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Verification and validation at each step ! 
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Algorithms
(FEM, ALE, 
AMG, etc.)

Implementation
(C++, Linux, 

MPI, etc.)

Model: Governing Equations, ICs, BCs, 
Submodels (constitutive models, 
closure relations, etc.)
Here, model does not mean code

Algorithms: Generate a solvable discrete 
system; solution of the discrete system is an 
approximate solution of the model

Implementation: Compute the 
approximate solution
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– Verification: The process of determining that a model implementation 
accurately represents the developer’s conceptual description of the model 
and the solution to the model.

– Validation: The process of determining the degree to which a model is an 
accurate representation of the real world from the perspective of the 
intended uses of the model.

V&V targets applications of codes, not codes.V&V targets applications of codes, not codes.
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while 1:

  …
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Credit: D. Kothe et al., Consortium for Advanced Simulation of Light Water Reactors (CASL), 2010. 

Validation of “full-physics” 
systems is usually rare.

Validation of “single-physics” 
systems is the most 
common analysis.

Validation of “coupled-
physics” systems is often 
complex and challenging.
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• Code Verification: Given 
inputs compute exact 
error to examine code.

• UQ/SA: Given code 
(“model”) compute 
outputs to examine 
uncertainty, sensitivity.

Alternative statement: UQ/SA and 
Code Verification are 

complementary.
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Image: Kothe et al., Consortium for Advanced Simulation of 
Light Water Reactors (CASL) proposal, 2010. 

If we could validate here, we 
wouldn’t need simulations.

We can often make 
predictions with confidence 
(but it takes a lot more work 
than you might think.)

Assessments tell where to 
focus resources to reduce 
uncertainties.

Is there any evidence for the 
possibility of a catastrophic 
failure?
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#+"#+*+)(&),/#+!-/)3'7+#*
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7#+$'&*.$%2'.III7#+$'&*.$%2'.III

! F0)(C+#%+4&&+4"+%'#0)"-
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7#"@%2*'H5)@$'7#"@%2*'H5)@$'

! F%1.'#)"*+5'$64(-+4$-4+%6+]4$#,+'5)"*+6%$1'04 ++
Qde!$f

! D,)5+)"@%0@-5+5-@-$40+4..$%K)14#)%"52
" c%&-0)"*2+]4$#,+)5+(%"5)&-$-&+45+4+5.,-$-g
" c-45'$-1-"#52+@40'-+%6+$4&)'5+)5+/45-&+%"+-1.)$)(40+1-#,%&5
" D$'"(4#)%"2+@40'-+6%$+!+)5+#$'"(4#-&+4#+4+<")#-+"'1/-$==
" ?%'"&)"*2+@40'-5+6%$+)".'#+&4#4+4"&+$-5'0#5+%6+4$)#,1-#)(+
%.-$4#)%"5+4$-+$%'"&-&+)"+(%1.'#-$=
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J+"&2%&8*'00+0J+"&2%&8*'00+0

! G)E-$-"(-+/-#7--"+$-5'0#+.$%&'(-&+/9+4+*)@-"+40*%$)#,1+
'5)"*+-K4(#+4$)#,1-#)(+4"&+$-5'0#+.$%&'(-&+/9+#,-+541-+
40*%$)#,1+'5)"*+$%'"&-&+4$)#,1-#)(

! G'-+#%+#,-+)"-K4(#+$-.$-5-"#4#)%"+%6+$-40+"'1/-$5+4"&+
4$)#,1-#)(+%.-$4#)%"5+'.%"+#,-1+

! D%+'"&-$5#4"&+7,-$-+4"&+,%7+#,-9+#'$"+%'#+7-+"--&+#%+C"%7+
,%7+(%1.'#-$5+&-405+7)#,+"'1/-$5==+

! ]$$%$+4"4095)5+#-(,")I'-52+,%7+4$-+9%'$+-I'4#)%"5+5-"5)#)@-+#%+
$%'"&%E+-$$%$5+8

" J%$74$&+-$$%$+4"4095)52+7,4#+-$$%$5+&)&+9%'+14C-+8+

" U4(C74$&+-$$%$+4"4095)52+7,)(,+.$%/0-1+&)&+9%'+5%0@-+-K4(#09+8+



  20

7#+$'&*.$%2'.III7#+$'&*.$%2'.III

! F0)(C+#%+4&&+4"+%'#0)"-
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G$%/A*#+*522*#%#$'G$%/A*#+*522*#%#$'

