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Abstract

The rapid changes in the present computer architectures throw qusestiocerning the future of the hardware-
oriented programming based on the usage of heterogeneous pasaif@liting resources, consisting of nodes
of interconnected, but separate CPUs and GPUs. However, it is lbtieeethe sustainability of the program-
ming efforts nowadays is to be searched in the fact that the principlesofithe performance of the present
GPUs as well as the emerging APUs is the hardware acceleration of wpetmations. Therefore, this contri-
bution delivers an assessment of a hardware-accelerated pargleiientation of a principal algorithm for a
vertically integrated finite difference scheme for free surface flowidtieg non-linear treatment of wetting
and drying. The chosen approach is to expose the fine-grained panalé the scheme and execute the whole
computational kernel of the code on a presently available streaming y@oessor — a state-of-the-art GPU.
The reached speedups compared to a single CPU core are in the@oite3@for the double or single precision,
respectively, which opens new possibilities for high resolution flood tfindeHowever, in order to reach this
speedup level the coding must be radically adapted for the vectorisedteon.

1 Introduction

Simulation of geophysical phenomena is based on matheshatinceptual models consisting of systems of par-
tial differential equations. Their treatment in a numeralgorithm based on mesh methods leads to the necessity
of solving large, but usually sparse systems of equatiémsart or non-linear. From the computational point of
view, a large number of arithmetic operations (like matrgctor operations) with the ratio of floating point op-
erations per memory access, (i.e. the so-called arithrmggasity) of 1:1 is to be performed. For this purpose,
computer architectures allowing simultaneous (paratiedcessing of long numerical data vectors with a larger
memory bandwidth and capacity are the most adequate. Qaesity this fact led ca. 1980-2000 to the domi-
nance of the specially designed vector computers in theadrde high-performance computing (HPC). Despite
their clear advantages, these relatively expensive andajsed machines were ca. 1995-2005 systematically
ousted and replaced by massively parallel computers wigineshor distributed memory applying specialised
serial processors. Since ca. 2005 with the appearanceativedy low-priced many-core microprocessors, the
dominant HPC architecture is a distributed memory clusteasily configurable nodes based on mass produc-
tion, standard hardware. Indeed, during the last decadeauid observe the relative decline in the production
of machines specifically designed for high-performancergdic computing compared with a huge increase in
the number and quality of the general purpose commodityweg stationary and mobile.

However, the peak performance of a modern standard CPU, abVjiMcessorrulti instruction, multiple
data), is attained for ratios of floating point operation per meyraxcess of 10:1, which does not make it the ideal
choice for intensive operations on vectors and matrices.prasent-day large microprocessor-based clusters are
often unable to exploit parallelism finer than one sub-don{part of data for one processor), with threading
hindered by the memory bandwidth shared by the processes emd by the memory access latency.

This awkward situation has been addressed by special aatml®r co-processor chip designs dedicated
mostly to the vector computing, like reconfigurable FPGiald-programmable gate arraysCell-BEs proad-
band enginesand larger vector, SIMDsfngle instruction, multiple dajaunits of modern CPUs. However, the
tremendous increase in the performance of widely avail@Blels Graphic Processing Unijsn the last decade,
the new GPU chip and memory designs allowing standard flaat pomputation and the full opening ca. 2007
of the general-purpose programming interface have thenfiatef making the streaming processors of GPUs



the hardware of choice for compute-intensive paralleligpfibns — especially for people without access to large
clusters.

Indeed, the present-day programmer of a parallel machioengonted with three types of parallelism to be
dealt with:

1. Fine-grained compute cores of a GPU or another SIMD accelerator — mostigramming with the
vector/matrix-operations methodology using a specidliaaguage; e.g. with CUDA QQompute Unified
Device Architecturg25]]), OpenCL [26], directives [27] and/or a vector instiioa set for a SIMD unit of
the CPU applying a specialised compiler.

2. Medium-grained using heterogeneous resources within the computatioodé fCPU cores, caches,
threads) -— the largest programming flexibility, using agorogramming and threading, e.g. with OpenMP

23],

3. Coarse grainedprogramming with the message-passing communicationdsstwodes of a cluster ap-
plying e.g. MPI1[29]. — data decomposition or partitioningtinods, clustering.

