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Intrinsic
P

arallelism
and

Im
plem

entation
ofa

H
igh-P

erform
ance

H
ydrobiogeochem

ical
M

odel

E
duardo

D
’A

zevedo

C
om

puter
S

cience
and

M
athem

atics
D

ivision

O
ak

R
idge

N
ationalLaboratory

Jack
G

w
o

C
enter

for
C

om
putationalS

ciences

O
ak

R
idge

N
ationalLaboratory

H
artm

utF
renzel

C
enter

for
C

om
putationalS

ciences

O
ak

R
idge

N
ationalLaboratory
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A
cknow

ledgem
ent

S
upported

by
the

E
nvironm

entalTechnology

P
artnership

Initiative
ofthe

O
ffice

ofB
iologicaland

E
nvironm

entalR
esearch,O

ffice
ofS

cience,

U
.S

.D
epartm

entofE
nergy

P
rogram

M
anager:Dr

P
aulB

ayer

h
ttp

://w
w

w
.e

sd
.o

rn
l.g

o
v/p

ro
g

ra
m

s/E
T

P
I/
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W
hatis

H
ydroB

ioG
eoC

hem
123D

(H
B

G
C

123D
)?

•
M

odels
in

one,tw
o

and
three

dim
ensions.

•
K

inetic
and

equilibrium
reactions

in
variably

saturated
m

edia.

•
C

oupled
m

onod
kinetics

for
biochem

istry
reactions.

•
N

on-isotherm
alhydrologic

transportfor
tem

perature
dependent

density
and

solute
reactants.

•
D

ocum
entation

and
softw

are
available

online
at

h
ttp

://h
b

g
c.e

sd
.o

rn
l.g

o
v/

3

O
R

N
L

'&

$%

N
um

ericalapproach

•
A

Lagrangian-E
ulerian

finite
elem

entm
ethod

is
used

to
solve

the
heattransfer

and
transportequations.

•
U

ses
specialline

elem
ents

in
one

dim
ensions,triangles

and
quadrilaterals

in
tw

o
dim

ensions,hexahedral(6
faces),pentahedral(5

faces)
and

tetrahedral(4
faces)

elem
ents

in
three

dim
ensions.

•
H

B
G

C
123D

is
flexible

in
accepting

an
unstructured

m
esh

(listof
elem

ents).

•
O

ption
for

upw
ind

w
eighted

finite
elem

entm
ethod

for
E

ulerian
transport.

•
O

ption
for

backw
ard

particle
tracking

in
Lagrangian

transport.

•
G

radientcalculation
atnodalvalues

is
by

assem
bly

ofbasis
functions

and
lum

ped
m

ass
m

atrix.
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C
hem

istry
m

odule

•
C

hem
istry

m
odule

based
on

hydrobiogeochem
istry

w
ork

by
P

rof
G

eorge
Y

eh
atP

enn
S

tate
U

niversity.

•
C

om
putation

based
solely

on
conditions

atnode.
S

am
e

chem
istry

m
odule

for
one,tw

o
and

three
dim

ensions.

•
E

quilibrium
reactions

m
odelas

solution
ofsystem

ofnon-linear
algebraic

equations.

•
N

ew
ton’s

m
ethod

w
ith

explicitJacobian
m

atrix
is

used
to

enhance
convergence.

•
Very

ill-conditioned
m

atrices
m

ay
require

full(row
and

colum
n)

pivoting
in

LU
decom

position.

•
K

inetic
reactions

can
handled

in
a

coupled
fashion

w
ith

solute
transport.
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N
onlinear

iteration

•
(1)

H
andle

heattransport.

•
(2)

H
andle

transportfor
allaqueous

(m
obile)

chem
icalcom

ponents

and
kinetically

controlled
species.

•
(3)

C
alculate

equilibrium
chem

istry
in

a
node

by
node

m
anner.

•
A

dvance
to

nexttim
e

step
ifoperator

splitting
option

is
used;

otherw
ise

iterate
on

S
teps

(2)
and

(3)
untilconvergence

to

self-consistency.
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S
hared

m
em

ory
parallelim

plem
entation

•
S

G
Icom

piler
directives

for
shared

m
em

ory
m

ultiprocessors
system

.

•
R

elatively
easy

to
perform

.
S

electively
parallelize

only
tim

e

consum
ing

kernels.

•
R

equires
care

in
identifying

variables
w

ith
local,shared

or
reduction

attributes.

•
R

equires
extra

tem
porary

storage
per

thread.

•
D

ynam
ic

load
balancing

is
possible.
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D
istributed

m
em

ory
parallelim

plem
entation

•
D

istributed
m

em
ory

version
stillunder

developm
entand

testing.

•
‘A

llor
nothing’effort.

