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Outline

 Motivation: When Is Human Expertise/Judgment Needed?
• Computational Solutions to Electromagnetics Problems
• Judging Model Fidelity
• Using Analysis Results to Make Better Judgments: A Reasonable Approach? 

• Prone to Distortions from Computational System/Method of Analysis

 Why Judging the Appropriate Computational System(s)/Method(s) is Hard
• Computational Systems are Complex
• Sea Change in Computing
• Increasing Diversity of Algorithms

 A Possible Solution: Modern Benchmark Suites and Advanced Benchmarking
• What is High Performance in CEM?
• What is a Modern CEM Benchmark? Necessary Ingredients
• Example from Our Ongoing Work: Austin RCS Benchmark Suite

 Conclusion



Computational Solutions to Electromagnetics Problems

Modeling 
(Computational)

Use
Software

• Visualize & interpret results
• Investigate model parameters
• Pose & answer questions
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Original cartoon from:
https://futurama.fandom.com/wiki/
Who-Ask_Machine

Problem 
Of

Interest

• Choose “appropriate fidelity”
• Specify domain, geometry, 

frequency, EM material 
properties, sources,    
observers, …
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June 2019 Rankings  (top500.org)
1. Summit
IBM Power9
2x22 cores 3.07 GHz
+ Nvidia Volta GV100
2.41M+ cores
~148.6 Pflop/s

2. Sierra
IBM Power9
2x22 cores 3.1 GHz
+ Nvidia Volta GV100
1.57M+ cores
~94.6 Pflop/s

4. Tianhe-2A
Intel Xeon E5
2x12 cores 2.2 GHz
+Matrix-2000
4.98M+ cores
~61.4 Pflop/s

Top Supercomputers

3. Sunway TaihuLight
Sunway SW26010
4x64 cores 1.45 GHz
10.6M+ cores
~93 Pflop/s

19. Stampede 2 
Intel “Knights Landing” 
Xeon Phi 7250
68x4 cores 1.4 GHz
367K cores
~10.7Pflop/s

5. Frontera
Intel Xeon Platinum 8280
2x28 cores 2.7 GHz
~448K cores
~23.5 Pflop/s 

>500. Lonestar 5
Intel Xeon E5
2x12 cores 2.6 GHz
30K cores
~1 Pflop/s
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http://www.top500.org/system/10184


June 2019 Rankings  (top500.org)
1. Summit
IBM Power9
2x22 cores 3.07 GHz
+ Nvidia Volta GV100
2.41M+ cores
~148.6 Pflop/s

2. Sierra
IBM Power9
2x22 cores 3.1 GHz
+ Nvidia Volta GV100
1.57M+ cores
~94.6 Pflop/s

4. Tianhe-2A
Intel Xeon E5
2x12 cores 2.2 GHz
+Matrix-2000
4.98M+ cores
~61.4 Pflop/s

Top Supercomputers

3. Sunway TaihuLight
Sunway SW26010
4x64 cores 1.45 GHz
10.6M+ cores
~93 Pflop/s

5. Frontera
Intel Xeon Platinum 8280
2x28 cores 2.7 GHz
~448K cores
~23.5 Pflop/s 
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Original images from:
http://www.pinterest.com/pin/482307441326840983 https://en.wheelsage.org/hennessey/venom_gt/29384/pictures/512009/
https://bringatrailer.com/listing/2004-ferrari-360-spider-5 https://www.cnet.com/roadshow/news/1600-horsepower-hennessey-venom-f5-a-car-of-singular-purpose/

http://www.top500.org/system/10184
http://www.pinterest.com/pin/482307441326840983
https://en.wheelsage.org/hennessey/venom_gt/29384/pictures/512009/
https://bringatrailer.com/listing/2004-ferrari-360-spider-5/
https://www.cnet.com/roadshow/news/1600-horsepower-hennessey-venom-f5-a-car-of-singular-purpose/
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• Computational Solutions to Electromagnetics Problems
• Judging Model Fidelity
• Using Analysis Results to Make Better Judgments: A Reasonable Approach? 