! F0)(C+#%+4&&+4"+%'#0)"-
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!"#$%&'"()#*+,-&.%(/.%0$10!"#$%&'"()#*+,-&.%(/.%0$10

! !"#$%&'"()*+,%$-#+.&/0$!""#$%&'!()$%+("*+,%$1+$-#+2(0'%$
3+#$45&65$40$/+$,+1$7,+4$150$08)61$%+("*+,9

:5&%$(0)/%$1+$14+$'+#0$;"0%*+,%<

•   =+4$>++/$)#0$150$)--#+8&')*+,%?

• =+4$/+$@+"$10%1$150$%+A4)#0?
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(*K")'0%/5$*7%)"$5#%+&*%.*#-'*G+&/$".%+&*+,*5*L+&8*(*K")'0%/5$*7%)"$5#%+&*%.*#-'*G+&/$".%+&*+,*5*L+&8*
M';'$+@)'&#*N0+/'..M';'$+@)'&#*N0+/'..

B+.0#,&,>$
C;")*+,%

DEFC%$+#$GFC%H

F&%6#010$
C;")*+,%

I"'0#&6)($
J+("*+,%

Algorithms
(FEM, ALE, 
AMG, etc.)

Implementation
(C++, Linux, 

MPI, etc.)

Model: Governing Equations, ICs, BCs, 
Submodels (constitutive models, 
closure relations, etc.)
Here, model does not mean code

Algorithms: Generate a solvable discrete 
system; solution of the discrete system is an 
approximate solution of the model

Implementation: Compute the 
approximate solution

Another piece, not illustrated in this diagram, is 
that the model(s), algorithms, and implementation 
require input parameters which are uncertain.

Parameter Uncertainty
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D-5#*%.*/+2'*;'0%3/5#%+&BD-5#*%.*/+2'*;'0%3/5#%+&B

=+4$>++/$&%$@+"#$6+/0?

Has the algorithm 
been correctly 
implemented?

How can the 
algorithm be 
improved?

B+.0#,&,>$
C;")*+,%
DEFC%H

F&%6#010$
C;")*+,%

I"'0#&6)($
J+("*+,%

Algorithms
(FEM, ALE, 
AMG, etc.)

Implementation
(C++, Linux, 

MPI, etc.)

K+/0$L0#&M6)*+,
JNC

Code verification is a requirement for solution 
verification, validation, and UQ

Strict and loose code verification, definitions 
and practice
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D-5#*'$.'*2+*<'*&''2BD-5#*'$.'*2+*<'*&''2B

;QA\h
O40)&4#)%"

;%0'#)%"+O-$)<(4#)%"
=+4$>++/$&%$@+"#$%&'"()*+,?

=+4$>++/$&%$@+"#$6+/0?

How large is the 
numerical error?

Are these 
equations 
adequate?

B+.0#,&,>$
C;")*+,%
DEFC%H

F&%6#010$
C;")*+,%

I"'0#&6)($
J+("*+,%

K+/0$L0#&M6)*+,
JNC

Code verification is a requirement for solution 
verification, validation, and UQ

Strict and loose code verification, definitions 
and practice
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:'0%3/5#%+&*5&2*:5$%25#%+&*O:P:Q*M'3&%#%+&.:'0%3/5#%+&*5&2*:5$%25#%+&*O:P:Q*M'3&%#%+&.

O-$)<(4#)%"2+Q$-+#,-+-I'4#)%"5+5%0@-&+(%$$-(#098+
Lc4#,N

O40)&4#)%"2+Q$-+#,-+-I'4#)%"5+(%$$-(#8+
LX,95)(5N

– Verification: The process of determining that a model implementation 
accurately represents the developer’s conceptual description of the model 
and the solution to the model.