While the available programming tools allow addressingehzarallelism types separately, the combination
of any two or all three in a hybrid system is difficult, casgs€ledent and the matter of present-day research. This
is especially due to the limitations of the hardware coniogrthe data transfers across the PCle bus, i.e. between
the host (CPU cores) and the devices (a single or multiple JGR&mories and beyond one computational node
of a cluster over the interconnecting network. An additiaeaue in 2011 is the emerging APW¢celerated
Processing Unittechnology, merging CPU and GPU on one chip, with commoheseand accessing the same
memory areas, which would alleviate data transfer latsnaied radically simplify the memory management.
With the performance of these new hybrid APUs compared to@BW designs still to be assessed, there exists
an uncertainty how to adapt the existing CFD codes to thekbuahanging hardware architecture.

The author believes that the answer for this ambiguity iswest effort in exposing the fine-grained paral-
lelism in the existing algorithms because the primary sewficthe computational performance of the present
GPUs and coming APUs are the hardware-accelerated vectoatogns. It is not tried in this paper to use the
full range of presently available heterogeneous paradsburces, like computing in a tandem of CPU and GPU
or applying multiple GPUs, but using the CPU for the steeonty, while bringing the whole computationally
intensive part of the code to the parallel execution on a GR&tead of re-implementing of an existing serial,
OpenMP-, or MPI-parallelised code to a GPU with all necgssampromises to be met, only the principal algo-
rithm of a vertically integrated shallow water flow solveadapted completely for a GPU — with simplified initial
and boundary conditions, but with all typical features aadhputational load of the scheme. This concentrated,
radical approach allows a clear and undisturbed assessvhahspeedups are to be awaited when a non-trivial
shallow water solver is adapted for a state-of-the-artoregérallel processor, a GPU, using presently available
programming tools and libraries.

2 The numerical scheme

2.1 Shallow water equations

For the purpose of reference and convenience, the well kiwesdimensional, vertically averaged shallow water
equations in the transient, non-conservative form for the-rotating Cartesian reference frame are quoted:

H (U + uu, +viy) = —gHNx+ (VHux)x + (VHUy )y + YrUa — YU
H (v +uw +vw) = —gHny + (VHV)x + (VHW)y + YrVa — W 1)
Nt + (Hu)x+ (Hv)y =0

consisting of two momentum equations and the continuityaéqn for variableau(x,y,t), v(x,y,t) as the hor-
izontal, vertically averaged velocity components in theand y-direction andn(x,y,t) as the free surface
level ¢ being the time). The total water depth l(x,y,t) = max0,n(x,y,t) + h(x,y)), wherebyh(x,y) is
the given bathymetry. The prescribed horizontal viscostylenoted by and the friction terms represent
the combined friction at the bottom and at the free surface wuthe wind velocity ,,va), evaluated as
YeU+ yr(U—Ua) = (Y8 + YT )U— YrUa = YU— Y1 Us. The gravitational acceleration is denotedgoy



2.2 The semi-implicit finite-difference scheme

The considered solution algorithm is based on the genematiseplicit finite difference method for the shallow
water equations as formulated by Casulli et[2IC[1] 2] Bl 4TB¢ rigorous analysis of the governing equatims (1)
allows a precise determination of the terms, which have tdiberetised in the implicit way, leaving the terms
uncritical for the stability in the explicit forni[1]. In teiway a remarkably stable, accurate and computationally
efficient scheme results, which can be also extended fromtdvtbree dimensions [2] 3] 4], including a non-
hydrostatic version |5] without losing the robustness dantpficity. Consistently, the vertically integrated schem
(2Dxy) is a limit case of the standard 3D-scheme, when only one tegshis taken. The resulting codegim-

2D and TrRIM-3D have been applied for numerous practical projects aiedt#fic investigations in the past, e.g.
[3.14,[6,7].

In this contribution the mentioned above semi-implicitténdifference method is followed with a noticeable
new feature: introducing an extension for an improved, mmagservative non-linear wetting and drying treatment
(e.g. tidal flats, a river foreland, etc.). A detailed analyaf this non-linear method is available [13] 14], albeit
formulated for the further development of the given schemnéfe orthogonal unstructured mesh (code€Teim)
[8119,[10,12]. In the following, the notation applied is cimtent with the references cited above for the sake of
convenience.

