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ghstract cesents a parallel s?lution for the continuity several p:;)é?ilc) :;anonal Simulation of water bodies
This worklp omentum equations, and for the mass conditions £ 3pplications, sych 4 In evaluati =
P g horit0 mt'on They constitute a model for contaminant the devel Or bath, Navigation an water sy ll(?nS o
:anSP ort €U ;ati;m- The first ones were solved applying o cvelopment anqg Implementation of a hpphymg b
st S ethod and for the last one it was used a mliut-atlona] model, it s possible to perf H iy
2 Kf)'l"v'scm:;:mas method. The computational model was Simulation gf hydrodynamics and mass tfa Orm a detailed
E p;pclined.T on a PC cluster using MPI message passing alming to aid the de Inition of action L havioe
kaentedi-implicit numerical schemes were developed over outflow points for the sewe S Such as the chojce of
o> id. vorrespondent impact in the ey ok e and the

,mggel’“:dfi Cluster computing, Krylov-Schwar? method, The Group of Compmatio;zr]]m};m .

Pipdmed'l‘bomas algorithm, Mass Transport Equation, water l?roup of Paralle] ang Distributed Pr:élef:i]:;wsf ?SR?
PP ave been wo ‘ 9 S
‘W’W' Implementation otr"]::ﬁuern‘zrlhme?}lled StUdy. and. PR
[ INTRODUCTION of real problems on distributed i applleq £ mation

Water Equations (briefly, SWEs) and 2-D Mass

, : some parallel

5 oW : ; p computation
Sha“n Equation (briefly, MTE) constitute, under some models were implemented on a PC cluster to sxmtﬁate ihe
mgggns o model to describe the hydrodynamics and circulation in Guaiba River and the mass transport in some
- con ’

- on behaviors in both water bodies and atmosphere.
dlSP‘Tgb they are a simplification of real models, important
E f“‘h° of estuaries, rivers and coastal seas can be well
e oted. Also, they are a 2-D version of 3-D models
m:vcm.me hydrodynamics and contaminants transport

4 nareal fluid. For these reasons, they are frequently used as in some sections, and is sited

between the 50°

X

o
)
', ‘
B
¥

henchmarks to test new numerical and computational
~ nethods, and parallelization strategies.

The correct treatment of boundary conditions is crucial

Z:Q'. for both mathematical and numerical 1ssues of SWEs. In
AGO 94], Agoshkov presents some boundary terms based
* on 2 consistent mathematical analysis. SWEs and MTE
3 approaches emphasizing the domain decomposition and tl}e
- gplication of Krylov-Schwarz solvers can be found in
~ [CHE 98], [GOO 93] and [SIL 97]. Some computational
* models include Casalas® sequential version [CAS 96] and
 the parallel implementations done by Vollebregt [VOL 97]
and Kaplan [KAP 98].

and 55° West parallels and 28° and
35° South latitudes [CAS 85]. 4

C}uaiba River is quite important for water supplying,
fluvial transport and soil irigation for the cities on its
region. However, it receives a lot of industrial and domestic
contaminants.

The major goal of this work is to present a water quality
simulation parallel model applied to well-mixed water
bodies. The parallel implementation and application of a
mathematical model for the vertically integrated two-
dimensional mass transport are presented. Levels and
velocities for every time step are obtained from a two-
dimensional hydrodynamics model.
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I1. MASS TRANSPORT EQUATION

tical model applied for hydrodynan?ics
T SWR btained from the vertical

; d on SWEs, which are 0 d fr
oy velocity, resulting 1n a 2-D model

| velocities. SQWEs are a set of

lic Partial Differential Equations (briefly,
' th a free surface,

| momentum and continuity equations.
tion for the advection-diffusion of

constituent concentration for the case of well-mixed water
hodies is MTE, which can be described as [LEE 71].

o(CH) , 3(CHU), J(CHV) 2 (HD,QE]
ot 0x dy ox ox
f :

2.9 HD ok ~KHC-FH =0
|

W

The governing €qua

(1)

where: .
C is the concentration integrated on the vertical

direction;

H = h+h is the distance from bottom to water surface,

where h = h(x,,) is the elevation of the water above

the mean level and & represents the depth bellow this
level;

e U=Ukxyt and V=VWxy) are the velocity
components on the (X,Y) coordinate system;

o D.=a; cos’q + arsinzq and D, = a, sinzq + ar coszq
are the tensor dispersion components on X and Y
directions, respectively, where a; and ar are the
longitudinal and transverse dispersion coefficients,
respectively, and g is the angle formed between X axis

and vector velocity;
e [isthe source term;
o K =1In0.1/Ty, where Ty 1s the time for the removal of

90 percent of organisms, 1.e., the decay constant.