•
S

im
ple

decom
position

and
distribute

w
ork

by
assigning

co
n

tig
u

o
u

s

blocks
ofnodes

to
processors.

•
M

odify
tim

e
consum

ing
loops

to
range

over
subsetofnodes

(or

elem
ents).

•
R

eplicate
arrays

to
easily

im
plem

entLagrangian
particle

tracking.

•
A

nother
approach

requires
a

“ghostregion”
and

tim
e

step
reduced

to

ensure
no

particle
can

escape
subdom

ain.
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N
onlinear

algebraic
equations

•
D

epending
on

the
com

plexity
ofreactions

and
num

ber
ofspecies,the

chem
istry

m
odule

com
m

only
is

the
m

ostexpensive
com

ponent.

•
E

ach
node

requiresO(m
3)

(m
is

related
to

num
ber

ofspecies)

operations
in

LU
factorization

ofJacobian
m

atrix
in

solving
the

nonlinear
equations.

•
T

his
is

highly
parallelsince

each
reaction

depends
solely

on

condition
atnode.

Totally
decoupled

after
transport.
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Lagrangian
particle

tracking

•
Independentparticle

tracking
can

proceed
in

parallel.

•
P

recom
putes

neighbor
connectivity

(w
hich

elem
entshares

a
face).

•
In

one
and

three
dim

ensions,a
trajectory

w
ithin

each
elem

entis

assum
ed

to
be

a
sim

ple
straightline.

T
his

greatly
speeds

up
the

com
putation

and
also

leads
to

sim
pler

coding.

•
In

tw
o

dim
ensions,another

option
subdivides

an
elem

entfor
m

ore

accurate
tracking

ofthe
trajectory

as
a

continuous
sequence

of

piecew
ise

linear
segm

ents.

•
E

xtra
care

is
needed

for
handling

trajectories
near

corner
nodes.

Tetrahedraland
pentahedralelem

ents
w

ith
planar

faces
should

be

used
to

avoid
non-planar

faces
in

hexahedralbricks.
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E
lem

entassem
bly

for
E

ulerian
transport

•
E

lem
ents

are
grouped

(colored)
into

m
axim

alindependentsets.
Tw

o

elem
ents

ared
e

p
e

n
d

e
n

tifthey
share

atleastone
com

m
on

node.
Tw

o

dependentelem
ents

m
ustbe

assigned
distinctcolors.

•
E

lem
ents

w
ithin

an
independentsetcan

be
assem

bled
and

added
to

the
globalsparse

m
atrix

w
ithoutconflict.

•
S

etting
up

source,sink
and

boundary
conditions

stillperform
ed

in

serial.

•
B

iC
G

S
TA

B
or

C
onjugate

G
radients

preconditioned
w

ith
sim

ple

diagonalscaling
is

available
to

solve
sparse

linear
system

in
parallel.

O
ther

options
include

band
solver,K

rylov
iterative

m
ethod

preconditioned
by

S
S

O
R

,ILU
,and

m
atrix

polynom
ials.
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M
icrobiologicaland

chem
icalreactions

•
B

enchm
ark

problem
for

reactive
transportby

Valocchiand
Tebes

(1997).

•
S

im
ulation

ofbiodegradation
in

a
lab

scale
colum

n.

•
T

he
problem

includes
these

processes:

–
advective/dispersive

transport

–
kinetic

adsorption/desorption

–
equilibrium

aqueous
com

plexation
and

biodegradation

–
3D

sim
ulation

w
ith

100
elem

ents
and

404
nodes

on
a

uniform
grid

–
7

com
ponents,14

com
plexed

species,2
kinetically

adsorbed

species,1
m

icrobialspecies
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nproc
chem

istry
E

ulerian(assem
bly)

Lagrangian
grad

total

serial
4.8s

1.2s
(

1.1s)
0.3s

1.4s
7.1s

1
4.7s

1.2s
(

1.1s)
0.3s

1.4s
7.1s

2
2.6s

0.7s
(

0.6s)
0.2s

0.8s
4.0s

4
1.3s

0.3s
(

0.3s)
0.1s

0.4s
1.9s

8
1.6s

0.2s
(

0.2s)
0.1s

0.4s
2.2s

Table
1:

P
roblem

on
m

icrobiologicaland
chem

icalreactions.
Table

show
s

C
P

U
tim

e
for

initial10
tim

e
steps.13
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K
inetic

adsorption
and

biodegradation

•
B

iochem
icaland

geochem
icalreactions

are
the

sam
e

as
in

the

previous
exam

ple.

