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CitcomS

® 3-D spherical global finite element highly
parallel convection code

® written by geophysicist(s) specifically for
convection in planetary mantles

® variable viscosity, tracers & compositions,
phase transitions, dynamic topography, geoid

® open source

® maintained, documented, supported (CIG)
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CitCom (lor California Institute of Technology Convection in the Mantle) is a linite alement code designed to solve thamal convecton
problems relevant 10 earth's mantle released under the GNU General Public License. Written in C, the code's latest version, CitComS, runs
on a variety of paraliel processing computers, includng shared and distributed memory platforms.
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Donate 1 Wikipedia CitCom was criginally written in the eary 1950s by Louis Moresi (Monash U.). Although the code for three-dimensional problems was

v Interaction incorporated from its inception, early versions of the software only solved for time-depandent comvection peoblems within two-dimensional
Melp Cartesian domains. Moresi's onginal code tumed out 10 be incredibly modular and easily extensible. Congsaquently, the fundamental finite
About Wikinedia element infrastructure which Louis wrote is still in place and forms the basis for much of the code contained in the present release.

Community portal In the mid-1590s Moresi wrote versions of the code that solved the equations within three-dimensional Cartesian domains. Then Shijie Zhong

Recent changes (U. of Colorado, Boulder) successfully parallelized CtCom using message passing routines on a limited release Intel supercomputer. Zhong

Comact Wikipedia then created a spherical version of the code which be named CitComS. Lijie Han (Planetary Science Institute) then created a regional version

of CitComS as well as an alternate version of message passing for an arbitrarily large number of processors. Clint Conrad (Johns Hopkins)

created the first Beowul implementations of the code, then Conrad and Eh Tan (Computational Infrastructure for Geodynamics) re-coded the

b Printlexport message passing of the fully spherical version so that problems run on arbitranily large numbers of processors could also be solved. A
plethora of different versions of CitCom exist both on computers at the Califomia Institute of Technology and around the world,

Consequently, by 2002, there were 50 many different versions of the code that some rationalization was in order. The software was migrated
into a version control system and Eh Tan and Eun-seo Choi (Caltech) created a version of CitComS thal generates esther a fully sphevical or
regional moded, CitcomSFull and CitcomSRegional respactively. CitComS was released 1o the community through the former GeoFramework
project as vers:on 1.0 and 1.1

By 2004, in order to increase the functionality of CtComS, the developers began to reengineer the code into an object-orented environment
specifically so it could work with a Python-based modeling framework called Pyre. This release of the software, now named CitComS.py, is
essentially the product of those reengineering efforts. Eh Tan was the principal developer of CitComS.py, with considerable belp from Eun-
seo Choi and Michael Aivazis (Caltech).

CitComS is one component of a larger collection of software encompassed by the former GeoFramework project, a collaboration between the
Centor for Advanced Computing Research (CACRH) & and the Seismological Laboratory &2, both at Caltech, and the Victorian Partnership for

» Toolbox
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Citcom = California Institute of Technology Convection in the Mantle

Citcom ... 2-D then 3-D cartesian serial [Moresi & Solomatov
1995, Moresi & Gurnis 1996]

+ spherical geometry

+ new grid design

+ parallel computing

+ full multigrid algorithm

— CitcomS [Zhong & Zuber 2000]

+ tracers (chemical components) [McNamara & Zhong 2004]

In early 2000°s Shijie Zhong provided the code to “CIG” or
Computational Infrastructure in Geodynamics
www.geodynamics.org where it has been maintained,
documented and supported, messed with (i.e., Pyre framework...)
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P, COMPUTATIONAL
Omy INFRASTRUCTURE
for GEODYNAMICS

open source version
You will use this one

@ University of Colorado
Boulder

Shijie’s version
| am familiar with this one

The “guts” are the same but the “skin” is different
(Pyre, file structure, ...)
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Can solve