2.3 The discrete non-linear scheme

The finite difference numerical scheme is formulated on #arelar, staggered mesh consisting\pfx Ny
rectangular polygons of lengthix and widthAy, whereNy and Ny are the number of polygons in theandy
directions, respectively. So defined computational don@ais fixed and intended to cover the time-dependent
domain covered by the flui@(t) = {(x,y) € Q : H(X,y,t) > 0} for the simulation tim& > O thoroughly. The
scheme is transient, with a discrete time steptodnd time steps numbered with The mesh cells (rectangular
polygons) are numbered with indic@isj) at their centres, where also the bathyméiry, the position of the free
surface Ieveh”I and the total water deptH! ”] at the time stem are defined. The discrete velocity components
u andv are defined at polygon edges, whereby in the discretisediegaahe numbering reflecting the position
of the velocity points is chosen:is defined at half integdrand full integerj, while v at full integeri and half
integerj, so that at the time stepwe have on the four polygon edge% andvn .- Accordingly, also the
bathymetry and the variable total water depth are definekdeat andv edzige posmons with the same notation,
e.g. H|i;, and Hi"ijl The roughness factosg, y and the viscosityw are also defined separately foandv

T2
mesh edges. In principle, the scheme allows a represemtafithe partially wet and partially dry mesh cells
(rectangular polygons), without the necessity to deteerttiie precise distribution of flooded areas in the cell. For
this purpose, the total water depthis defined in a non-linear way as follows:

HOown®) = [ pxy.2)dz=max(@ hoxy) +n') @

where an auxiliary functiom(x,y, z) (porosity) is introduced in order to represent the depth distribution

[ 1 if h(xy)+z>0
p(x,y,z)f{ 0 if h(xy+z<O0 @)
X1 S XS X3 SY S

The computational cells can be described 25;(n") = {(xy) : X
Y1 ,where H(x,y,n") > 0}; therefore the horizontal wet area of a partially flooded/goh p; j corresponding
ton;'; can be expressed in terms of the auxiliary functidn (3) as:

0<pij(n’)) /X'“/”? p(x.y,nf'j)dxdy< Axay @)
1

In the consequence, the water depth can vary along the edgedaty to a given sub-grid distribution. The
cross-sectional area of the water column above the wet ezftyéepg. for au-edge) can be defined as:

Al /yj‘% H(X, 1,y,n" 1 )dy (5)
i+3,] v 1 +37 0 i3]

we can define an average total depth along a wet or partialiydge:



Hn 1+35,] _ 1+35,] (6)
41 Yi 1
R px, 1.yl dy A

Where the wetted edge Iengﬂyi"+1 ; can vary in time as well (note the difference to the constpatigAy).
2
The volume in every polygon can be expressed applying thesggrfunction as:

1 ne;
0<Vi;(nf)) /)(+%/yj+2 H(x.y,nf'j)dxdy= /_m’ pi.j(2)dz @)

1

With so defined geometry of wetting and drying, one can dis®an the semi-implicit way the momentum
equations of shallow water equatiof$ (1) applying@hraethod for the free surface gradients, i.e. weighting with
the implicitness facto® between time levela+ 1 andn [4]:

n it —
<H|+1J+Aty“ U =Ry @®)

_gKX |+ J[e(rl?fll, nlnTl) (1-6) (ninﬂ_j—r]ﬂj)} + Atyr Uy

n +1
<H1A1+%+Atylnj+%>\':1+% Vln ©)
At
*QATIHinJJr% [9<rl|n,+i1 rhnTl) (179)<ni’fj+rnﬂ,—)]+Athva

whereFu = Hu* + At[(vux)x + (Vuy)y|* is an explicit, non-linear finite difference operator canitag explicit
discretisation of the advective and viscous terms, to beudsed later. The tergr concerns the wind friction
with a prescribed wind velocityu,, va) and the ternmy = rg/u2 + V2 represents the bottom friction evaluated
after applying the advection and diffusion operator on thedity. r is friction coefficient, which can be defined
in many ways, e.g. in the Chézy formulation= g/C2. Due to the fact thaf; = H;, one obtains by integrating
the continuity equation of{1) in the cell area the followigxpression:

Y, X, 1

]+2 H~z

/ /H.dedy +/ (Hu),, 3 — (Hu),_ %]dy+/ ()1~ (Hv); 4] dx=0 (10)

X
i} ¢ W

X1 Yied
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Noticing that the first integral il .(10) represents the voduand the averagadis constant along thgedge (and/

is constant along theedge) we get a finite volume form of the continuity equatiqeresenting a precise volume

balance ina cel(i, j):

