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My motivation for doing this tour:

Societal need is greater, stakes are higher — we can help

The basic premise:

We are much more likely to find our work in a controversial
setting (e.g., legal system) in the future

We've learned a lot in the last 10 years, time to put this
knowledge into practice

The premier science agency for the US Gov't uses state-of-the-
art tools

We have a history, and we can’t rest on our laurels...



The Lecture
Motivation: The
question how is

not whether to use
these more
sophisticated
tools, but how to
do it well



Path we’ll in today’s talk...

1) Understanding fundamental issues:
— The cost of too complex
— The cost of too simple

2) Constraining complexity

3) The last piece: How to finish solving a
problem in something less than geologic time



Path we’ll take for
environmental models...

1) Understanding fundamental issues:

— The cost of too complex



Model Complexity

 “The Emperor”
Anderson (1983)

e Freyberg (1988

e Hunt and Zhen
Special Session report

by Mar

(1999) AGU

Eos, Transactions, American Geophysical Union, Vol. 80, No. 3, January 19, 1999, age 29

Debating Complexity in Modeling

Complexity in modeling would seem to be
an issue of universal importance throughout
the geosciences, perhaps throughout all sci-
ence, if the debate last year among groundwa-
ter modelers is any indication. During the
discussion the following questions and obser-
vations made up the heart of the debate.

As scientists trying to understand the natural
world, how should our effort be apportioned?
We know that the natural world is charac-

terized by complex and interrelated processes.

Yet do we need to explicitly incorporate these
intricacies to perform the tasks we are charged
with? In this era of expanding computer power
and development of sophisticated preproces-
sors and postprocessors, are bigger machines
making better models? Put another way, do we
understand the natural world better now with
all these advancements in our simulation abil-
ity? Today the public’s patience for long-term
projects producing indeterminate results is
wearing thin. This increases pressure on the in-

vestigator to use the appropriate technology ef-

served that during the past 15 years problem-
atic areas (for example, untrained modelers)
have become less troublesome, but other con-
clusions from 1983 still hold. Field datasets
commensurate to the model objective are still
needed, and these data needs have become
more demanding as models have become
more complex. In thatsense, it is not the

amount but the quality of the clothes that is im-

portant. In addition, the amount of "clothes"
(or complexity) the Emperor has is driven in
many cases by the modeling objective.

Three examples were provided in Anderson’s
talk: a parsimonious model constructed for
water supply concerns, a research model de-
veloped to test a new lake package module for
MODFLOW, and a model constructed by a
company looking to obtain a permit to mine in
an environmentally sensitive area. The mine
model had the largest amount of regulatory
and public involvement and also was the most
complex. It wasso complex, in fact, that the
regulators relied on a simple two-dimensional

fractal scaling of hydraulic conductivity distri-
butions by Fred Molz indicated an increasing
degree of heterogeneity with decreasing meas-
urement scale and a belief that fractal-type
scaling may help determine appropriate meas-
urement scale and level of complexity needed
for transport modeling. An example provided
by Ken Bradbury illustrated that a complex
fractured rock setting could be simulated us-
ing the simple Wellhead Protection Area
(WHPA) code if a well’s zone of contribution
was all that was desired. If the time of travel to
the well was needed, however, only a much
more complex, multilayer model would suf-
fice. In addition, a case was presented by Glen
Champion where a coupled lake-groundwater
model was able to model drought and recov-
ery of a lake district in northern Wisconsin,
something not feasible using simpler
techniques.

Others suggested ways to tame the complex-
ity beast using approaches such as regression
methods to determine supportable and desir-
able model complexity presented by Mary Hill;
stochastic approaches to accommodate ran-
domly occurring contaminant sources in deter-
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Model Complexity: Law of
Diminishing Returns? s
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The Upshot: Models too complex = non-unique (ill-posed /
underdetermined), unstable, take longer to calibrate



1998 AGU Session Surmnmary

"...we should feel comfartable resisting the
sirens of complexity and construct simpler,
less encompassing, models.”

Hunt and Zheng (1239)

MODFLOWO98 Keynote Address
Mary Anderson/Randy Hunt: “Complexity: Does the Emperor Have Too
Many Clothes?”

John Doherty: “In Ground-water Modeling How Much Complexity is Too
Much?”