® classical Boussinesq
® extended Boussinesq

® compressible, anelastic (i.e, TALA or
truncated anelastic liquid approximation)

® global spherical shell

® regional spherical shell domain
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Governing equations - dimensional

TALA (truncated anelastic liquid approximation)

(P'Uv-i)_‘i =0 (1.1)

—P;+ (n(ug,j +uji — guk,k&j)) - dpgdir =0 (1.2)

pcp (T +uw;T ;) = pepkT ;; + pagu,T + @ + p(Qr + v QL) + pH (1.3)
%—f+ (u-V)C =0

6p = —ap(T —T,) + 6pppI’ + 6p.nC (1.4)

thermal expansion, phase change, compositional buoyancy

[from CIG manual]
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Governing equations — non-dimensional

1dp
Ui + — Pur=0
p dr
2
— P?z' -T <n(ui,j + Uji — guk,kéij)) - (RaﬁaT — RapI' — RacC)chi.,. =0

2
pep (Ty +uiTy) (1427 (1~ T) 32 B Di (T + To) ) = pepnTy

—pagu, Di (T +Tp) (1+27 (1-T) 222 4 Dig 4 pH

dpph
Ra, = Ra—2P?h
 pogoo AT R PoaoAT

No kKo

Ra

5Pch
Ra. = Ra
e pocp AT

R§ — R?;MB
Ray = RaH 3 RS

[from CIG manual] Di — Q090f

CpPo
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Viscosity

Obviously, user can define various viscosity options. I will use the following setting in 'inputTC10":

Viscosity=system viscosity depends on system state (temperature, ...)

rheol=3 TDEPV=0n option 3 is defined in function visc_from_T in file 'Viscosity_Structure.c'
VISC_UPDATE=0n viscosity is updated (every other timestep)

visc_smooth_method=1 ??

In option 3, the viscosity is calculated based on dimensional equation

[E’+PV'] E'+V'pog(1—r)]
RT RT ’

that is temperature- and pressure/depth-dependent viscosity (through activation energy E' and activation volume V")
superimposed on a prescribed radial profle n.{r) (viscosity layering). Taking the CMB value as the reference viscosity
and performing non-dimensionalization, one gets

P a"aa vy

n=nref(r)exp =nref(r)exp[

E+V(1-r) E+V(1-r)
T A+T T.+1

1,

n=n,exp|

where
E = E'/(R AT), V=pog R, V(RAT), NAT) = Ne(r) M (Fcran), T;= Tu/AT
(see Roberts & Zhong 2006 JGR; note that different formulations were used in other CitcomS papers, e.g. Zhong et al.

2000 JGR, Zhong et al. 2008 G3) [This relates to CU Boulder version]

Many different options — see CIG Manual, Sec.A.l.11
(or you can code your own...)

Wednesday, March 30, 2011



Regional Mesh

/ 40° N

Grid lines are parallel
to longitude and
latitude

The whole /N
domain can be ‘
partitioned into

NXxMxL processors

{
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Global Mesh

12 caps

« Each cap extends
from the surface to
the CMB

 Each cap can be
partitioned into
NXNxM processors

o 12XNXNxM
processors in total
(N=4 in this figure)

¢ Geodynamics
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|2 caps

need at least |2 cores for
full spherical shell
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® trilinear hexahedral elements

® brick elements — only approximate
sphericity

® 8 velocity nodes, trilinear approximation

® | pressure node, constant
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Visualization in GMT

 plot_layer.py

— plot horizontal cross section, for both
regional and global versions

 plot_annulus.py

— plot radial cross section, for global version
only

» sample data files in visual/samples/

plot_layer.py

14

plot_annulus.py

15 ‘

16
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Visualization in OpenDX

17
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Major ingredients of the mathematical
& numerical model

® streamline upwind Petrov-Galerkin approx (SUPG) for the energy
equation

® mixed formulation in primitive variables (Pv) and Uzawa algorithm
with two-loop iterations for Stokes problem

