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Our vision for the future: Digital transformation in manufacturing
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Our topic: Overcoming poor data quality

▪ Certain types of data is missing

for automated planning 

(optimization)

▪ Some of this data has high 

requirements on accuracy
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Case study: car assembly line

ML

▪ ML can retrieve large amounts of 

data..

▪ …but this data is noisy

▪ Experts validate data…

▪ ..but their time is 

limited
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Case study: Final assembly of cars at assembly lines

▪ After the start of production, assembly line operations have 

to be re-optimized repeatedly1)

▪ Required data

▫ Assembly operations (Tasks)

 Duration

 Precedence relations

 …

▫ Cycle time

▫ …
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Data on precedence relations is often missing

1) See, e.g.,  Boysen et al. 2008, Otto & Otto 2014 
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The data on precedence relations has high requirements on accuracy
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Illustrative example
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The data on precedence relations has high requirements on accuracy
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Illustrative example
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The data on precedence relations has high requirements on accuracy
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Illustrative exampleRequirements on data
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The data on precedence relations has high requirements on accuracy

▪ Required

▫ Data on all existing precedence relations
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Otherwise: 

infeasible plans may result

Illustrative exampleRequirements on data
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The data on precedence relations has high requirements on accuracy

▪ Required

▫ Data on all existing precedence relations

▪ Desired

▫ No superfluous precedence relations in the data 
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Otherwise: 

infeasible plans may result

Otherwise: 

unnecessary constraints → unnecessary 

idle time in the plan

Illustrative exampleRequirements on data
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Data on precedence relations is not available
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Information on precedence 

relations is in the heads of 

the planners 

Data is missing



Sources of data on precedence relations in the car assembly

▪ Machine learning algorithms can assists to extract the data from various data sources, e.g., 

▫ Design data: CAD (Rabemanantsoa & Pierre 1996, Worner et al. 2021)

▫ Bill of materials (Niu et al. 2003)

▫ Historical production plans, plans for similar 

production (Kashkoush & ElMaraghy 2014) 
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Wheel

Wheel discsTires Rims

Data is noisy

We cannot identify unnecessary precedence relations with certainty

➔ Infeasible plans are possible

Introduction Concept Project Results OutlookData on Precedence Relations Conclusions



Challenge: Data validation by experts is extremely time intensive

▪ Representation of an interview with the expert

▫ Specific questions to each pair of tasks („whether a precedence relation between task 𝑖 and task 𝑗 is unnecessary?“)
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Required expert time to collect data on precedence relations

Literature: 30 tasks 435 task pairs 3-4 hours

Final car assembly: 3.000 tasks 4.500.000 task pairs ≥31,000 hours

The expert time is limited ➔

use experts to validate selected data entries 
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Target precedence relations set 𝑬∗

Incudes all the required precedence relations, 

and only them

Challenge: unknown in practice
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UNKNOWN

NOISY

TOO COSTLY
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Schedule for two parallel machines

(𝒑 = 𝟐 𝒑𝒓𝒆𝒄 𝑪𝒎ax):
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A C D

The question is not trivial 

because of 

transitivity



Data Validation Problem (DVP)

▪ Dynamic optimization under uncertainty with a restricted total time budget
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Incomplete information

Initial input ≠ instance parameters

Query
Answer of 

the expert
Query

Answer of 

the expert
… …Query

Answer of 

the expert
…

State 𝑘
Remaining time 𝑡

▪Whether 𝑖 → 𝑗?

▪No, 𝑖 → 𝑗

No immediate

changes

State 𝑘 + 1
Remaining time 𝑡′



▪Yes, 𝑖 → 𝑗

Objective: Maximize the expected total weighted number of removed precedence relations within time budget 𝑇
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State 𝑘 + 1
Remaining time 𝑡′

A relation 

removed



Initial definitions: concepts of min-, max-, and target precsets

▪ Maximum precset

▫ ത𝐸, with 𝐸∗ ⊆ ത𝐸. ത𝐸 contains all real precedence relations

▪ Target precset

▫ 𝐸∗ contains exactly the real precedence relations

▫ In practice, the target precset is unknown

▪ Minimum precset

▫ 𝐸, with 𝐸 ⊆ 𝐸∗. 𝐸 does not contain unnecessary precedence relations

21
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See Otto, C., & Otto, A. (2014). Multiple-source learning precedence graph concept for the automobile industry. European Journal of Operational Research, 234, 253-265.
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Initial definitions: simple, error-resistant questions

▪ Transitivity: if A→B and B→C, then A→C

▪ Consider a question to A→E 

(indirect precedence relation in the current data base)

▫ Let the Expert confirm that A and E are independent, 

can you use this information?

▫ Would the Expert be able to answer the question to A→E at all? 