– Validation: The process of determining the degree to which a model is an 
accurate representation of the real world from the perspective of the 
intended uses of the model.

V&V targets applications of codes, not codes.V&V targets applications of codes, not codes.
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5*,'<*)+0'*%&,+0)5$*M'3&%#%+&.5*,'<*)+0'*%&,+0)5$*M'3&%#%+&.

J+A4)#0$N")(&1@$
C,>&,00#&,>$DJNCH

O),)>0$%+A4)#0$6+'-(08&1@

K+/0$L0#&M6)*+, P%%0%%$)(>+#&15'%$),/$150&#$
&'-(0'0,1)*+,$.%9$08)61$%+("*+,%

J+("*+,$L0#&M6)*+, C%*')10$/&%6#0*Q)*+,$0##+#

L)(&/)*+, P%%0%%$-5@%&6%$'+/0(%$.%9$
08-0#&'0,1)($/)1)

JP$R$SN P%%0%%$%0,%&*.&1@$+3$),%40#$1+$&,-"1$
-)#)'010#%

Q"+)"*$-&)-"#5+0)5#+6%$+.$-&)(#)@-+5)1'04#)%":+)$(/!/'+)3=

Each method of assessment is independent, 
each answers a different question. 
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9-'*(7R6*@0+@+.'2*5*:P:*<+0AS+<I9-'*(7R6*@0+@+.'2*5*:P:*<+0AS+<I

• D,)5+ORO+.$%(-55+i%7(,4$#+
)5+#4C-"+6$%1+#,-+Q;c]+
;%0)&+c-(,4")(5+ORO+
*')&-=

• j%#-+#,-+.%5)#)%"5+%6+(%&-+
@-$)<(4#)%":+(40('04#)%"+
@-$)<(4#)%":+@40)&4#)%":+4"&+
\h+)"+#,)5+7%$Ci%7+
&)4*$41=

PJOCT$*+*,-./0..1$23&4),5$#,*)#&67!8$9,!94,
*!:&4!8$9,&9,;$'"3(!8$9!:,<$:&4,=)7>!9&7?T$
P'0#&6),$J+6&01@$+3$O065),&6)($C,>&,00#%$
DUVVWH9$
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T"'.#%+&4*%.**(7R6*5@@0+5/-*+A*,+0*';'0E#-%&8B*T"'.#%+&4*%.**(7R6*5@@0+5/-*+A*,+0*';'0E#-%&8B*

! B%1-7%$C+kl2
" D$9+#%+4"57-$+#,)5+I'-5#)%"+%"+9%'$+/0%*+2+(4"+4..09+Q;c]+
7%$Ci%7+#%+19+(%1.'#4#)%"40+.$%S-(#+8+
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**9'.#.**,+0*.%)"$5#%+&.III*9'.#.**,+0*.%)"$5#%+&.III*

\")#+#-5#5

X0>#0%%&+,

L0#&M6)*+,

G0#3+#'),60
DJ6)(&,>H

G#+1+1@-0%

SQE AppsBlue -> SQE end; Red -> User end; size of box 
is relative weight

Clarify the metric for regression tests: 
yesterday’s results

Code librarian oversees building and testing 
across different platforms.

Nightly regression + verification is thousands 
of simulations, mostly small and fast. Run on 
Linux with multiple compilers, Sun, IBM

Long tests run weekly on one or two platforms 
( currently in transition)

Performance is mostly scaling. We also check 
runtimes piggy-backed on Regression.
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G+2'*:'0%3/5#%+&*(.*(*G+&#%&"+".*N0+/'..G+2'*:'0%3/5#%+&*(.*(*G+&#%&"+".*N0+/'..