• Prone to Distortions from Computational System/Method of Analysis
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• Computational Systems are Complex
• Sea Change in Computing
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 Conclusion



Building Models and Analyzing Them

Remember that all models are wrong; the practical

question is how wrong do they have to be to not be

useful. (p. 74)

Essentially, all models are wrong, but some are

useful. (p. 424)

(G. E. P. Box and N. R. Draper)

Original cartoon from:
http://blog.marksgroup.net/2013/05/zoho-crm-garbage-in-garbage-out-its.html
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http://www.123rf.com/photo_18862130_illustration--cartoon-character-scientist-in-laboratory-on-white-background.html


Higher-fidelity model
- Complex fracture + borehole model

What is the Appropriate Model Fidelity for this Problem? 

Refined model 
- Simple fracture + borehole model

K. Yang, C. T.-Verdin
A. E. Yilmaz, IEEE 
Trans. Geosci. 
Remote Sensing, 
Aug. 2015.

Tx Rx2

Rx1

(Over?)Simplified model
- Simple fracture
- Circular conductive disc,  
uniform features/mesh
- Borehole not modeled

2 mins of 
wall-clock time

2 hrs of 
wall-clock time

800 hrs of 
wall-clock time

10 mins

2 hrs
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What is the Appropriate Model Fidelity for this Problem?

impJ

Multilayered head-sized sphere + 
Hertzian Dipole

(Over?)simplified model

AustinWoman + 
Hertzian Dipole

J. W. Massey et al., in 
Proc. EuCAP, Apr. 2016.

AustinMan + AMF 
Antenna

AustinMan +Half-
Wavelength Dipole

1 mm

J. W. Massey and A. E. Yılmaz, 
in Proc. URSI NRSM, Jan. 2016.

( ),  (dB)tE rRefined models

impJ

Higher-fidelity models

AustinWoman + 
Implanted Sensor

F. Wei and A. E. Yilmaz, 
in Proc. ICEAA, Sep. 2012.

<1 s of 
wall-clock time

?? hrs of 
wall-clock time

?? hrs of 
wall-clock time

3 hrs, 16K CPU cores

2 hrs, 32 CPU cores 
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Model Development History

v1.0 v1.1 v1.2 v2.0 v2.1 v2.3 v2.4 v2.5 v2.6

1994-95 … 2010 2011 2012 2013 2014 2015 2016 2017 2018

v1.0 v1.1 v1.2 v2.0 v2.1 v2.2 v2.3 v2.4 v2.5 v2.6

AustinMan & AustinWoman models 
available at http://bit.ly/AustinMan

11

http://bit.ly/AustinMan


What is the Appropriate Model Fidelity for this Problem?

port model (vertical) 

16.054 mm

Model I

adhesion holes38.22 μm

29.62 μm
33.55 μm 15.63μm

17.5 μm

   

r 3.4 tan 0.03ε δ= ,  =

r 3.4 tan 0.02ε δ= ,  =

20 adhesion holes (0  0.35 mm0.25 0.15mm×
 

 
    

    
75 μm30 μm

  

 
 

 

 

R1: radius of launcher vias port model (horiz.) 

adhesion holes

Top-down view

Cross-section view

Mesh view
L3 L2

W2

W3

16.05 mm

1.26 
mm

L4
PAD 29.62 µm

radius 0.1 mm

15.63 µm 
17.5 µm 

Copper

PW

Port model

Meshed 
Vias

C. Liu, K. Aygun, and A. E. 
Yılmaz, Int. J. Num. 
Modelling: Electron. 
Netw., Dev. and Fields, 
Sep. 2019.

12
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Measurement

Air 
Solder Resist
Dielectric
Copper

Single-Ended Microstrip:

What is the Appropriate Model Fidelity for this Problem?
Analysis-Driven Modeling

adhesion holes

Cross-section view

15.63 µm 
17.5 µm 
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• Simplest model
• Sequential: ~2.5 hrs to fill, 2.5 mins to solve/freq, ~2 GB total memory
• 24 cores: ~6 mins to fill, 10 s to solve/freq, ~80 MB/core

Model I (thin PEC) 

Model I

N=7 856

What is the Appropriate Model Fidelity for this Problem?
Analysis-Driven Modeling

C. Liu, K. Aygun, and A. E. Yılmaz, 
Int. J. Num. Modelling: Electron. 
Netw., Dev. and Fields, Sep. 2019.
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Model I (thin PEC) vs. Model II (thick PEC)