22

Assumption: Expert can only answer questions on direct precedence relations

A B C

A

B

E

▪ Direct precedence relations:

A→B, B→C

▪ Indirect precedence relations:

A→C

Current database:

No, not immediately

Prohibitively  expensive


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Data Validation Problem (DVP)

▪ Given:

▫ Set of tasks 𝑉 = 1, … , 𝑛

▫ [Initially unknown] target precset 𝐸∗ = {(𝑖, 𝑗) ∈ 𝑉 × 𝑉| 𝑖 is predecessor of 𝑗}, which is transitive and acyclic

▫ Minimum precset 𝐸 and maximum precset ത𝐸, such that 𝐸 ⊆ 𝐸∗ ⊆ ത𝐸

▫ Oracle accepts questions 𝑖, 𝑗 ∈ 𝑡− ത𝐸 : "Is 𝑖 independent from 𝑗? “

 Answer: Bernoulli random variable Ω𝑖𝑗 with success probability 𝑝𝑖j

▫ Cost to state a question 𝜏𝑖𝑗 ≥ 0

▫ Weight (importance) of a question 𝑤𝑖𝑗

▫ Total time budget 𝑇0

▪ Find:

▫ Dynamic interview policy π that maximizes the expected weighted number of positive answers of the oracle
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Lookahead: On policies for DVP
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Optimal policy is expected to remove about 10% more precedences than intuitive 

alternative policies

Introduction Concept Project Results OutlookData on Precedence Relations Conclusions



Dynamic program

▪ State

𝑆 = ത𝐸, 𝐸, 𝑇

▪ 𝑇 ≤ 𝑇0 Remaining time budget for the interview

▪ ത𝐸 Current maximum graph 

▪ 𝐸 Current minimum graph 

▪ 𝑝𝑖,𝑗 Probability of removing (𝑖, 𝑗) from the current maximum graph

▪ 𝜏𝑖,𝑗 Answering time of question to precedence relation (𝑖, 𝑗)

▪ 𝑋(𝑆) Set of feasible questions 𝑋 𝑆 = 𝑡− ത𝐸 \𝑡+ 𝐸 : 𝜏𝑖,𝑗 ≤ 𝑇

▪ Question’s contribution

▪ Bellman equation:

25

with
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Selected analytical results: Merits of expert data validation – Sufficient time budget

▪ The number of required interview questions is much lower than generally perceived

▫ Consider example with 𝑛 = 50 tasks. E.g., naïve estimate: 

▫ Alternative naïve estimate (in a typical case, see paper): 

▫ Observation: the number of direct precedences in “real-world” precsets is usually proportional to 𝑛

▫ Number of required interview questions in a typical case (see paper): 197
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Selected analytical results: Merits of expert data validation – Limited time budget

▪ Share of independencies (nominator) in the total number of queries |ℐ∗| required to derive the unknown target graph
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LSTD: Approximate Dynamic Programming Heuristic

28

▪ We selected the following K = 5 features for the value approximation function (VFA):

𝜙1 𝑆 = 𝒜 𝑆 , 𝜙2 𝑆 = 𝑇𝒜 𝑆 , 𝜙3 𝑆 = 𝑇𝒜 𝑆 , 𝜙4 𝑆 = 𝑇,𝜙4 𝑆 = 𝑇
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Numerical study

▪ Compare Dynamic data collection with Myopic and Naive data collection

▫ Dynamic data collection (LSTD): DP solved with an approximate dynamic programming approach

▫ Myopic data collection: State a question with the largest probability to discover an independence

▫ Naïve data collection: State a question randomly

▪ Data-Collection instances based on realistic SALBP instances (Otto et al., 2013)

▫ Number of task 𝑁 = 50

▫ 525 instances with order strength (OS) of the target graph in 0.2, 0.6, 0.9

▫ Initial maximum graph based on initial sequence 1: 𝑁

▫ Initial minimum graph is the empty set

▫ 𝜏𝑖,𝑗 = 1, 𝑇 = 150 ⇒ 150 questions

▫ 𝑝𝑖,𝑗 based on a similar SALBP instance

 If a precedence relation exists in the similar instance, it is likely to exists (90%)

 If a precedence relation does not exist in the similar instance, it is unlikely to exists (10%)
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Numerical study
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Case study: Final assembly line balancing of a car manufacturer (1/4)

▪ Assembly line balancing for the assembly of the cockpit (86 tasks)

▫ Time budget 𝑇0 = 300 questions (5 hours, 8.2% of total task pairs)

▫ Two objective functions examined

 Minimize the number of stations

 Minimize the cycle time
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Case study: Final assembly line balancing of a car manufacturer (2/4)

▪ Assembly line balancing for the assembly of the cockpit (86 tasks)

▫ Time budget 𝑇0 = 300 questions (5 hours, 8.2% of total task pairs)

▫ Two objective functions examined

 Minimize the number of stations

 Minimize the cycle time

▪ Importance (weights) of revealed independencies: (𝑡𝑖 + 𝑡𝑗)

32
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0.6
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Task execution plan 

with guaranteed 

feasibility, duration 

𝐶𝑚𝑎𝑥 = 6

0.2




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Case study: Final assembly line balancing of a car manufacturer (3/4)

▪ SALBP-1: Objective to minimize the idle time
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LSTD removes 0.25 stations (or 0.25/2=12.5%) more on average than other policies

Incomplete data validation reduces the number of stations by 11.25% on average



Case study: Final assembly line balancing of a car manufacturer (4/4)

▪ SALBP-2: Objective to minimize cycle time
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LSTD outperforms Myopic by up to 18.2% and Naïve by up to 90.4%

Incomplete data validation leads to a significant reduction in cycle time



Conclusions

▪ Further adapt and extend methodology to specific applications (e.g., parallel machines)

▪ Further types of queries

▫ E.g., several queries at ones
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Our envisioned contribution
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Extend the optimization of data collection and validation to other types of data
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Thank you for your 

attention!

Alena Otto 37

28.04.2026
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