Issue Paper/

Are Models Too Simple? Arguments for

Increased Parameterization
by Randall J. Hunt', John Doherty?, and Matthew J. Tonkin3#

Abstract

The idea that models should be as simple as possible is often accepted without question. However, too much
simplification and parsimony may degrade a model’s utility. Models are often constructed to make predictions;
yet, they are commonly parameterized with a focus on calibration, regardless of whether (1) the calibration data
can constrain simulated predictions or (2) the number and type of calibration parameters are commensurate
with the hydraulic property details on which key predictions may depend. Parameterization estimated through the
calibration process is commonly limited by the necessity that the number of calibration parameters be smaller
than the number of observations. This limitation largely stems from historical restrictions in calibration and com-
puting capability; we argue here that better methods and computing capabilities are now available and should
become more widely used. To make this case, two approaches to model calibration are contrasted: (1) a trad-

2007 Ground Water 43(3): 254-262.




Path we’ll take for
environmental models...

1) Understanding fundamental issues:
— The cost of too complex
— The cost of too simple



John’s World
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Why should we add bucketsful?
Reduce structural error

What is structural error?
The error introduced to a model by oversimplification

Oversimplification?
It’s why today’s environmental models usually use
numerical models instead of analytic solutions

It’s why today’s environmental models usually use more
than 1 zone for parameterization
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A picture of structural error

What was | thinking?!




A well-understood
example of the cost of
too simple: The need
to refine a grid (TMR)
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Original objective: Using the TMR model for its
more appropriate use — to assess effects of
pumping on the stream headwaters
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New question: Where is the “bang for the
buck” w.r.t. future data collection?
Is the old regional parameterization still
appropriate?
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“For every complex
problem, there is
an answer that is
simple - and
wrong.”

H.L. Mencken




Why should would we add bucketsful?
Reduce Structural Error

What is structural error?
The error introduced to a model by oversimplification

Oversimplification?

It’s why today’s environmental models usually use
numerical models instead of analytic solutions

It's why today’s environmental models usually use more
than 1 zone for parameterization

But how do we know when we’ve oversimplified a priori?

Aye, there’s the rub....



Thinking of the issue another way:
Model = Simplification of Reality




Model = Simplification of Reality = Try#1

Okay for
getting to Wisc
but too coarse
to get to Wisc
WSC

avel

Closer to
appropriate
simplification but
still too coarse to
get to Wisc WSC



Spend more S on Model = Lesser Simplification of
Reality = Try#2
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Closer yet, but still this simplification still
does not get us to the Wisc WSC...



Seems time to re-evaluate...

1) You’ve had 2 cracks at it using this traditional
approach

— 15t Try got to the state...but, couldn’t reach the
objective of the exercise

— 2" Try built on what was learned in the 15t Try
but...cost 4 times the 1st!!

And, at the end of all this modeling, still have not
reached the objective! Your credibility = ?



Path we’ll take for
environmental models...

2) Constraining complexity



Simplification of Reality tuned for this objective
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SeC
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What did we just do?

modern computing power
modern software
Cloud Computing (more on that later)

Reached the objective quickly
With reduced uncertainty

User was in control the entire time
(algorithm was not running amok)



All are “models” of the real world, but not equal in their
ability to meet the model objective

Old Way
& RAND MCNALLY/’

Hoad Atlas

b UNITED STATES - CANADA/MEXICO

1998

1) Starts out very flexible (use anywhere in the US)

2) Ends at optimal level of detail specified by the user

What if we could do the same for environmental
models?



= USGS

science for a changing world

Office of Groundwater
Global Change Research & Development

Approaches to Highly Parameterized Inversion:
A Guide to Using PEST for Groundwater-Model Calibration

Scientific Investigations Report 2010-5169

U.S. Department of the Interior
U.S. Geological Survey

SIR 2010-5168

Pilot Points theory,
guidelines, and future
directions

SIR 2010-5169

A guide to using PEST
for Groundwater-
model calibration

SIR 2010-5211

A guide to using PEST
for model-parameter
and predictive-
uncertainty analysis




John’s World

®

understanding

understanding

K N
% model complexity

model complexity




No free lunch, all models of the nat’l world:
-are non-unique (ill-posed/underdetermined)
-are unstable
-take longer to calibrate (if they can be at all)

How to handle these ageless issues?

e Add soft-knowledge as fallback-position to
constrain inestimable parameters (= Tikhonov Regularization)

e Reduce model dimen.Sionality (= Singular Value Decomposition)
e Run the model on lots of machines (= paraliel processing)



“Parsimony”

“Simple as possible...
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model complexity

...but not simpler.”

