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Background





Flood prone areas



Flood in 1953



Former legal flood

protection standards

53 dike ring areas

Flood protection standards

1 / 1250 per year

1 / 2000 per year

1 / 4000 per year

1 / 10,000 per year



Critical situation in 1995



Methodology





Optimize dike heights

- for each of 53 dike ring areas



How much to heighten?

Investment costs

Expected damage costs

Total costs

Costs

(euro)

Heightening (cm)



When to heighten?

x

Climate change Flood probability 

Growth of 

population and wealth
Damage costs by flooding 

Expected damage costs 

=

Increases over time



• Fixed costs involved

• Nonlinear in the heightening

Investment costs for heightening dikes



Expected damage costs 

• Flood probability x damage cost

• Nonlinear in the heightening



Suppose we have collected all these data …

How to find the optimal height over time?



1. Shortest Path Model



Graph representation (1)
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Graph representation (2)
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Graph representation (3) 
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Shortest path – optimal strategy
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Shortest path algorithm (Dijkstra)

solves the problem

within a few seconds!



Two reasons for using nonlinear 
optimization model

To get insight in structure of solution

State space is too huge for so-called 

nonhomogeneous dike ring areas



2. Nonlinear Optimization Model

     ---   homogeneous case ---



Online Appendix artikelMS_2015_11_17.dvi

https://pubsonline.informs.org/doi/suppl/10.1287/mnsc.2015.2395/suppl_file/mnsc.2015.2395-sm-appendix.pdf


Formula for flood probability 



Formula for damage



Formula for investment costs



Nonlinear optimization model Extension of:   Van Dantzig (Econometrica, 1956)

Expected damage costs Investment costs



Periodic solution 

- Problem is nonconvex

- Explicit formulas for optimal 

solution can be derived

- Optimality proof needs 24 

pages

- Optimal solution is periodic



3. Nonlinear Optimization Model

     ---   nonhomogeneous case  ---





Mixed integer nonlinear 
optimization model

- nonconvex

- 2,400 continuous and 

      600 binary variables

- 3,000 constraints

- AIMMS, CPLEX, AOA

- robust version



Result for dike ring 17



IMPACT



Impact of dike optimization project

Legend
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Efficient standards Former standards



Increase protection standards in:

 

 dike rings near Rotterdam

 dike ring Almere 

 dike ring along Rhine and Meuse

Final conclusion

A

A
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C

B

C

C



INFORMS Franz Edelman Award 2013



Edelman-winning Dutch Delta Project 

saves billions of euros and potentially 

saves the country.



Congratulations letter 

Minister Schultz van

Haegen



Implementation

Accepted by House of Parliament

Stated in law  (January, 2017) 

Implementation is still going on.



Every 30-40 years 

New safety standards 

(= Edelman award)

Every 6-12 years

Safety assessment 

Every year 

Maintenance



Questions ?
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