! D%+5-#+'.+4+@-$)<(4#)%"+
.$%/0-1+%"(-+#4C-5+
5)*")<(4"#+-E%$#+W+5#--.+
0-4$")"*+('$@-:+
)"6$45#$'(#'$-+)5+"%#+)"+
.04(-

• X",,&,>$)$.0#&M6)*+,$),)(@%&%$@+"$5).0$')&,1)&,0/$
1)70%$'&,&')($4+#7

• Y&15+"1$#0>"()#T$)"1+')10/$.0#&M6)*+,$10%*,>T$
.0#&M6)*+,$#0%"(1%$>+$%1)(0$;"&67(@$Z$150@$/+$,+1$#0[061$
150$6"##0,1$%1)10$+3$150$6+/0

while 1:

  …

  run verification_suite
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G+2'*:'0%3/5#%+&*=.*K+#*10''G+2'*:'0%3/5#%+&*=.*K+#*10''

X$)"().40+F%5#52
! !"6$45#$'(#'$-+&-@-0%.1-"#
! D-5#+&-@-0%.1-"#
?-('$$)"*+F%5#5+W+Q+#4K+%"+&-@-0%.1-"#2
! c4)"#-"4"(-+%6+-K)5#)"*+#-5#5
! F%&-+&-@-0%.1-"#+/-(%1-5+4+@-$9+&-0)/-$4#-+.$%(-55

J"%1)&,)2(0$.0#&M6)*+,<$$\0,0M1%$+"140&>5$6+%1%$$$$$$
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G+2'*:'0%3/5#%+&*=2'&#%3'.*($8+0%#-)%/*D'5A&'..'.G+2'*:'0%3/5#%+&*=2'&#%3'.*($8+0%#-)%/*D'5A&'..'.

;)++.'$.%5-+%6+(%&-+@-$)<(4#)%"+)5+#%+<"&+/'*5=
! F%&-+@-$)<(4#)%"+%6#-"+<"&5+/'*5+#,4#+4$-+5'/#0-+
4"&+%#,-$7)5-+&)>('0#+#%+)&-"#)69=

! D,-+-9-/400+"%$1+<"&5+1%5#+%/@)%'5+/'*5+I')(C09=

G0#5)-%$)$20]0#$"%0$+3$6+/0$.0#&M6)*+,$&%$1+$>"&/0$6+/0$
/0.0(+-'0,19

• J+'0$2">%$)#0$)(>+#&15'&6$),/$6+,60-1")(9
• K+/0$.0#&M6)*+,$&/0,*M0%$)(>+#&15'&6$40)7,0%%0%9
• ^)#>0$0##+#%$)#0$)$40)7,0%%9

Enhancing code development is an additional 
benefit of code verification.
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9-'*R+.#*6U/%'&#*G+2'*:'0%3/5#%+&*%.*M+&'*>E*9-'*R+.#*6U/%'&#*G+2'*:'0%3/5#%+&*%.*M+&'*>E*
G+2'*M';'$+@'0.G+2'*M';'$+@'0.

! F%&-+&-@-0%.-$5+/-5#+'"&-$5#4"&+#,-+"'1-$)(40+
1-#,%&5+#,-9+4$-+'5)"*

! F%&-+&-@-0%.-$5+4$-+/-5#+4/0-+#%+'5-+#,-+$-5'0#5+%6+
(%&-+@-$)<(4#)%"+L4"&+%#,-$+6%$15+%6+455-551-"#N+
#%+)1.$%@-+#,-+40*%$)#,15+#,-9+'5-

All known examples of lab verification exercises 
carried out by non-code-team members were very 
expensive and often failures.
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:'0%3/5#%+&*9'.#%&8*R".#*V'*5*9'5)*6#-%/:'0%3/5#%+&*9'.#%&8*R".#*V'*5*9'5)*6#-%/

! G)5().0)"-+)5+$-I')$-&+#%+C--.+4+Y(0-4"Z+#-5#+5')#-+W+#%+
C--.+400+#-5#5+.455)"*H+Y5#%.m#,-m0)"-Z+1-"#40)#9

! !6+%"09+.4$#+%6+#,-+#-41+@40'-5+@-$)<(4#)%":+#,4#+.4$#+)5+
407495+(4$$9)"*+#,-+%#,-$+&-@-0%.-$5

! c4)"#4)")"*+4"+4'#%14#-&+@-$)<(4#)%"+#-5#+5')#-+)5++
.$%/4/09+"-(-554$9+/'#+6+:)&(+-1/)$(/*3<.&+)(