If the changes in constituent concentration yielded by
the. splution of the transport equation cause negligible
variation in water density, the SWEs and MTE can be
solved independently. If the movement of mass predicted
by thc; MTE causes significant change in water density, the
equations must be solved as a coupled set [ZHE 95] ’For
coliform bacteria, as is the situation in this work; the

ce
\C’Qmp%g

equations are solved decoy
give the level and velq
transport equation. A (e
model and SWEs impleme

Pled, anq ;

ltlcS, ]'n

SCription
Ntation ;
I

lon (]) ’ [RIZ 00 I}ahrm

AT y Onc ‘
bacteria 1n this work. For Ctr;ltratxon
e

reaction matrix [K]. The

- Ihese an
Leenc!e.rste, [LEE 70] and [LEdEo7
| Imt]lal conditions ang ]
integral part of the '

3 mat : Ondiy;
condmo.n can be Writtenh?snat‘ca] d]"")ng
Co(x,y) indicates a known cq CCyg< o The
domain. There are three type

) lch ’ \'35‘: b

]' al]s Can 1
bOUnda

| called Dirichlet
gradxoepts are specified across 5 |,
condition; .and both concentrati(,r?;‘nda
concentration gradients acrogs {j, along , bo
called Cauchy condition [ZHE 9 at bOUndary Unda%
The bounda it >l " e >
Iy conditions here gpe.:
open and closed boundaries with I;;’.C‘.ﬁed alloy
type l?oundary conditions. For SWEsln-ch]et anqg y
velocity and zero level on e 2% It wag g
:;?Eeq a constant velocity on the (:)Sed boung, o
Conce,nlttr :tviz(x)sn n:posed that both conce:ti“ boup % ;nd
are null on the closed uh andgr','”
open boundaries, it was defined 5 COnstEOUndarieg, Oaf’e};?t @
nt Con ne

boundary inflow
outflow. Pectied 8radient i, "atign , 8
bOundaW

I11. DISCRETIZATION,

(hydrodynamjc .

the physical properties [MES 98].
For the discretization of SWEs and
of the numerical scheme, 2 semi-

used. Applying this approach
[CAS 90], the algebraic linear eq

3§sulted from the discretization pr
lagonal), sparse and s ‘ '

Saatls + Symmetric positive ¢
matrices. These matrices can be efficiently eslz??d ofD) 3
Krylpv subspace iterative methods such ved.
gradient (briefly, CG). , i

For MTE, the time step splitt;

. : ¢ step splitting strategy was applieg
;md lx.ts.equatlon was discretized using Altemgaytino Diggth;d
Smtp 1c;t (ADI) method with two time steps, resuﬁingy In mg ;
ets of ALES, one for each direction. These ALE@ hve 8

impHNg;E, and builgp, 4

approach yy,
and  Casulli gy, |
uations systems (ALE?} i
0cCess have StTuCtured (54 .'f..'

Using
ugat: &
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On-syﬂ‘mcmcal 3-diagonal matrices, which are
n ived applying Thomas method.
S0 Altcmat,vcly. one could do this discretizatiq
non_S),mmctrica] §—diagonal matrices, which ca
by GMRES iterative method.

ef ﬁcicntly

N to obtain
n be solyed

V. DOMAIN DECOMPOSITION

The method of domain decomposition with overlapping
< called Overlapping  Schwarz  Method (OSM). This
method 18 char.actcnzed. by the decomposition of the
original domain W nto  subdomains

weUW

For ALES written 1in tbe matricial form Ah = 1, the
solutions are obtained solving a sequence of subproblems
Ah; = defined 1in W,. The partial solutions h, form the

where

global solution h.