(L v/ (pD n n+1 n n+1 +1 n +1
Vig () =iy ) - o0 ATy - A 1Ju| LA A
n n n n
—(1-0)at [AH-lJuH- J A 1 Ui 1 +AIJ+ JV?J+ AI] %v|n] %] (1)

whereby the velocity is dicretised with tfemethod [4]. Introducing the equatiors|[(B-9) [0](11) andrtgk
account of the equatiofil(6) one obtains an equation systenﬂf&:

A2 [ ayH? " AyH? \"
. n+1 2420 n+1 n+1 N+l on+l
A2 [/ AxH2 \" AxHZ \"
_02q— n+1 n+1 N+l _ nt+l
By (H+Aty) (”'Hl ) - <H+Aty>i_’j% (niy*=nit) (12)
-



with the right hand side vectdn“J containing all known terms in equat|dn__(12) at the time levdDenoting for
brevity Gy = Fu+ Atyrus andGy = Fv+ Atyrv, one obtains fob :

bij = Vi,j(nilj)

(AyHGx)" 7<AyHGX>” +<AxHGy>" 7<AXHGy)”

—(1-0)At [(AyH u"

—BAt

—(YHUY 5 |+ (AXHY)Y = (AxHY)Y ] (13)

i+1.j ij+1

The non-linearity of[(IR) is caused by the definition\pf(n{';), being the integral of the piece-wise constant,

but discontinuous functiop. Introducing a new variablg", = r]lnfl, the equation sef(12) can be written in a
compact form:

VQ)+TL=b (14)

whereV is the NyNy-long vector of cell volumes and is defined by[(IB). The structure of thNy x NyNy
matrix T can be analysed taking{12) into account. Denominating fiaritg R = AxH?/(H + Aty) and S =
DyH?/(H + Aty):

n,_92 (S1+1 +S1,,J)+92 o (R o1 R ,%)

A2
t.y; =0 6%y AcSen Gy =00 (15)

|72,J AX sfg‘j

2 2
jy=-9 grﬂw%v g =00y R

The matrixT is clearly penta-diagonal with the main diagonal being a sfioontributions from all surrounding
edges of acelli, j). The values stemming from neighbouring mesh cells resitleeiside diagonals. So structured
matrix satisfies conditions for the convergence of the Nawethod of solving non-linear equations. Rewriting
(@4) in the canonical form:

f=V(@Q)+T{-b=0 (16)

and denoting withm the Newton iteration index one obtains the classical formefscheme:

(M= AT =T [T HE™) =M [V +T] V) + T - b) (17

The derivative of the cell volum¥'(Z) = pi j(["}) according to the definitior{]7) is a single-diagonal matrix
with non-negative values, to be addedTian (]I]) Indeed, due td{7) we have at the diagonaVbf/alues of

0 < pi,j < AxAy for partially wet,p; j; = AxAy for wet cells and zero valugs j = 0 otherwise. In the exceptional
cases of cellgi, j) being completely dry and surrounded by dry cells, a line ftbm system matrix must be
eliminated (or the diagonal term just set to one). Eachtitamaof the Newton method (17) can be performed
applying the conjugate gradient method solvingZ&driin [V’ (™) + T]A{ = f, with the pre-conditioning necessity
depending on the numbering scheme of the cells.

The iterations are continued until a given accurady reached in terms of a vector norfAZ| < €. Due to
the mild non-linearity of the system, the number of itenasioequired is very moderate, with only one iteration
if the wet-dry pattern does not change. The formal discustie nonlinear method can be found[inl[13] (for an
unstructured mesh).

After finding the new water Ievells;”Jrl the the velocity components can be computed from the mament
equations[{$39) and the new water depths per edge are foyhdrap(@).