® Uzawa: outer loop (P) — preconditioned conjugate gradient method;
inner loop (v) — full multigrid methods

® Gauss-Seidel iteration for inner nodes, Jacobi iteration for shared
nodes

® predictor—corrector and 2nd order Runge-Kutta to advect tracers,
ratio method used to map tracers to composition

® Poisson equation for gravitational potential solved with a spectral
method
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Benchmarks

[ - gggg}"?rs?ésstry 3 ZHONG ET AL.: BENCHMARKS OF 3-D SPHERICAL CONVECTION MopeLs  10.1029/2008GC002048
_ Geosystems

Zhong et al. 2008 G3
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Parallel efficiency

’ | gg;?:;g:gﬁy 3 ZHONG ET AL.: BENCHMARKS OF 3-D SPHERICAL convecTion mopeLs  10.1029/2008GC002048
~_ Geosystems

Table 1. CPU Time With Different Number of Cores

Total Time Time for Zeroth Step Time Per v lteration Efficiency

N (s) (s) Iterations” (s) (%)
12(1 x 1 x 1) 69.8 93 112(118) 0.59 100
24(1 x 1 x 2) 64.1 9.8 95(103) 0.62 95
48(2 x 2 x 1) 53.7 9.7 73(78) 0.69 86
96(2 x 2 x 2) 539 8.8 T4(79) 0.68 87
192(4 x 4 x 1) 47.2 113 55(63) 0.75 79
384(4 x 4 x 2) 46.8 8.2 55(58) 0.81 73
768(4 x 4 x 4) 524 10.0 58(61) 0.86 69
1536(8 x 8 x 2) 58.2 16.0 60(70) 0.83 71
3072(8 x 8 x 8) 59.1 17.5 54(57) 1.04 57

*N, stands for the number of core. The numbers in the parentheses represent the domain decomposition in each of 12 spherical caps for CitcomsS.

For example, 2 x 2 x 2 indicates that each cap is further divided into two in each of the three directions with the last number for the radial direction.

The numbers in and out of the parentheses represent the numbers of inner loop velocity iteration and of outer loop pressure iteration,
respectively.
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PROGRAMMII
LANGUAG

BRIAN W KERNIGHAN
DENNIS M. RITCHIE

S TWAE

The C Book — Table of Contents

This is the online version of The C Book, second edition by Mike
Banahan, Declan Brady and Mark Doran, originally published by
Addison Wesley in 1991. This version is made freely available.

http://publications.gbdirect.co.uk/c_book/

C Reference Card (ANSI)

C Reference Card (ANSI)

Program Structure/Functions

type fuctyper.. ) function declarations
type name external variable declarations
main0 main routine
declarations local variable declarations
statements
type fuetargy,.) € function definition
clarations local variable declarations
statements

return value;

atn(iat arge, char sasgv())  main with args

ttam terminate exeoution

C Preprocessor

include library fle Sinctude iename>

incude wser e Sinctude "iename®

replacement toxt Sdeting name. leet

Teplacement macro #doting mame Coar) tert
gl dstine sus(h,9) (5@ 7 1) - G

andefine undet mame

Quoted string in replace H

concatenate args and rescan #
conditional execution #11, #olse, #olif, fendif
is name defined, not defined? #ifdet, #ifndet
name defined? def ined (name)

line continuation char

Data Types/Declarations

character (1 byte) char
integer int.
float (single precisi float.
float (double double
short (16 bit integer) short
long (32 bit integer) Long
positive and negative signed
only positive unsigned
pointer to int, float, wint, *float,
enumeration constant P
constant (unchanging) value const
declare external variable extern
rogister variable register
local to source file static
no val
structure struct
ereate name by data ty) typedet typename
size of an object (type s size_t) sizeot object
size of a data type (type is size_t) sizeof (type name)
Initialization
lize variable type_name=value
i type name [={value-
initialize char string char name [J="string"