• Conductor thickness: Important?
• Thickness modeling significantly more expensive

Model II

Model I

N=11 382

N=7 856

What is the Appropriate Model Fidelity for this Problem?
Analysis-Driven Modeling

C. Liu, K. Aygun, and A. E. Yılmaz, 
Int. J. Num. Modelling: Electron. 
Netw., Dev. and Fields, Sep. 2019.
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• Simple IBC+SR model: sufficient?
• Costs: Negligible over PEC (for this IBC+SR model…)

Model II (thick PEC) vs. Model III (thick IBC+SR)

Model III

Model II

N=11 382

N=11 382

1.6
rough 1 exp

2s sZ Z
s
δ  = +     

Groiss+Leontovich

What is the Appropriate Model Fidelity for this Problem?
Analysis-Driven Modeling

C. Liu, K. Aygun, and A. E. Yılmaz, 
Int. J. Num. Modelling: Electron. 
Netw., Dev. and Fields, Sep. 2019.
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Model III (thick IBC+SR) vs. Model IV (thick IBC+SR, adhesion holes)

Model IV

Model III

N=13 440

N=11 382

What is the Appropriate Model Fidelity for this Problem?
Analysis-Driven Modeling

C. Liu, K. Aygun, and A. E. Yılmaz, 
Int. J. Num. Modelling: Electron. 
Netw., Dev. and Fields, Sep. 2019.

Adhesion holes
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Launcher
Model V

Model IV

N=14 799

N=13 440

Model IV (thick IBC+SR, holes) vs Model V
(thick IBC+SR, holes, launcher)

Adhesion holes

Adhesion holes
• Launcher: Port basis change to horizontal

C. Liu, K. Aygun, and A. E. Yılmaz, 
Int. J. Num. Modelling: Electron. 
Netw., Dev. and Fields, Sep. 2019.

What is the Appropriate Model Fidelity for this Problem?
Analysis-Driven Modeling



1110−210−310−410− Normalized Surface 
Current Density 

(A/m)









C. Liu, K. Aygun, 
and A. E. Yılmaz, 
Int. J. Num. 
Modelling: 
Electron. Netw., 
Dev. and Fields, 
Sep. 2019.



1110−210−310−410− Normalized Surface 
Current Density 

(A/m)









C. Liu, K. Aygun, 
and A. E. Yılmaz, 
Int. J. Num. 
Modelling: 
Electron. Netw., 
Dev. and Fields, 
Sep. 2019.



Judging the “Appropriate Method” for a Given Model
(Some Methods are Inefficient for Some Problems)

I suppose it is

tempting, if the only

tool you have is a

hammer, to treat

everything as if it were

a nail. (p. 15)

Original image from:
https://www.dreamstime.com/stock-
photos-hammer-screw-image3879063

Reviewer’s Comment: “The manuscript provides a rather comprehensive

comparison of several numerical methods…It is the opinion of this

reviewer that the manuscript represents a high standard of research and

will be a valuable source of information in bioelectromagnetics.”

Track Editor’s Comment: “My own feeling is that people generally

choose the method they are most familiar with and/or the one that

provides the capabilities most important to them. I’m not sure that at

this point a comparison is needed. The general advantages of method A

vs. method B is known.”

Original cartoon from:
https://www.optimisation-conversion.com/wp-
content/uploads/2014/10/no-thanks-were-too-
busy-optimisation-conversion-
e1412662937341.jpg

J. W. Massey et al. “A methodology to empirically compare

computational bioelectromagnetics methods: evaluation

of three competitive methods,” IEEE Trans. Antennas

Propag., Aug. 2018.
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https://www.dreamstime.com/stock-photos-hammer-screw-image3879063
https://www.optimisation-conversion.com/wp-content/uploads/2014/10/no-thanks-were-too-busy-optimisation-conversion-e1412662937341.jpg
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• Computational Solutions to Electromagnetics Problems
• Judging Model Fidelity
• Using Analysis Results to Make Better Judgments: A Reasonable Approach? 