2.4 The discrete linear scheme

One can obtain easily a version of the free surface equdf@which does not take the sub-grid geometry into
account by setting the constant spacing instead of theblangetted edge Iengtﬁyn iy = Ay, Ax” 3= AX.
Assuming that we consider the the completely wet cells ordycan divide both sides of equatldf_l(lz) by the
total cell area\xAy:

At2 H2 n H2 n
1l g2 n+1 n+1 ntl
nl N ) gsz H +yAt>| %.,J <n|+1] ch ) H +VAI)I%’]- <ﬂ n| 1]>
At2 H2 n H2 n
_ @ n+1 n+1 Nl
Iny2 H+yAt>I %<”' it - H + yAt Hf%(” -nifh)
= bﬂj (18)

whereby the right hand sidl’-ﬁj is written as follows:

gty oA [(HS) ey
b L] AX H+yAt H’%J H+yAt i*%,j
— g ( HGy )n _( HGy )n (19)

— a-9D [k, (Hu);‘%j]7(179)%[(Hv)”+17(|4v)” ]

Defined on a finite difference mesh if x Ny polygons, the equation§ {{{8120) form a linear equationesysif
NxNy equations with a sparse, penta-diagonal matri>qf§“|1. Due to the fact that the water depﬂ“l%fl1 , HI"T1
are non-negative, the system is positive-definite and sytncraand can be solved by conjugate gradlent methods
even without applying the nonlinear Newton iteration scee@ompletely dry cells have to be detected and
removed from the equation system. However, even when theagés are treated completely wet or completely,
the non-linear scheme described in the previous secliddd28 not loose its generality and opens the possibility
of moving the shoreline more than one (whole) cell duringnglei time-step.

After obtaining the new water Ieveh'qn+1 the velocity components can be computed from the momentum
equations[{89) and and the new water depths per edge are &mohying [6).

2.5 Discretisation of advective and viscous terms

The advective and viscous terms are discretised using ditiexprmulation. If it is appropriate to neglect the

advection and horizontal viscosity terms, the oper&tor (8) and [9) reduces tEu” 1] Hi”+ %ljui”+ 1)

If the Courant-number-independent Eulerian-Lagrangiaordtisation for the advectlon is applied (i.e. the
method of characteristics), with a simplification the vsitpterms(1/H)d- (HvOu) to the formO- (vOu)), one
can exemplarily write for thet component:

Fun —Hh T + At [(VUX)X+ (VUy)Y]

i+§.1 i+3 J|+ N (20)

I+J

Whereu* 1| is the velocity at the time levél interpolated from the surrounding grid points at the foothaf
2

Lagrangian trajectory obtained by integrating the vejostiarting at the velocity nodé + 2, j) backward in
time fromt™? to t". [(Vuy)x (vuy)y]|+lﬁj is the discretisation of the horizontal viscosity term adahe foot
of the Lagrangian trajectory. The m%athodology is describedetail for rectangular meshes [n [1, 2] for linear
interpolation and in([[7] for the quadratic interpolatiohal classical upwind method (with the Courant number
limitation on the time step) is applied for the advection, [E]is a sum of advectivé,q, and viscousFyisc
contributions.

For the purposes of the performance-oriented investigatatescribed in this paper, one chooses for the
advection an upwind scheme with constant or varidble: Ax/|u|max



Am = % (%(“Lg j+uin+% J)_%‘UP+§,1 +uin+%.1 )
M= (50 4y dg )+ gy )
Bm = % (%("SH% Viea) - %'VEH%,] +"ﬂj+%|> (21)
BP:}<}(VH-,;+UU- PO R (VAN ;\)
2\2Vhi—3 T i+ T 2l BES:
Fad"ul+ i u?+21 7%([Am(u&%-,fuin%JHAP(“in%ful %1)]
_%[Bm( L ) B U )]
Faawj 3 =V} 3 ’%[Am("?ﬂnl "ﬂj+§)+Ap("ﬂj+{"P—1,i+g)] (22)
gy By =)+ B0y )
and for the viscous terms central differences:
Fisctl,y =+ g (W4~ 2 s )
+ Z—?ﬁ(u&%’j 1 2u|+21+uI+ J+1)
Prsijer = Zfﬁi(vﬁi—%*zm%“&%) @3)
t e (a2 Vi)

It must be noted that there are numerous possibilities fiinidg the explicit advectioffr,q, and diffusionFy;sc
operators, whereby the conservative advection schemielsfoahll flow regimes by the presence of wetting and
drying are especially attractive for models applying seagd finite difference grids [15, 11.6].