The major motivation to apply domain decomposition
method is the optimal parallelism obtained, because the
subproblems  can be solved concurrently and the
communications arc based only on the information
exchange On the subdomains overlapping. The choice of
how these exchanges occur on these artificial boundaries
defines the OSM type: additive or multiplicative,

In the additive version, applied in this work, all the
subdomains use the solutions of the last iteration as
houndary conditions, so that eacl} s.ubd.omain can be solved
independently. In the .multlpllcatwc version, each
subdomain uses the solution of. pther already evaluated
subdomains  as boundary con.dmon. Because this last
procedure is inherently sequential, to get parallelism, it is
necessary to apply schemes sgch as multicolor, where
independent subproblems can be introduced and the number
of sequential phases can be minimized [CHA 94] [SMI 96].

4. Schwarz Additive Method

To build the subproblems and the overlapping regions,
the formal procedure consists in considering a matrix R; for
each subregion W, which, when applied to the points of a
grid, returns only the values associated with the points of
this subgrid. This matrix is called extension map. In ic
same way, it 18 considered an extension operator R;’, which
extends by zero a vector of nodal values in W; [CHA 94].

The values of a generic submatrix 4; are obtained
considering A;,=R; A R, where 4 is the global_ matrix.
One can observe that in computational implementations, the
matrices R, and R,” are never formed explicitly. They.are
introduced to express the several types of algorithms in a
similar and concise manner [SMI 96]. g

Thus, the parallelization approach applied in this work
was based on decomposing the domain in p subdomains W;,
and consequently, in p overlapped submatrices A;. In the

generation of the overlapping, where the grid points
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correspond to the subdomai
depcndcncy on the bounda

This requires the exch
the processors in
considered a 2-row

choice is based on
SWEs.

n boundary cells, there is a data

ange of some grid points among
¢ach time step. To do this, 1t was
overlapping, as shown in figure 1. Such
the discretization process applied to the
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Fig. 1 Artificial boundary introduced by domain decomposition.

In figure 1, oW, and W, are, respectively, the
boundary and the interior of specific subdomain.

Vi NUMERICAL GRID PARTITIONING

Partitioning the numerical grids is a NP-complete
problem. Therefore, the heuristic algorithms are the only
alternative for this class of problems [NAS 96].

A good partitioning strategy must consider the load
balancing among the processors and the minimization of
the communication requirements. It must also treat complex
geometry and arbitrary discretizations [DIE 97]. Recent
works aim to develop strategies and paralle] algorithms for
dynamic balancing of grids [NAS 96]. Furthermore,
partitioning can also influence the efficiency of OSM,
modifying the numerical convergence rate [CIA 94].

In this work, only domain static balancing was
implemented. In the hydrodynamics case, the algorithm
splits the domain in stripes considering a uniform load
distribution among the subdomains. Thus, in the SWEs
case, 1t was considered a criterion based only on the load

balancing, because communication occurs only on the
boundaries.

For MTE, ADI method and Thomas algorithm are
applied, finding the numerical solution by doing sweeps on
rows and columns. For sake of simplicity, it was considered
that no row is split among two or more processors, even at
the cost of a small load unbalancing.

Since no other partitioning algorithms were not
implemented and the applied grid refinement procedure was
the heuristic above described, the global domain was
decomposed in stripes on the Y direction, as in [CHE 98].

This approach generated subdomains for Guaiba River

as shown in figure 2.
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Fig. 2 Partitioning of domain 1n strip type subdomains on the
Y direction for Guaiba River.

Figure 2 shows the results of an execution with three
processors using a 7%2 refinement. For data consistency, a
7-row overlapping is used at boundaries.