Thus zone based models may not be
parsimonious!

Need to identify “sweet spot” on simplification



“Highly Parameterized”

Many (“bucketsful”) of parameters...

...but each optimal parameter is not
necessarily a unique value.

Adding flexibility with more parameters does not
mean high heterogeneity, parameter bullseyes,
point-calibration and over-fitting

Soft-knowledge reqularization forms the fallback



SVD

“Love it. Learn it.”

Mike Basial, CH2M Hill,
MODFLOW2008



Singular Value Decomposition

e SVD = subspace method algorithm whereby
truncated linear combinations of parameters are
solved for rather than base parameters (handles
insensitivity and correlation)




If Mike Fienen was displayed in Google Earth...

Original Image Singular values used:1 Singular values used:2 Singular values used:3 Singular values used:4

M 0 d e I | n g Singular values used:5 Singular values used:6 Singular values used:7 Singular values used:20

Analogy:

If you use too
few = degrade
fit and increase
structural error




Last Thoughts about SVD — No Free Lunch

Highly parameterized problems are not as robust to bad
guesses of initial values

— For Insensitive Parameters: SVD will put out optimal
parameters = initial value

— For Correlated Parameters: SVD will put out optimal
parameters with the same ratio as the initial values

Thus, initial values must be “in the ballpark” to avoid
GIGO



Digression: Importance of trial-and-error calibration
to get “in the ballpark”

Note: And, a traditional
(overdetermined) parameter
estimation run gives the
“ballpark” for a highly
parameterized run....

Model Misfit

# of trial-and-error model runs



Last Thoughts about SVD — No Free Lunch

Highly parameterized problems are not as robust to bad
guesses of initial values

— For Insensitive Parameters: SVD will put out optimal
parameters = initial value

— For Correlated Parameters: SVD will put out optimal
parameters with the same ratio as the initial values

Thus, initial values must be “in the ballpark” to avoid
GIGO

Worse yet, SVD still has as many model runs
as traditional approaches!



GSFLOW and the need for speed

| ' seconds to

steady-state =

seconds to [ runcsrow | run

run
—{ Declare and Initialize (step l)]

|_[ Allocate and Read (step 2) ]

FUHV COUple‘j: —[ Daily Time Loop (step 3) ]
TrOUt La ke WI = 6-14 hrs —[ Check for New Stress ]
for 20-yr simulation h

Read and Prepare (step 4) ]

Run Steady State (step 4) ]

BIaCk Ea rth Creek WI = _[PRMSLandSurface(step5)]
2'7 days fOr 23‘yr _[ Iteration Lolop (step 6) ]
simulation

—[ PRMS Soil Moisture (step 7)
Add flows from PRMS to
MODFLOW (step 8)

[ MODFLOW formulate ]
(steps 9 and 10)

Time-step loop

...not so good for lots of
parameters and
automated calibration ——
tools like PEST e
— e
o)

_[Clean and deallocate (step 15)] Markstrom et al. (2008)

Iteration Loop

Add flows from MODFLOW
to PRMS (step 11)




Path we’ll take for
environmental models...

3) The last piece: How to finish solving a
problem in something less than geologic time



Big Speedup: SVD-Assist
“Love it. Learnit.”