• Prone to Distortions from Computational System/Method of Analysis

 Why Judging the Appropriate Computational System(s)/Method(s) is Hard
• Computational Systems are Complex
• Sea Change in Computing
• Increasing Diversity of Algorithms

 A Possible Solution: Modern Benchmark Suites and Advanced Benchmarking
• What is High Performance in CEM?
• What is a Modern CEM Benchmark? Necessary Ingredients
• Example from Our Ongoing Work: Austin RCS Benchmark Suite

 Conclusion



Computational Solutions to Electromagnetics Problems

Modeling 
(Computational)

Use
Software

• Visualize & interpret results
• Investigate model parameters
• Pose & answer questions
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Original cartoon from:
https://futurama.fandom.com/wiki/W
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Problem 
Of

Interest

• Choose “appropriate fidelity”
• Specify domain, geometry, 

frequency, EM material 
properties, sources,    
observers, …
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Computational Solutions to Electromagnetics Problems

Modeling 
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Software
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• Choose “appropriate fidelity”
• Specify domain, geometry, 

frequency, EM material 
properties, sources,    
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Computational system

Computational Solutions to Electromagnetics Problems

Modeling 
(Computational)

Use
Software

• Visualize & interpret results
• Investigate model parameters
• Pose & answer questions

( ),   

            

E r t  

            (dB)

( )0  ,

            

J rs tη   

            (dB)

( )0  ,

            

J rs tη
  

            (dB)

Problem 
Of

Interest

Algorithm

• Numerical methods
• Parallelization
• Basis functions
• Solvers
• Pre- & post-processing

Software 
Implementation

• Coding
• Verification, validation
• Optimization
• User interface

Hardware
Architecture

• CPU, GPU, cluster
• Cache/memory hierarchy
• Communication network

• Choose “appropriate fidelity”
• Specify domain, geometry, 

frequency, EM material 
properties, sources,    
observers, …

25



Modern Computers

researchers in the field about state of the ars, software, 
and hardware

Research Highlights, Lawrence Livermore National Lab
Mar. 2015. 

“The end of the exponential runup
in uniprocessor performance and
the market saturation of the
general-purpose processor mark
the end of the “killer micro.” This is
a golden time for innovation in
computing architectures and
software. We have already begun
to see diversity in computer designs
to optimize for such metrics as
power and throughput. The next
generation of discoveries will
require advances at both the
hardware and the software levels.”

S. H. Fuller, L. I. Millett, Eds.; National Research Council, 2011. 

Sea Change In Computing: Performance Scaling Through 
Hardware No Longer a Given

26



Increasing Diversity of  Computational Systems

Computational system
= 

algorithm
+ 

software implementation
+ 

hardware architecture

Many systems, no universal best system.

IE-based

PDE-based

Direct Solver

Iterative Solver
Classical

Fast mat-vec
LR app. based
FFT based
FMM based

Randomized
MLRR

ACA based
ACA
ACA-SVD
MLACA
SPACA
FACA
MLFACA

SPACA-MLFACA

Freq. Dom.

Time Dom.

“In this age of specialization

men who thoroughly know

one field are often

incompetent to discuss

another.”

“A new scientific truth does

not triumph by convincing its

opponents and making them

see the light, but rather

because its opponents

eventually die, and a new

generation grows up that is

familiar with it.” (aka: “science

advances one funeral at a

time.” )

R. P. Feynman, May
1956.

Max Planck, 1948.

27
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• Computational Solutions to Electromagnetics Problems
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• What is a Modern CEM Benchmark? Necessary Ingredients
• Example from Our Ongoing Work: Austin RCS Benchmark Suite

 Conclusion



What is Benchmarking?

A tentative definition…

Benchmarking: A (scientific)

method to judge the

“performance” of a (complex)

system based on experiments

& empirical evidence.

In computer business and high-performance computing:

“Poor performance” often means “slow speed”

Occasionally, the concept of (hardware) “error” appears.

29



Typical Benchmarks for Computer Systems
30



Another Speed/“Time-to-Target” Oriented Benchmark

Original images from:
http://seatingchartview.com/circuit-americas/
https://www.wired.com/2014/05/formula-1-steering-wheels/ 
https://www.formula1.com/en/championship/inside-f1.html
https://www.formula1.com/en/championship/races/2016/Monaco.html

Benchmarking: A (scientific) method to judge the

“performance” of a (complex) system based on

experiments & empirical evidence.