! G-@-0%.-$5+5,%'0&+/-+'5)"*+@-$)<(4#)%"+#-5#5+
)"#-$4(#)@-09
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(*&+#%+&5$*'H5)@$'*+,*;5$%25#%+&*5&5$E.%.*%$$".#05#'.*#-'*(*&+#%+&5$*'H5)@$'*+,*;5$%25#%+&*5&5$E.%.*%$$".#05#'.*#-'*
%&/+0@+05#%+&*+,*"&/'0#5%&#EI%&/+0@+05#%+&*+,*"&/'0#5%&#EI

_ SN$'015+/%$)#0$"%0/$1+$>0,0#)10$%1)*%*6)($&,3+#')*+,$+,$150$6+/0$+"1-"19
` G#+2)2&(&1@$/&%1#&2"*+,$+,$:0'-0#)1"#0T$@&A)9,A!#&$3?,%-BCCCB%D,&9"3(?C$

` K+##0()*+,%$D&909T$1#0,/%H$+3$:0'-0#)1"#0$.%9$8aT999T8I9

` O0),D:HT$J1/F0.D:HT$G#+2)2&(&1@D:$b$:6#&*6)(H

F in a l Te m p e r a t u r e  V a lu e s

0

1

2

3

4

5

Te m e p r a t u r e  [d e g  C ]

%
 in

 B
in

L)(&/)*+,<
•$K+'-)#0$%&'"()*+,$/)1)$
5&%1+>#)'$1+$)$10%1$/)1)$
5&%1+>#)'9
•$N"),*3@$)'+",1$+3$c+.0#()-d$
201400,$5&%1+>#)'%9
•$P%%0%%$%"e6&0,6@$+3$+.0#()-9

Test DataO+/RJ&'$
F)1)

S,60#1)&,1@$N"),*M6)*+,<
_$SN$'015+/%$>0,0#)10$),$
0,%0'2(0$+3$'+/R%&'$/)1)9

K#0/&1<$:&'$:#"6),+

The eyeball norm is dead. Long live UQ!

Well, that is the day we are hoping for.

fW
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K+'-(08$-#+2(0'%$#0;"&#0$)$
5&0#)#65&6)($)--#+)65$1+$.)(&/)*+,9

Credit: D. Kothe et al., Consortium for Advanced Simulation of Light Water Reactors (CASL), 2010. 

Validation of “full-physics” 
systems is usually rare.

Validation of “single-physics” 
systems is the most 
common analysis.

Validation of “coupled-
physics” systems is often 
complex and challenging.
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:'0%3/5#%+&*%.**+0#-+8+&5$*#+*WT*5&2*7(:'0%3/5#%+&*%.**+0#-+8+&5$*#+*WT*5&2*7(

B+.0#,&,>$
C;")*+,%

F&%6#010$
C;")*+,%$$$$$

$$$

P--#+8&')10$
J+("*+,%

E,-"1%<$-)#)'010#%$1+$>+.0#,&,>$
0;")*+,%T$)(>+#&15'%T$),/$/&%6#010$

0;")*+,%

!"1-"1%<$;"),**0%$+3$
&,10#0%1

• Code Verification: Given 
inputs compute exact 
error to examine code.

• UQ/SA: Given code 
(“model”) compute 
outputs to examine 
uncertainty, sensitivity.

Alternative statement: UQ/SA and 
Code Verification are 

complementary.

J&'"()*+,

Governing equations includes BCs, ICs, and auxiliary models 
(material models)

UQ/SA does not say anything about how good your black box is – 
the black box is an input to UQ and SA.

Similarly, code verification does not say anything about different 
values of the inputs.

UQ, SA originated in fields where models were cheap, no deep 
knowledge embedded in them, very often empirical.

Applying UQ, SA to complex software systems is a new 
application area, and perhaps more thought is needed to identify 
the implications

In V&V, I say the model is the governing equations.

In UQ, SA, the model is the approximate solutions.  More on the 
next slide.     
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:50$3",/)'0,1)($10,%&+,<$M,/$+"1$)%$'"65$)%$@+"$6),T$2"1$
#06+>,&Q0$@+"$6),i1$0(&'&,)10$)(($#&%7

Image: Kothe et al., Consortium for Advanced Simulation of 
Light Water Reactors (CASL) proposal, 2010. 

