HUMBOLDT-UNIVERSITAT ZU BERLIN

Stochastic Simulation with Informed Rotations of Gaussian
Quadratures

Davit Stepanyan*, Georg Zimmermann, Harald Grethe
24th Annual Conference on Global Economic Analysis

*International Agricultural Trade and Development Group
Faculty of Life Sciences

*Johann Heinrich von Thinen Institute of Farm Economics



a Traditional deterministic model

Fhor-;d pamn\e{er 1
Originaluncertain /\
0058 One
parameters parameter Fixed parameter 2 )'
' & value
certain parameter 1 /

/\ Fixed parameter 3

icertain paramater 2

A s Uncertainty quantification of the model

icertain paramater 3 nopna n par rameser 1

Use the
compiee [ = '\ h,
distribution

‘ SSA/UA becomlng a standard/good modeling Increased uncertainty associated with model
‘ practice results

Il > >



Why is UA a numerical integration

problem?

Model variable/parameter: x (e.g., yields, prices,
elasticities, etc.)

Probability density

Pdf describing the uncertainty around x: g(x)

Model function: f(x)

b
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Categorization of the methods according to
Haber (1970)

Probabilistic Efficient

Monte Carlo (MC) (Metropolis and Ulam 1949) Gaussian quadratures

» Degree 3 quadrature formulae by
Stratified sampling (e.g., Saltelli et al. 2008; Norton 2015) Stroud (1957)

Latin hypercube sampling (LHS) (Helton and Davis 2003)

Convergence evaluation
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Stroud’s (1957) theorem for
degree 3 quadrature formulae

Source: Artavia et al. (2015)
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Categorization of the methods according to
Haber (1970)

Probabilistic Efficient

Monte Carlo (MC) (Metropolis and Ulam 1949) Gaussian quadratures

» Degree 3 quadrature formulae by
Stroud (1957)

* Arndt (1996) adapted Stroud’s
formulae for integrals with MSND as a

Latin hypercube sampling (LHS) (Helton and Davis 2003) weight function
GQ=Ar +u[1..1]
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Stratified sampling (e.g. Saltelli et al. 2008; Norton 2015)

Convergence evaluation
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Current state of art

o hY
BERS Arndt (1996) Introduced Stroud’s (1957) order 3 GQ in the GTAP model.
E—

Preckel et al. (2011a)

I
Research question: The impact of limited sampling interval of the GQ method.
Finding: Sampling breadth is important for highly nonlinear models.
Preckel et al. (2011b)
I
Research question: The impact of using different linear transformation methods.
Finding: Noncrucial for the quality of the results.
Artavia et al. (2015)
I
Research question: Do rotations of Stroud's octahedron matter?
Finding: Yes, they do!
Villoria and Preckel (2017)
I
4 Research question: Evaluating the quality of GQ results compared to MC results.
‘ Finding: Large differences in the first three moments of the pdfs of the results.

¢ 06 D>



Environmental Modelling and Software 136 (2021) 104929

Contents lists available at ScienceDirect

Environmental Modelling and Software

i

EI.SEVIE journal homepage: http://www.elsevier.com/locate/envsoft

Multiple rotations of Gaussian quadratures: An efficient method for e
uncertainty analyses in large-scale simulation models

Davit Stepanyan ™ , Harald Grethe , Georg Zimmermann >, Khalid Siddig?,
Andre Deppermann ©, Arndt Feuerbacher, Jonas Luckmann *, Hugo Valin
Takamasa Nishizawa ©, Tatiana Ermolieva “, Petr Havlik ©

* International Agricultural Trade and Development Group, Humboldt-Universitat zu Berlin, Unter den Linden 6, 10099, Berlin, Germany

® Institute of Applied Mathematics and Statistics, University of Hohenheim, Schloss Hohenheim, Westhof-Siid, 70599, Stumgart, Germany

© Ecosystems Services and Management Program, International Institute for Applied Systems Analysis, Schlossplatz 1, 2361, Laxenburg, Ausiria

4 Institute of Agricultural and Food Pelicy, University of Hohenheim, Schwerzstrafie 46, 70593, Stuttgart, Germany

© Farm Economics and Ecosystem Services Group, Leibniz Cenire for Agricultural Landscape Research. Eberswalder Str. 84, 15374, Miincheberg, Germany
‘:Compurarianﬂl Science Lab, University of Hohenheim, Steckfeldstrafie 2, 70599, Smittgart. Germany

ARTICLEINFO ABSTRACT

Keywards: Concerns regarding the impact of climate change, food price volatility, and weather uncertainty have motivated
Uncertainty analysis users of simulation models to consider uncertainty in their simulations. One way to do this is to integrate un-
Systematic sensitivity analysis certainty components in the model equations, thus turning the model into a problem of numerical integration.
i;ﬁgﬁ::oz:;ﬁ:ugf Gaussian quadratures Most of these problems do not have analytical solutions, and researchers, therefore, apply numerical approxi-
Monte Carlo sampling mation methods. This article presents a novel approach to conducting an uncertainty analysis as an alternative to
Computable general equilibrium models the computatonally burdensome Monte Carlo-based (MC) methods. The developed method is based on the
Partial equilibrium models degree three Gaussian quadrature (G()) formulae and is tested using three large-scale simulation models. While
the standard single G method often produces low-quality approximations, the results of this study demonstrate
that the proposed approach reduces the approximation errors by a factor of nine using only 3.4% of the
computational effort required by the MC-based methods in the most computationally demanding model.
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Identification of good rotations

- Campolongo et al. (2007)

* Improving the EE method (Morris 1991) by maximizing the dispersion of the sampling

points in the input space.