31

http://seatingchartview.com/circuit-americas/
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Computational Science & Eng.: Verification, Validation, Error

Computational Engineering Science:

“Poor performance” ≡ “large error”

High-Performance Computing:

“Poor performance” ≡ “slow” /

“too much power”

“The scientific method’s central motivation is the ubiquity of error—…

mistakes and self-delusion can creep in absolutely anywhere … computation

is also highly error-prone. From the newcomer’s struggle to make even the

simplest computer program run to the seasoned professional’s frustration

when a server crashes in the middle of a large job, all is struggle against

error….the ubiquity of error has led to many responses: special programming

languages, error-tracking systems, disciplined programming efforts,

organized program testing schemes…the tendency to error is central to every

application of computing.”
D. L. Donoho et al., “Reproducible research
in computational harmonic analysis,” Comp.
Sci. Eng., Jan.-Feb. 2009.

32



Computational EM: Verification, Validation, Error

Original image from:
https://www.lanl.gov/discover/publications/
national-security-science/2013-
april/_assets/docs/punchcards-petaflops.pdf

#1 on the first Top 500 list, 1993

33

https://www.lanl.gov/discover/publications/national-security-science/2013-april/_assets/docs/punchcards-petaflops.pdf


Computational EM: Verification, Validation, Error
34



Computational EM: Verification, Validation, Error

Original image from:
http://www.slideshare.net/ultrafilter/trends-challenges-
in-supercomputing-for-eitaeitc-2012 
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Another Error-Oriented Benchmark

Original images from:
https://www.maxitlegends.com/factors-to-be-considered-while-purchasing-archery-set/ 
http://thsraidertimes.com/1136/sports/archery-is-important-too/
http://reowilde.com/news/us-open

Benchmarking: A (scientific) method to judge

the “performance” of a (complex) system

based on experiments & empirical evidence.

36
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Proto-benchmarks  vs. (quantitative) benchmarks “A benchmark has three components:
Motivating comparison…
Task sample…
Performance measures… performance is a measure
of fitness for purpose.
A proto-benchmark is a set of tests that is missing
one of these components. The most common
proto-benchmarks lack a performance measure and
are sometimes called case studies or examplars.
These are typically used to demonstrate the
features and capabilities of a new tool or
technique, and occasionally used to compare
different technologies in an exploratory manner.”
S. E. Sim, S. Easterbrook, R. C. Holt, “Using benchmarking to advance research: A
challenge to software engineering,” Proc. Int. Conf. Software Eng., May 2003.

?

What is a Modern CEM Benchmark?

 CEM R&D needs modern benchmarking
• Rapidly fragmenting computing landscape
• Empirical results make theoretical science better
• Benchmark suites can reveal performance, 

encourage and support R&D
• Judging methods tightly linked to judging models

 Rich history of “proto-benchmarks” in CEM
• Many problems, methods, and data in journal/conference publications
• Most non-replicable, not precise enough for quantitative benchmarking

 Modern computing infrastructure key enabler
• Easier to preserve/share/visualize data
• High precision comparisons possible—Plots vs. numbers

• Full replicability 
possible—Version 
control tools

38



 Key ingredients for benchmark suites [1]
• Application-specific list of scattering problems

1. Span different difficulty levels
2. Emphasize/exercise features of computational system relevant to application
3. General enough to represent different types of problems encountered
4. Problem set should evolve

• Precisely defined quantities of interest
1. Must obtain/use (much) more accurate reference results
2. Reliable analytical references whenever possible

• Performance measures
1. Error and computational cost measures
2. Also quantify computational power available to simulation and normalize costs across platforms

• Online databases

[1] J. W. Massey, C. Liu, and A. E. Yilmaz, “Benchmarking to close the credibility gap: a
computational BioEM benchmark suite,” in Proc. URSI EMTS, Aug. 2016.

Designing Modern CEM Benchmark Suites
39



Benchmarking for CEM R&D

Cost

Error

0

Computational 
System II

Computational 
System I

Benchmark 2

Cost

Error

0

Computational 
System II

Computational 
System I

Benchmark 1
Computational system

= 
algorithm

+ 
software implementation

+ 
hardware architecture

Performance definition should

include error, cost, and trade-

off between error and cost.