VL KRYLOV-SCHWARZ FOR HYDRODYNAMICS MODEL

The ALES for SWEs can be written in the form Ah =J,
where 4 is the coefficient matrix which 1s 5-diagonal and
SPD. h is the level vector and f is the independent terms
vector. To speed up the convergence of Krylov subspace
methods, it is necessary to preconditionate the matrices of
the ALES. The preconditioner used in the work was built
applying the Schwarz method, which consists in using an
approximation for the local mnverse. This approach results

in the Krylov-Schwarz methods.
A.  Conjugate Gradient Algorithm

Since the coefficient matrix is SPD, square and sparse,
the CG algorithm can be applied. The version used in this
work can be found in [SHE 94] and is shown in figure 3.

i 0
r f-Ah
d My
g - fehdd
dy rew
while i < i, and 4,,, >ezdo do
q Ad
a ey /d'q
h h +ad
If i isdivisible by 50
rocf = Ah
else
¥ r-agq
§ My
dold dncw
Qe 1t S S
D ew / ot
d r-+.bd
! j+:l

Fig. 3 Preconditioned CG algorithm

«jum on Compulter Architecture and High Performance Compuy:
No . o«
\Li\gd"o r

CG algorithm is an iteratjye meth
so]utxon.of large sparse linear Systems 0d 3
non-stationary method, because egc}, . It IS Copg:
information of the previous oneg. This fl?ratnpn he,
solution through elementary opery: ;‘ gorithp, ll(tjs h
subtraction and. scalar product of VeCtornS’ Such . S the
scalar and matrix by vector.  Multipi,.. M

. lon

In t.hf: OSM, the matrix i local| N of

preconditioned CG (briefly, PCG), Ty, Y Solyeg

. € Operat; s
more processing are two matrix PeTationg . .8
=VECtor pr fequ' .
S. g

B. Preconditioning by Neumann Polynom; ]
ia

The convergence of an iterati
matn.x J depends strongly on its COHditit:O'd aPplieq
possible to prove, as in Varga [VAR 5 ing. Als,
where r 1s the spectral radius of J, the iny

03
L
]a that if x(J [‘S

erse of(/-j)\}’

b s
e eXp-r]essed “as il power series in J, |, othe ), Can
(I=J ) =Zk=OJ : - oy

From these results, it is possible ¢
convergence of the CG method, improy; O Speedyy the
nu.mb.er of the coefficient matrix. Ope pOSn.gb,tl,’e conditigy
this 1s to preconditionate 4, improvin& ity for doing
number, which can be done by severa] v, sg 0“3 Conditig,
to get an approximation for the inverse };éAne f thep ;
with a rgasonable computational cost such 2 ﬁn.d M
because in this case M'4 has 2 bett,er c t}.u}t Mg
than 4. It can be done by a polynomia] a(;ndmon M

follow:
I. Decompose 4 asA=D+L + U whe
respectively, the main diagonal, th
part and the upper triangular part;
2.7 Write.J as J = —D"(L+U); ,
3. Do A = D(I-J).
.Therefore, the inverse of 4 can be ex
series such as:

4" =3" (1) DL+ ) p- 2

For the domain decompositi
‘ position strategy, th
allows to get preconditioners for local magtiices ila ?npm?h
to obtain a global preconditioner given by (3): iz

M™=3" RTAR 3

Foergi k1 —i tO,. thebJapobl preconditioner (D™) is obtained.
i 1S 0 talpc?d a polynomial that maintains the
p rsen§s§ of the original matrix A, avoiding fill-in. The :
preconditioner built with this approach providés 2§

%(;]n\./ertl)len.t approximation for the inverse of 4, For k> 1,
-IN DEEINS to occur, destroying the original structure of 4

rc D: L and Uare

pressed by a DOWer

VII. THOMAS ALGORITHM FOR MASS TRANSPORT
EQUATION

andSI?ce ADI method divides the time step in two halves
» tor MTE, the domain was split in stripes in the
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on, the following procedure was used. For the first
half time Step: each processor applies Thomas algorithm to
solve its TOWS doing a row-by-row sweep. ‘In the second
nalf time step, 2 co]pmn-by-golumn sweep 1s done. Since

omas is 2 sequential algorithm and each column can be

y direct!