© 1999 Joseph H. Silverman Permissions on back, v1.3

Constants

long (suffix) Lor1
float (suffix) Fort
exponential form e
octal (prefix ze o

hexadecimal (profi zero-x)
character constant (char, ctal, hex)

newline, cr, tab, backspace Ao, \r, \t, \b
~«y>~<nhh,\n< ers AN, A7 A
Hing constant (ends with "0") rabe.aor
Pointers, Arrays & Structures

declare potater to typ tope +name
et o Tethening pointer o te fype £

delate pointer to function returnin ype e (4F0)0
genric pointer type

mull pointer ot
object pointed to by pointer «pointer
address of object name &mame
array name (dim:
multi-dim array name Ldimy ] (dimz]
Structures

struct tag structure template

declarations declaration of members

ereate structure struct tag name
member of structure from template name. member
member of pointed to structure pointer > member

Example. (+p) .x and p->x are the same
single vale, mltple ype sructure union
bit field with b bits member : b

Operators (grouped by precedence)

structure member operator name. member
structure pointer pointer->member
increment, decrement -

plus, minus, logical not, bitwise not
ddress of object *yuvmu : fname
we) e

muliply, divide, modulus (remainder) +, /,
add, subtract . -
lef, right shift [bit ops]

comparisons.

comparisons

bitwise and e
bitwise exclusive or -

bitwise or (incl) I

logical and o

logical or 1]

conditional expression capry 7 erpry : eaprs
assignment operators -, 3

expression evaluation separator .
Unary operators, conditional expression and assignment oper-
ators group right to left; all others group left to right.

Flow of Control

statement terminator ;
block delimeters [

exit from suitch, uhile, do, for bresk

next iteration of vhile, do, for continue
goto goto label
Inbel label
return value from function return ezpr
Flow Constructions

i statement it Cempr)  statement

else if (eapr) statement
¢

uhile statement while (erpr)
statement
for statement for (eapri; eapry; eaprs)
statement
4o statement o statement
while(e
suiteh statement suiteh (eapr) {

o consty: statement) break;
Case consty: statement) break;
default: statement

ANSI Standard Libraries

<assert.n> <ctype.h> <errno.h> <float.h>  <limits.h>
octems <amhi  <ootjup> <eigmeine soudarg 1>
<etddef.n> <stdio.h> <stdlibh> <string.h> <time.h>

Character Class Tests <ctype.h>

alphamumeric? isalnun(c)
alphabetic? isalpha(c)
control character? iseatrl ()
decimal digit? isdigit(c)
printing character (not inel space)? isgraph(c)
lower case letter? islover(c)
printing character (incl space)? isprint(c)

printing char except space, letter, digit? ispunct(c)
space, formfeed, newline, cr, tab, vtab?  isspace(c)

upper case lotter? ssupper (<)
hoxadscimal digh? sexdigit(c)
convert to lower cas tolover(c)
Comert 16 ippen o toupper (c)

String Operations <string.h>
510 are stings, ce.ct are constant strings

length of s strien(s)
copy ct to s strepy (s, ct)

up to n chars stencpy (s, ct,n)
concatenate ct after s streat(s,ct)

up o n s strncat (s,ct,n)
compare ¢ to c stramp(cs, ct)

ol et chars strncap(cs, ct,n)
pointer to st ¢ in ¢ strehr(cs, )
pointer to last ¢ in cs strrehr(cs, )
copy n chars from ct to s memepy (s, ct,m)
copy n chars from ct to s (may overlap) memmove(s,ct,n)
compare n chars of cs with ct memcap(cs, ct.n)
pointer to first ¢ in first n chars of s memchr (cs, c,n)
put c into first n chars of cs nmemset (s, <,
3
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COMPUTATIONAL INFRASTRUCTURE FOR GEODYNAMICS (CIG)

CitcomS

User Manual
Version 3.1.1.1

Eh Tan
Michael Gurnis

Luis Armendariz

Leif Strand

www.geodynamics.org Susan Kientz
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