Many systems, no universal best system. Corollaries:

• Different computational systems  different trade-offs

between error and cost.

• Relative performance of systems will change from

benchmark to benchmark.

• Need appropriate benchmarks!

IE-based

PDE-based

Direct Solver

Iterative Solver
Classical

Fast mat-vec
LR app. based
FFT based
FMM based

Randomized
MLRR

ACA based
ACA
ACA-SVD
MLACA
SPACA
FACA
MLFACA

SPACA-MLFACA

Freq. Dom.

Time Dom.

40



41

Outline

 Motivation: When Is Human Expertise/Judgment Needed?
• Computational Solutions to Electromagnetics Problems
• Judging Model Fidelity
• Using Analysis Results to Make Better Judgments: A Reasonable Approach? 

• Prone to Distortions from Computational System/Method of Analysis

 Why Judging the Appropriate Computational System(s)/Method(s) is Hard
• Computational Systems are Complex
• Sea Change in Computing
• Increasing Diversity of Algorithms

 A Possible Solution: Modern Benchmark Suites and Advanced Benchmarking
• What is High Performance in CEM?
• What is a Modern CEM Benchmark? Necessary Ingredients
• Example from Our Ongoing Work: Austin RCS Benchmark Suite

 Conclusion



Benchmarking Database

 Features
• Problem Description

Precisely defines the model
and the quantities of interest

• Reference Data
Measurement or analytical 
reference results

• Simulation Data
Sample results for benchmark 
problems produced by UT Austin

[1] A. C. Woo, H. T. G. Wang, M. J. Schuh and M. L. Sanders, "EM programmer's notebook-benchmark radar targets for the validation of 
computational electromagnetics programs," in IEEE Ant. Propag. Mag., vol. 35, no. 1, pp. 84-89, Feb. 1993.

https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks

https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks


Measurement Uncertainty/Error/Repeatability
https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks

A. C. Woo et al., "EM programmer's notebook-benchmark radar targets for the validation 
of computational electromagnetics programs," IEEE Ant. Propag. Mag., Feb. 1993.

https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks


Problem III: Almonds-Measurements

small almond

large almond

https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks

Fig. 3: The two
almonds additively
manufactured at the
Rye Canyon site
using an SLA printer.
The picture shows the
~10-in almond and
the ~20-in almond
after they were
sanded, polished, and
coated. The center-
of-mass mark for the
~20-in almond is also
visible here.

J. T. Kelley et al., “Rye 
Canyon RCS measurements 
of benchmark almond 
targets,” to appear in IEEE 
Ant. Propag. Mag., 2019.

https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks


Problem III: Almonds-Measurements
https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks

https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks


Measurement Uncertainty/Error/Repeatability
https://github.com/UTAustinCEMGroup/AustinCEMBenchmarks
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Computational Costs (Lonestar5)

f, L 10.25 GHz, ~49ft

N 63 522 600 

Cores 4 032

Wall solve time 2 514 s

Wall fill time 1 413 s

Memory / core 2.4 GB

Iterations 121

𝜙𝜙i = 0o
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Summary & Conclusion

 Judging Models
• Is this an appropriate model? Is it too simple? Unknown a priori.
• One way to answer: Simulate as high-fidelity as practical, then decide. (Experimental/evolutionary approach)
• Problem: Computational system/method of analysis influences/distorts answer

• Analysis might appear too expensive if inappropriate method is used
• Accuracy might appear saturated (if error floor dictated by method, not model)

• Must also judge computational methods’/systems’ suitability for a given model/problem
• Methods/systems advance/evolve rapidly
• Everyone cannot be an expert in everything
• Method researchers/developers often know weaknesses of methods best and rarely expose them (until next paper)
• Objectivity, reproducibility => far from trivial

 A Possible Solution: Modern Benchmark Suites and Advanced Benchmarking
• Next-generation, publicly available benchmarks can help

• Increase credibility of computational scientists & engineers 
• Reduce importance of subjective factors
• Keep all of us better informed about latest state of EM problems & solution methods
• Combat ubiquity of human error, misleading claims, misinformation
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