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4" Emulation

Also known as “meta-modeling”

* Process of

— creating a fast surrogate for simulator or
physical system from limited amount of data

— using surrogate in place of simulator for some
purpose (e.g. optimization or uncertainty
quantification)

« Can be as simple as a least squares fit
« Can be significantly more complex
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;’ Bayesian Emulators

Also known as 2
 Gaussian Process Emulators 1-
* Bayes Linear Method ] W |
» Kriging y
+ “BLUP” or “BLUFE’ i

e
Differences among them are minor. All have:
* unadjusted mean (frequently a least squares fit)
 correction/adjustment to mean based on data

» estimated distribution about adjusted mean of
possible true surfaces
@ﬁg%giﬁal_



g '
4" Bayesian Emulators

3
Also known as 2
 Gaussian Process Emulators 1-
* Bayes Linear Method ] W |
» Kriging y
+ “BLUP” or “BLUFE’ i

Differences among them are minor & include:

* Choice of “error model” e.g. whether to restrict
(“vertical”) distribution about adjusted mean to
the normal distribution

 Method of parameter selection
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4" Bayesian Emulators

The equations for the most
common formulation are:




Bayesian Emulator
Parameter Selection

=~

* Always involves repeated inversion of error
model’'s “correlation matrix,” R

R is an N x N matrix, where N is the number of
data points

*Requirement of matrix inversion restricts emulators
to small amounts of data because, for “Large” N:

—R is poorly conditioned (numerically singular)
—Cost of inverting matrix is O(N3) operations
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4" Ensemble Emulation?2

Uses an ensemble of many small component
emulators instead of 1 large emulator

«Component emulators use small subsets of data

Benefits:
*Avoids problem of ill conditioning
«Can greatly reduce computational cost

* Allows concurrent construction & concurrent
evaluation of component emulators

 Macro emulator is non-stationary

1. Gramacy et al 2004 2. Dalbey, PhD 2009
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‘ Ensemble Emulation:
1D Example

Ensemble Emulator Prediction
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Ensemble Emulation

=K
} O(N3)— O(N M?3)

® Tesse”ate Sample |nputs & ; Assemble Minis to Macro ; Support of Mini-Emulator A
generate 2 hop neighborhood ., , X
for each sample G

e Concurrently build mini-
emulator for each sample’s
2 hop neighborhood s 0 05 1 05 o0 05

Random Variabe Random Variabe 1
« Concurrently evaluate mini-
emulator nodes of “triangles”
containing re-sample points

 The (non-stationary) macro-
emulator’'s output is the |
Welghted (by barycentrlc L -g:ndome/ariablg-? : ) -g:ndom?/ariablg.? 1
coordinates) sum of mini-

emulator outputs |
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Test Problem:

=K
» Volcanic Hazard Map

Objective: in <24 hours use 1024 processors to
generate map of probability that a (volcanic landslide)
hazard criteria will be exceeded within 10 years for the
island of Montserrat.

2 uncertain input dimensions (volcanic flow volume

and preferred initial direction)
+

2 spatial dimensions (East, North)
=4 input dimensions

Needs hundreds to thousands of simulations; each will
produce a field variable (O(10%5) data points) as output.
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4" Approach

» Used “top down” 3-level hierarchical
ensemble emulator

* Replaced global N-by-N R matrix with N
local M-by-M R matrices, N is in millions,
M is O(100) ... This reduced cost from

O(N3) to O(N M?3)
 Distributed work to nodes of supercomputer

 Generated hazard map Iin under 9 hours
using 1024 processors; goal was 24 hours
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3-Level

Hierarchical ;' ~

Emulator

C
A particular simplex
Macro-Emulator in the tessellation of
the uncertain inputs.
? LY X

Mini-Emulators A, B,
& C have different
spatial tessellations.

* . Mini-Emulator A

P i

*
~

% L

= N

Mini—Emulator B

i
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3-Level Hierarchical Emulator

 Emulator’s inputs are the tensor product of simulation
output’s physical spatial dimensions & stochastic inputs

 Error model is correlated through all emulator inputs
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3 Stages

list of list of initial hazard map
simulator resample
input input
draws draws
resample FONIUNE "
inputs and 5’ Evaluate
_____________________________ assembly Hierarchical
Build Macro info - Emulator
Emulator - - - aﬁﬂiﬂﬁlat“i‘;ﬁﬁ?iﬁﬁife

and evaluations combined in
weighted by barycentric
coordinates sum to produce a

— Delaunay Tessealtion of
simulations/sample—points

-

on order of 10 cpu—hours triangulation of data points
defines micro emulator
neighborhoods

— Micro emulators are built

by traditional means
S final hazard map

ST ~ — Determine Neighborhoods

: Y SherlniEtaShs set of component hazard maps

E (Generate i sample points within N

; : ' hops along simplex edges O B S 2

: Simulator i U T : .

i Data i macro ;esam cllzo e

i i azard maps
: — TITAN simulation (itself | emulator P
multiprocessor for each !

i sample point) : e e 5

i — Thousands of sample pomts.' dOWH Build Mini {4k

! on available clusters led cmulators 0\ Y

i (thousands of processing i S4INPIC Emulators

L eomsE i data — Built in parallel from sample Merge Hazard Maps i<_
h icall i points within N-hops '\ — Can be done in tree fashion ;
i — Each TITAN run typically | — An East-North Delaunay O S 3
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UTM North

}‘ ierarchical Emulator Results

Hazard Map: Volcanic Island of Montserrat

<1o.  P(h>0.2[m]) in next 10 years
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4" Conclusions

Replacing single global emulator built from N points with
ensemble of N component emulators built from M points

« Changes build cost from O(N*3) to O(N MA3) operations,
if N=0O(10°) & M=O(100) this is O(10°) reduction

* Avoids problem of ill-conditioned correlation matrix
* Allows ensemble “macro-emulator” to be non-stationary

* Allows for concurrent construction & concurrent evaluation
of component emulators (embarrassingly parallel)

* Allows data storage requirements to be distributed among
nodes of commodity cluster supercomputer

 Has the same degree of smoothness/continuity

Sandia
National
Laboratories