- Dispersion of a GQ family

disp(G—Q,;) = min||xj — xl-||

JED!

max(disp (G—Q,;))
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The IRGQ method in R2
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The IRGQ method in R3
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ESIM

+ Partial equilibrium (PE) (Grethe 2012)
» GLOBAL (16 regional groups, 3 crops)
42 stochastic variables

+ Benchmarks by (Artavia et al. 2015)

Simulation models used

GLOBIOM

+ Partial equilibrium (PE) (Havlik et al.2011; Havlik et al. 2014)
* Bottom-up
* Recursive-dynamic

* Global (31 regions, 18 crops)

Dynamic CGE

Single-country

Recursive-dynamic CGE model (Diao and Thurlow 2012)
linked to the IMPACT modeling system (Robinson et al. 2015)
2012 SAM for the Sudan (Siddig et al. 2018)
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Experimental design

10 rotations with maximal dispersion for each model

10 rotations with minimal dispersion for each model

Compare with benchmarks obtained by LHS

Analyzing yield uncertainty
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Percentage deviations of the CVs of
producer prices in the “ROW"” from the
benchmarks. ESIM

Results obtained by the GQs with maximal dispersion Results obtained by the GQs with minimal dispersion
Barley Rapeseed Wheat MSE Barley Rapeseed Wheat MSE
MAX1 1.388 0.133 -0.799 0.861 MIN1 3.672 2.832 -1.627 8.050
MAX2 -3.340 0.405 -2.654 6.120 MIN2 -3.508 0.790 -4.305 10.490
MAX3 -4.052 0.855 -3.103 8.928 MIN3 -3.885 0.161 -6.760 20.272
MAX4 2.058 1.523 3.163 5.520 MIN4 -5.283 0.414 -1.956 10.637
MAX5 -3.573 0.806 -2.097 5.938 MIN5 -9.431 1.245 -8.638 55.034
MAX6 1.109 0.811 -0.262 0.652 MING6 5.387 0.931 0.685 10.117
MAX7 -3.416 0.745 -0.310 4.107 MIN7 -5.034 1.592 2.686 11.695
MAX8 -3.773 0.069 -1.987 6.064 MIN8 13.512 0.582 -2.776 63.539
MAX9 -3.909 0.035 -2.937 7.970 MIN9 -4.608 -0.572 -3.337 10.899
> MAX10 0.183 0.818 -2.245 1.914 MIN10 -5.607 -2.424 -8.037 33.972
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ESIM. Results obtained by GQs with
max dispersion vs. min dispersion

CVs of the producer prices in the rest of the world. CVs of the producer prices in the rest of the world.
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GLOBIOM. Results obtained by GQs with
max dispersion vs. min dispersion

CVs of production quantities in Indonesia and Brazil. CVs of production quantities in Indonesia and Brazil.
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Dynamic CGE. Results obtained by GQs
with max dispersion vs. min dispersion

CVs of production quantities in the Sudan. CVs of production quantities in the Sudan.
Maximal dispersion Minimal dispersion
——— Average (Max) ~  Average (Min)
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Discussion

Limitations of the IRGQ method

+ Extreme tails of the distributions are not captured
- Disadvantage: if studying the impacts of extremes
Implement IRGQ along with Preckel’s et al. (2011a) broader sampling approach

- Advantage: many models are unable to handle large shocks

Truncate the distribution of shocks vs. IRGQ

 Restricted to approximating symmetric distributions

The central idea can be applied to other distributions
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Future research agenda

Testing the proposed approaches to

Widening the sampling intervals

Extending the methods to depict asymmetric distribution
- Exploring other factors influencing the quality of the GQ method
* Reducing the dimensionality of the problem

- Applying and testing the proposed methods in other simulation models

addressing policy-relevant questions
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Dynamic CGE - closure rules

+ Fixed investments as share of total absorption

* Flexible exchange rate, fixed foreign savings

* Flexible government savings and fixed tax rates
* Labour and Land - fully employed and mobile

 Capital - fully employed and activity-specific
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GLOBIOM. Benchmark

Production price Production quantity

Crops

Groundnuts in Indonesia

®
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Maize in Indonesia
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Rice in Indonesia

Soy in Indonesia

Sugar cane in Indonesia
Barley in Brazil

Dry beans in Brazil
Cassava in Brazil

Maize in Brazil
Groundnuts in Brazil
Potatoes in Brazil

Rice in Brazil

Soya in Brazil

Sorghum in Brazil
Sugar cane in Brazil
Sweet potatoes in Brazil
Wheat in Brazil

8 Convergence range

% change in CVs compared to previous sample size
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% change in CVs compared to previous sample size

Dynamic CGE. Benchmark
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Production quantity
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Sorghum irrigated
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Groundnuts irrigated

Millet traditional rainfed
Sesame mechanized rainfed
Sesame traditional rainfed
Convergence range

Source: Stepanyan et al. 2021
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The process of identifying good
rotations

INPUT DATA
1. Vector of base values (u), and Number of rotations (k)
2. Covariance matrix (¥)

L’ LP model ‘—J

Is 3 positive
definite?

NO

g

DATA PREPARATION

Factorization of § as A-AT via
eigensystem decomposition

Generation of Stroud's matrix ()

Rotations of
Stroud's octahedron,
Is n<10?

Generate GQ families using a
randomly selected sample of
10! = 3.6 million rotations

APPLICATION OF THE METHOD

Generate GQ families using all the
possible rotations

Calculate the dispersion for all the
generated GQ families

Select k IRGQ families with the
maximal dispersion
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