%:’(;mas would produce a high idleness because each
depends on the results of its neighbour. To avoid

esSor :
It3]:i()sc ouble, in the second half time step, a pipelined

version of Thomas algorithm 1s applied [POV 98], as will
he soon described. In both cases, the ALES are solved in
two stages: forward apd backward. ‘

The solution (1) in the first half time step has a high

arallelism because each processor can solve its systems

Pndcpendcntly of the other processors. The only data
l]epcndency occurs on thf: artificial boundaries, where a 2-
rOW overlapping 1 apph.ed (.ﬁgure 1) due to the 5-point
stencil used in the apprqxumatlon of MTE.‘

In the second half time step, the solution of one matrix
in a processor P; depends on the {esults of P,,, during the
torward stage, and of Pju, during the backward stage.
These dependencies require more communication than in
the first half time step and cause idleness in the processors.
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Fig. 4 A regular subdomain with four column.s. Each processor
solves its parts of the columns in a pipelined fashion.

For instance, figure 4 shows a regular subdomain where,
for each one of the four columns, an ALES S; must be
solved. However, as each system is distributed among the
three processors (Po, Py and Py), a direc.t applic.anon gf the
Thomas algorithm, as described bellow, 18 very.mefﬁment.

Figure 5 presents part of the scheduling for the
execution of Thomas algorithm for the domain ghown in
figure 4. In this figure, F; and B; represent, respectively, the
forward and backward stages being performed for a system
S,. Firstly, system S, is entirely solved and only after that

ded between several processors, a direct application of
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the resolution of System §; is started. As can be viewed, 12

pcnhods art necessary to solve the first two systems, and
tach processor stays 8 periods in an idle state. Fo’r the

domain, 24 periods are necessary to solve the four ALES

during this second half time step.
A

P2 F1 | B F2 | B2

P1 F1 Bi F> 8

Po| Fi Bi | F2

B2

1.:T2..T3 T4.T6 T8 Tr_ Ts..To T1o T11 T12
F1g. 5 Scheduling for Thomas algorithm.

To reduce such idleness, a pipelined Thomas is applied.
When a processor P; finishes a forward stage F, for a
System S, 1t sends boundary values to the next Processor in
the pipeline (Pj+1) and begins to perform the forward stage
for' the system S;;. When the last processor 1n the pipeline
finishes the backward stage B, for a system S, it sends
boundary values to its previous processor 1n the pipeline
and starts to perform the backward stage for the next
system S;,). The scheduling of this algorithm is shown in
figure 6, where the entire domain of figure 4 is solved in
only 12 periods. This parallelism reduces the idleness in the

Processors.
A
g e oA W.
P2 F1 | F2 [ Fa B
F2 ,5'4 B1 | B2 | B3
' 2 By A
P1 F1 | F2 | k3 B1| B2 | B3
S " bt
Po| F1 | F2 [F8s B1|B2 B3
‘ 4 ‘;f‘.,f_‘g

| l T
112502 s34 TS T6 T8 **T7 T8 +Te “T10. T11"T12
Fig. 6 Scheduling for pipelined Thomas.

Mathematical details of this algorithm can be found in
[POV 98]. For an irregular domain, bubbles are introduced
in the pipeline, reducing its efficiency.

One strategy to improve the performance of the
pipelined Thomas algorithm is sending the data of more
than one column per message, reducing the effects of the
communication latency. Povitsky [POV 98] comments that
it is possible to calculate an optimal number as a function of
the computation and communication times. In this work,
the number of columns per message was set based on

empirical experiments.

VIII, IMPLEMENTATIONS AND RESULTS

This section presents some results for the

implementation above described.

A. Hardware and Software Platform



sinm on Computer Architecture and High Lerformance

—

y 24 Computing . Sdo Pedyro
! ’,f;.--{'""/! -

-~
—

cedure was used. For the first
C

: System S, ig
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/) mh processor can solve its systems

.» €3C ‘

¢ L?ozher ProCessors. The only data To reduce such 1d1enes§, 4 pipelined Thomas IS applied
the e antificial boundaries, where a.2- When a Processor P; finishes 2 forward Stage F, for
on ?l’F p (figure 1) due to the 5-point System S§), it sends boundary valyes 1 the next processor in
npnlie E ] 1 : . ‘

‘m)[\’zmation of MTE. ; the pipeline (#1) and begins to perform the forward Stage
ki qe step, the solution of one matrix for the system Si+1. When the Jast Processor in the pipeline
fume SIEp, - -

