blasting

Black Coating

P0045831700

P0045831800

White Coating

P0045831 900. | |

Heat Treatment

Post Processing
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Datasets

Full Scale Datasets B |

Berlin06: 96 orders, 9 months horizon, _ o H—H—H

previous review

Berlin07: 450 orders, 4 years horizon w T P“Fﬁru ." "'H““““:‘}:
Berlin08: 559 orders, Christmas gap added _ B 5|
Berlin08a: 670 orders, filling gaps

Value in cell indicates active orders
Yellow and red colors indicate low order
volume
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Optimizer High Level Structure

[y (B (et Add/remove resources

Add/remove orders
Add/change processes
Domain Model

Representation

Y

Production engineer

Creating Scheduling Model

Enable/disable constraints
Change parameters
(Modify data) AN
Constraint Model AN
(backend solver)

Annotate/ @
Distribute

Visualization

Schedule Results Visualization R

Other Stakeholders

Realistic Examples
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Raw Data - Manual Data Entry Causes Problems

@ st

e Raw data come from spreadsheet
e 20 tabs

e Excelis a particularly bad input data
format

e Realistic, not real data

e Created by hand/automatically
from existing test scenarios

e Series of files Berlin01 - Berlin05
were too inconsistent to run

e Berlin06 still contains some errors

e Optimizer explains all issues that it
finds

Realistic Examples |nS|g hT ‘9



Domain Model - Knowledge Graph

Order

Process

Product

Resource
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Single Solution for Berlin
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Challenges For CA

Input data not fully consistent

Decide what to do with detected problems

Solution only shows active part of schedule

Large set of optional tasks not visible as not active
Input data contain many fields which are irrelevant for scheduler

e Component level information
e Nomenclature

Many task properties are computed from input data

e Understand links between multiple objects
e Time resolution/rounding
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Summary

Presented different sources for CA benchmarks from simple to complex
Few sources present all elements required for CA

Benchmarks rather than competition

Why data format is important

As authors, please provide data, solutions, checkers

Algorithms are necessary, but not sufficient for Constraint Acquisition
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