•
T

he
2D

flow
field

for
sim

ulation
biodegradation

in
a

field-scale

region(5×
5m

)
and

discretized
w

ith30×
30

uniform
ly

sized

elem
ents.
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nproc
chem

istry
E

ulerian(assem
bly)

Lagrangian
grad

total

serial
11.6s

2.1s
(

1.9s)
2.8s

1.7s
15.3s

1
11.8s

2.1s
(

1.9s)
2.7s

1.7s
15.4s

2
5.8s

1.0s
(

0.8s)
1.3s

0.8s
7.2s

4
3.3s

0.5s
(

0.4s)
0.6s

0.5s
3.8s

8
2.3s

0.4s
(

0.3s)
0.5s

0.4s
3.0s

Table
2:

P
roblem

on
kinetic

adsorption
and

biodegradation.
Table

show
s

C
P

U
tim

e
for

initial10
tim

e
steps.15
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3D
W

ellP
um

ping
S

im
ulation

•
3D

sim
ulation

oftransport(firstsim
ulation)

and
transportw

ith
chem

istry
(second

sim
ulation).

•
S

teady-state
flow

to
a

pum
ping

w
ell.

•
m

odelboundaries
are

fixed
head/fixed

concentration,im
pervious,and

air-soilinterface
(variable

boundary
for

flow
,no

solute
transport

across
top

boundary)

•
T

he
flow

field
w

as
calculated

w
ith

3D
F

E
M

W
AT

E
R

(exam
ple

3
from

Y
eh,1987

O
R

N
L-T

M
6386).

T
he

binary
inputfile

contains
the

steady-state
velocity

field
and

the
m

oisture
contentdata.

•
F

irstsim
ulation:

non-reactive
tracer

•
S

econd
sim

ulation:
uses

setup
ofcom

ponents
and

species
as

in
exam

ple
”M

icrobiologicaland
chem

icalreactions”.
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nproc
chem

istry
E

ulerian(assem
bly)

Lagrangian
grad

total

serial
0.7s

2.8s
(

2.6s)
0.9s

3.1s
7.4s

1
0.8s

2.8s
(

2.6s)
0.9s

3.2s
7.6s

2
0.3s

1.3s
(

1.2s)
0.4s

1.4s
3.4s

4
0.3s

0.8s
(

0.7s)
0.3s

1.0s
2.4s

8
0.1s

0.5s
(

0.4s)
0.1s

0.6s
1.4s

Table
3:

3D
w

ell
pum

ping
sim

ulation
w

ith
non-reactive

tracer.
Table

show
s

C
P

U
tim

e
for

initial10
tim

e
steps.
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nproc
chem

istry
E

ulerian(assem
bly)

Lagrangian
grad

total

serial
50.8s

19.3s
(18.2s)

6.2s
21.4s

87.3s

1
51.5s

19.5s
(18.1s)

6.2s
22.2s

88.8s

2
22.6s

8.8s
(

8.0s)
2.7s

10.0s
39.6s

4
13.1s

5.3s
(

4.7s)
1.8s

5.9s
23.7s

8
5.7s

3.3s
(

2.8s)
0.8s

3.4s
12.1s

Table
4:

3D
w

ellpum
ping

sim
ulation

w
ith

reactive
system

.
Table

show
s

C
P

U
tim

e
for

initial10
tim

e
steps.18
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W
A

G
5

transportsim
ulation

•
3D

sim
ulation

oftracer
experim

entw
ith

steady-state
flow

field.

•
H

eterogeneous
m

odeldom
ain

(soil,m
atrix,fracture).

•
S

ize
ofm

odeldom
ain

is
about20×

40×
4m

.

•
M

esh
consists

of15376
nodes,27000

pentahedralelem
ents.
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nproc
chem

istry
E

ulerian(assem
bly)

Lagrangian
grad

total

serial
4.9s

34.3s
(26.1s)

6.1s
27.9s

74.5s

1
5.3s

34.2s
(25.9s)

6.2s
27.8s

74.8s

2
1.9s

17.0s
(10.5s)

2.5s
11.1s

33.6s

4
1.5s

14.7s
(

6.5s)
1.6s

7.2s
26.5s

8
0.7s

9.5s
(

3.0s)
0.8s

3.3s
15.5s

Table
5:

P
roblem

on
W

A
G

5.
Table

show
s

tim
e

for
initial10

tim
e

steps.
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Lim
itations

(and
future

directions)

•
N

eed
to

im
porthydrologic

variables
offlow

velocity,m
oisture

content,and
pressure

head
generated

by
a

subsurface
flow

m
odel.

•
O

ne
w

ay
effectoftem

perature
on

stability
constantand

kinetic
rate

coefficients.
A

ssum
e

isotherm
ic

reactions
(negligible

energy

produced).

•
A

pplication
to

single-fluid
phase

flow
(no

transportofgas
phase).
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