Mike Basial, CH2M Hill,
MODFLOW2008



Singular Value Decomposition-Assist
Tonkin and Doherty (2005)

e SVD = subspace method whereby truncated
linear combinations of parameters are solved
rather than base parameters (handles
insensitivity and correlation)

e Assist = Parameter estimation is done on “super
parameters” calculated using sensitivities
calculated at the initial values (reduces run

times)

Upshot: Number of runs reduced 10X to 100X



Bigger Speedup: “Big lron” - Cheap CPUs &
“Embarrassingly Paralle

III

Processing

—— = LAN File System Access
—— local File System Access

——= BeoPEST TCP/IP Meestges

Pest Control File
Template Files
Instruction Files
Read—only data Files

Schreuder (2009)




The World Has Changed—Outsourcing/Collaboration

e “The World is Flat”

— Discusses outsourcing in modern economy
(importance of “value added”)

— Enabled by rapid communication and an
inexpensive workforce

e Motivation for Collaboration

— Increased complexity/effort of project

e Enabling of Collaboration
— Digital nature of all aspects of our data
— Ability to wrap up and send a model

Taking advantage of the times: Cloud Computing

The World Is Flat

A BRIEF HISTORY OF
THE TWENTY-FIRST CENTURY

Thomas L. Friedman

Thomas Friedman



The PEST
Conference

November 1-3,

2009
Potomac MD

Joe Luchette et al.
(McLane and Assoc.)
Cloud Computing

Willem Schreuder
(Principia
Mathematica)
BeoPEST

Unlimited Virtual Computing Capacity using
the Cloud for Automated Parameter
Estlmatmm .

Joseph Luchette, E‘nusvl nﬁﬁﬁﬁsf McLang ll.

Liliana I. Cecan -

7 Computing
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Software-as-a-Service
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"h rastructure-as-a-Servi Platform-as-a-Service
} . 1 3

Consumer applications.

On demand creation of server
resaurces with root access.

Primarily for developers.
Usually limited to one or
two programming languages.

|

Google docs/maps b
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Windows Live
Hotmail

salesforce.com

Success. Not Software!

amazon

Elastic Compute Cloud

A ServePath Company

amazon

Elastic MapReduce
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App Enging




Wisconsin Water Science Center setup

Launch UberPEST >

¥y D

4 Microso £t Windows [Version 5.2.37981
<G> Copyright 1985-2003 Microsoft Corp.
D:\MBBData\mnfienen\NEBRASKA_MASTER\slave >uberPEST

~ - My C

1 Dedicated Master

Post-process and
send email
on completion




Cloud vs. Wisconsin Local Array

1,691 individual MODFLOW runs
'_ @ local Wisc array

M Cloud

PEST runtime (hours)

4 slaves 16 slaves 28 slaves

Hunt et al. (2010)



Non-parallel vs. parallel

O local array (2.66 GHz)
B Cloud
B local array (3.0 GHz)
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Rapid Communication for the journal Ground Water:

Rapid Communication/

Using a Cloud to Replenish Parched Groundwater
Modeling Efforts

by Randall J. Hunt', Joseph Luchette?, Willem A. Schreuder?®, James 0. Rumbaugh®*, John Doherty®®,
Matthew J. Tonkin’, and Douglas B. Rumbaugh*

Abstract

Groundwater models can be improved by introduction of additional parameter flexibility and simultaneous
use of soft-knowledge. However, these sophisticated approaches have high computational requirements. Cloud
computing provides unprecedented access to computing power via the Internet to facilitate the use of these
techniques. A modeler can create, launch, and terminate “virtual” computers as needed, paying by the hour, and
save machine images for future use. Such cost-effective and flexible computing power empowers groundwater
modelers to routinely perform model calibration and uncertainty analysis in ways not previously possible.

Introduction and alternate management scenarios with models—
Societal decision-makine on water issues—both  €specially when performing model calibration and sen-
quantity and quality —requires science-based tools such as sitivity analysis where the model is Tun many times.

computer models. Numerical models are vital for inform- ) _t Ih _ \nb_er 09 E (armer t‘ USGS

Ground Water May-June 2010, vol. 48, no. 3, pages 360-365 science for a changing warkd




"Buckets to Clouds”
Approach in a nutshell

Jse modern computing power

Use modern software

Use Cloud Computing when it fits
Target the objective and test quickly
Give results with reduced uncertainty

Require a user be in control of the
process (algorithm not running amok)




Actual 1998 AGU Session Summary

“If models are kept in the context of their objective,
we should feel comfortable resisting the sirens of
complexity and construct simpler, less

encompassing, models.”
Hunt and Zheng (1999)

Updated for 2010’s decision making:

But we should also feel free to use soft knowledge,
mathematics, and enhanced computing capability
to help us decide what is “simple as possible, but
not simpler”.