If we could validate here, we 
wouldn’t need simulations.

We can often make 
predictions with confidence 
(but it takes a lot more work 
than you might think.)

Assessments tell where to 
focus resources to reduce 
uncertainties.

Is there any evidence for the 
possibility of a catastrophic 
failure?
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9%)*90"/5&+X.*+>.'0;5#%+&.*+&*:P:Y9%)*90"/5&+X.*+>.'0;5#%+&.*+&*:P:Y

• n-9+ORO+#,-1-5+,4@-+"%#+(,4"*-&+Y6%$+&-(4&-5Z2

jV

• :#"6),+i%$3+"#$&,%&>51%$+,$LkL<
a9 cLkL$l$-)@$'0$,+4$+#$-)@$'0$()10#9d
U9 cm+"#,)($0/&1+#&)($-+(&6&0%$),/$-#)6*60%$'"%1$65),>09d
f9 cP%7$nY5)1i%$>++/$0,+">5?id
j9 cJ)@&,>$@+"$/+,i1$,00/$.0#&M6)*+,$&%$(&70$%)@&,>$@+"$/+,i1$,00/$+8@>0,9d

­ cK+/0%$)#0$,+1$%+("*+,%T$-0+-(0$)#0$%+("*+,%9d
­ cK#0/&2&(&1@$+3$6+'-"1)*+,)($%&'"()*+,%$
3+#$/0M,0/$)--(&6)*+,%$&%$0.+("*+,)#@999d

­ co$)1$4+#%1T$6#0/&2&(&1@$&%$,+,Z08&%10,1$&,$%-06&M6$)--(&6)*+,%9d
­ cJ&,>(0$6)(6"()*+,%$4&(($,0.0#$20$n150$#&>51$),%40#i$3+#$5)#/$
-#+2(0'%9d

­ cX0)($LkL$),/$#0)($SN$)#0$)$(+1$+3$4+#79d

1. “Pay me now or pay me later”  

_ High consequence computational science is ABOUT 
ANSWERS, NOT ABOUT INSIGHT (with due respect 
to George Box).

1. Journal editorial policies and practices must change
_ The iron law that journals don’t publish V&V is an 

empirical fact.

_ Starting the “Journal of V&V” is not the solution. 

1. Ask “What’s good enough?”

_ Is the answer:   “When I run out of energy and/or 
money?”

1.  “Saying you don’t need verification is like saying you don’t 
need oxygen.”

_ Standard argument:

1. Show plot in which “calculation” and 
“experiment” appear to “agree.”

2. Logic: the calc/expt agreement could not 
possibly be that “good” if there were 
algorithm/code/numerical errors.

3. Deduction: “I don’t need verification.” 

_ This is an example of proof by 
intimidation/”vigorous hand-waving”/”eminent 
authority”/”reduction to the wrong problem”/etc. jV
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1%&5$*%2'5.4*<-5#*.-+"$2*<'*@0+;%2'IIII*1%&5$*%2'5.4*<-5#*.-+"$2*<'*@0+;%2'IIII*

Q+5%6#74$-+)"6$45#$'(#'$-+#%+5'..%$#+#-5#)"*===
! Q/)0)#9+#%+$'"+4+04$*-+"'1/-$+%6+5)1'04#)%"5+$-.-4#-&09
! Q/)0)#9+#%+(%1.4$-+$-5'0#5+7)#,+4+/45-0)"-
! Q/)0)#9+#%+$-.%$#+.455A&)EA64)0
! ?'"+%"+.04#6%$15+%6+)"#-$-5#+4#+$-*'04$+)"#-$@405
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Z+)'<+0AZ+)'<+0A

! G-5($)/-+%"+#,-+/0%*2
" +7,)(,+C)"&+%6+#-5#)"*++.$%(-&'$-+9%'+4&%.#-&+5%+64$+)"+9%'$+
(%&-

" 3,)(,+C)"&+@-$)<(4#)%"+4$-+9%'+.04"+#%+'5-+8+
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