4 on the results of P, during the finishes the backwa.rd Stage B, for a System S, it sends
f/)  during the backward stage. boundary values to Its previous Processor in the pipeline
gmr'é'mom communication than in and starts to perform the backward Stage for the pext
J cause idleness in the processors. System S;,. The schedy ‘ ithm

figure 6, where the enti
only 12 periods. Thjs parallel;

Processors.
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Fig. 6 Scheduling for pipelined Thomas,

Mathematical details of this algorithm can be found in
[POV 98]. For an irregular domain, bubbles are introduced
in the pipeline, reducing its efficiency.

One strategy to improve the performance of the
pipelined Thomas algorithm is sending the data of more

e ' than one column per message, reducing the effects of the

S St S S communication latency. Povitsky [POV 98] comments that
columns. Each processor it is possible to calculate an optimal number as a function of
1 pipelined fashion.

the computation and communication times. In this work,
ular subdomain where, the number of columns per message was set based on
an ALES §; must be empirical experiments.

istributed among the

*Ct application of the

: ; . VIII.  IMPLEMENTATIONS AND RESULTS

IS very mnefficient.
cheduling for the This  section presents some results for the
- domain shown in implementation above described.

i, respectively, the
rmed for 2 system
1d only after that

A. Hardware and Software Platform
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| | . jmplemented in
This computational model ;Zsing o0 MPICH

C language using MPI message P s
1.1231 gfrori the MCS Laboratory (GRO 96)). It was

met and
4-node PC cluster connected by both Fast Ethe

Myrinet networks. Each cluster no .
200 MHz with 128 Mbytcs.memory. ]
is Linux 2.2.1 with gcc version 2.91.60 (¢

B. Input Dala

! | -ed domain Was
dvnamics, the discretize .
o by ing different resolutions, where

approximated by cells, usi R
the dimensions of the cells vary from Ax= Ay =100

Ax = Ay = 50 m. With this last choice, the entnreddor:ta:; clli
compo'scd by about 600.000 cells. In other. wor s,the o
time step, CG must solve a 50%x30 matrix for s
resolution and a 1000x600 matrix for the lz?st one. For' eall

different resolution, the time Step At is automatically

calculated based on the Courant number.
For mass transport, in this work, all the cells were set

with Ax = Ay = 25 m. This high resolution .is nec.essar)cll :o
capture the details of the coliform baqterla dispersion and to
minimize the generation of negative .concentratlons, a
numerical effect due to the discretization method used.
Some of the input parameters for MTE are: |

e Initial conditions C(x,y,0) = 0 in domain; .

e Source term was specified as initial concentration C:

considering that:

3:)

" bi(s)
s

Cn =C = : Csource
: Ad:'lun'on (m : )H(m)

where Q is the source; Df 1s step time:; Aginion 18 the
dilution area; H is the depth averaged; Csource 15 the
concentration of coliform bacteria (= 9.10° mpn/100
ml), where mpn is the mean probable number per 100
milliliter;

e Dispersion coefficients:
a; =5.93 H(U+V?)"* ¢" /C, and

ar=023 HU+V)" ¢" /C,
where C;, = 7,83 In(0,3H/Z) 1s the bottom stress Chezy
coefficient, and Z, 1s the bottom roughness;

e Ty, the time for the removal of 90 percent of the
organisms, was considered 4 hours.

*  Boundary conditions: in open boundaries, two types of
boundary conditions were used; C(x,y,#) = 0 in inflow

and VC(x,y) =0 in outflow. In closed boundaries it
was used C(x,y,7)=0.

(mpn/ 100ml)

C. Results for Hydrodynamics

The boundary conditions were set as veloci

® < p LA ty e
(Dirichlet condition) for hydrodynamics and, on t};ﬁe
correspondent cells, |U| was set constant and equal to
0.3 m/s at outflow (at left of figure 2) and 0.5 m/s at inflow
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Fig. 7 Velocity field of figure 9

The implementation of the pop
solved the ALES in 11 iterations, wi, i tioneq e
preconditioner, with A=1, the system aree
iterations.  Nevertheless, the totg] times .
preconditioning, computation and COMMunjcys (
almost the same due the cost tq precond].o 1) Temajp,
matrices. If k is increased, the numpe, o }tlongte
reduced, however, the sparseness of the o Iteratjop 3
lost. ginal mytr, )

Several executions of this paralle] im
performed varying the number of

“Precondis;

Plementatjg, Were

proces
refinement on the PC cluster using the yfinetsors ang
Fig. 8, 9 and 10 resumes some of these results M
4
£, 3 - =
g 2 o B
e o o R
o “in
0 - o e
1 2 3 4

Number of CPUs

B Non Preconditioned 0 Preconditioned

Fig. 8 Speedup for hydrodynamfcs using Myrinet network.

In figures 8 and 9, each group of two bars represent the
speedup and efficiency, respectively obtained with 2,3 and 3

4 processors, for a 20x20 refinement.

Spc?edup is the ratio between the time of sequentia
execution and the time of parallel execution. Efficiency is
the ratio between the speedup and the number of processors

used ip a given execution. Figures 8 and 9 show, -
respectively, the speedup increasing and the efficiency -

decreasing when the number of processors increases. The

speedup of PCG algorithm is smaller than the speedup of -

CG because the first one spends more time 1
communication than the last one.

5N > 3 s \ s - x 3
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Fig. 9 Efficiency for hydrodynamics using Myninet network.

For cach refinement, efficiency decreases with more
e as a consequence of the communication/

600 1

Total Time
N H N
S833

100 . ‘f:'.‘

o

Number of CPUs

@ Non Preconditioned [0 Preconditioned

Fig. 10 Total time for CG x PCG algonthms.

The total time 1s a useful rpetric to compare the

erformance of two algorithms acting over t.h.e same group

gf data. The total time is the sum of preconditioning, cycles
ication times.

andpcior:rl: lilz)lcsz;:;(\)zvs the total time of each algorithm for 30

cyclesg, where each cyclg is composed by .the maximum

~umber of iterations required to reach the desired accuracy.

D.  Results for Mass Transport

As the output of contaminant emitters has small
dimensions, there is no sense in simulating the mass

transport for non refined meshes. Furthermore, the use of

centered finite differences to d.iscr.etize the adyective term

in MTE causes numerical oscxllatxon.s ge.:neratmg strongly

negative concentrations. As these oscillations are related to

Peclet number, they can be controlled 1f the mesh 1is
' refined.

Suff;l*‘i:re I:Lllys reason, in this work, the studigs of .the mass

transport were restricted to cells whose dimensions vary

from Ax = Ay = 50 to Ax = Ay = 25 meters.

Figure 11 shows a distribution of concentrations of

bacteria coliformes obtained with the computational model
for the discharge of 25 /s, with dilutio? factor of 25x25x4
and a coliformes concentration of 9.10° mpn/100ml (mean

probable number per 100 milliliter).
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Fig. 11 A subdomain where occurs transport.

One can observe that Guaiba River in figure 11 1s not in

a real scale. It is in a scale reduced by a factor of 1/10 to
allow a better visualization.

X CONCLUSION AND FUTURE WORKS

This work presented a parallel implementation of a
hydrodynamics and mass transport model for Guaiba River.
Different approaches were applied to each model. For the
first one, Krylov-Schwarz method was used to get the
solution, while the last one was solved using Thomas
algorithm.

The numerical results of the sequential version and the
parallel version of the MTE are fully coincident. The results
obtained in the parallel SWEs are not fully coincident,
although the differences shown are small. The speedup and
efficiency obtained were good, indicating that our code,
once adequately calibrated, can be used, in an operational
environment,

For future works we intend to improve the mass
transport model, developing a semi-implicit numerical
scheme for 5-diagonal systems, which will be solved using
GMRES algorithm.

Since 1t is desirable to have a convective scheme that
can maintain accuracy, positivity and conservation in the
results (to avoid the appearance, for example, of negative
concentrations), more appropriate numerical schemes, as
semi-Lagrangian (Eulerian-Lagrangian) [CHE 84] or Bott's
advection scheme [BOT 88], will be developed later.
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