3 Parallel implementation

3.1 The algorithm to be implemented

The algorithm to be implemented can be sketched as follows:
e Mesh and geometry setup
e Initialisations and allocations
e The time loop:

— Finding water depthbi" Hn including wetting and drying

I, Jl j:l Il :tll
— Setting the new time steft for the time leveh
R

— Explicit advection and diffusion operatoFs!” it

i£3.j’
— Assembling the linear parts of free surface malfriand the right hand vectdr
— Newton iterations for the new elevatig@ff = r]”+l until |AZ| = [{™ - ™Y <&
* Computing with¢™ the right hand vectai({™) =V ({™)+T{™—b
x Setting the nonlinear part of the free surface ma#i™) and adding it tor
x Solving iteratively the linear equations $&t (™) +T]AL = f({™)



— Obtaining new velocities "} , V"1,
D NES

— Optional output

The principle semi-implicit algorithm is compact enougttoquickly implemented using any appropriate com-
puter language or mathematical software, which allows exmanting with various implementation approaches
as the programming paradigms evolve. With an exceptionhflemew non-linear wetting and drying the algo-
rithm is similar to the numerical kernel of therim-2D code [2/ 3] which can be embedded in a sophisticated
modelling software for general purposgs [6].

3.2 Approach

Although there exist a serial implementation of a simildresne as the numerical kernels of thei¥i-2D and
TrRiM-3D codes([?, B], as well as special vectorised and sharademeparallelised (OpenMP) versions [6], the
approach chosen in this paper is to write a new code almast &rgcratch using the previous implementations
as a reference. One reason for this that these legagrRAN codes do not implement the non-linear treatment
of wetting and drying which has been introduced for the sssoeprogram MTRIM applying non-structured
meshes([8.19, 13, 14]. Another reason is that pre-studids thise codes applying OpenMP-like accelerator
directives as well as CUDA &RTRAN [27] have shown that up to date, the radical aim of bringingsiiay the
whole code to the GPU is better achievable using CUDA C [2%DpenCL [26] due to the larger experience of
the scientific community with these languages and alreaidfieg, ready-to use, but computer language-specific
vector-parallel numerical libraries. This approach dagenclude a re-implementation of this relatively compact
piece of code in the form of a numerical kernel into other leages later on as the programming paradigms
evolve, especially in sight of the new hardware developmdike APUs Accelerated Processing Unjts

The principle aim of the study is to assess the economy of #ndware-oriented programming in a set-
ting allowing experiments with different hardware-awapp@aches taking advantage of the presently available
tools. Confronted with promising results of hardware-avarogramming paradigms, there is an ongoing dis-
cussion how to deal with larger, complex (legacy) CFD codeth) different proposed solutions. Exemplarily,
the approaches vary from adapting the fairly most compariatly intensive parts [17], semi-automatic scripts
for porting parts of the code to kernels running on GPUS$ [d8hbrough re-implementations — from simpler
(explicit) codes[[19] to complete re-writes of more compdekvers [20].

In this particular case the code has been written in C++ laggdrom a scratch, using a basic serial code for
the reference in terms of solution correctness in all staféise development. So far as possible, the presently
available versions of ARusT[24] and Qusr[23] numerical libraries have been appliediRusTis a library of
parallel linear algebra algorithms based on vector oparativith an application interface resembling the C++
Standard Template Library. Similarly,Spis a library of generic parallel algorithms for sparse mxaand
graph computations. Both libraries are written in CUDA Chw@@++ extensions and apply CUDA kernels for
arithmetically intensive operations. It must be notedt toales using irRusTand GQJsplibraries are able to run
also on serial hosts without change. Both libraries have lagplied for a consistent host and device memory
management, transferring single loops of the serial comeGi®U kernels, as well as for a specialised conjugate
gradient solvers. For more complex parts of the code, likedtivection scheme, CUDA C kernels without
using the mentioned above libraries have been written hegewith their serial equivalents for performance
comparisons. The main reason of applying the ready-to-useerical libraries is the fact that they simplify
maintaining a clearly vector-oriented code structure dnad they can be easily adapted to other programming
language than the hardware-specific CUDA C by just replaitindkernels for basic operations.

Mesh, bathymetry and elevation initialisations are realien the host (CPU), then transferred to the device
(GPU), whereby the geometry data residing on the host isexplater for interpolations on the staggered mesh
and for input/output. Although generally controlled by tBBU, the whole time loop is executed solely on the
GPU with an exception of input/output: results must be tiemed from GPU to CPU, because only CPU can
read/write files. The issue of the necessity of the costlg ttansfer from the device to the host for the output can
presently be solved e.g. by applying CUDA streaming teabmylallowing hiding host-device transfer latencies
by overlapping of computing and data transfer and usingaiséfor post-processing the data for output. However,
I/O issues are less relevant for a study concerning a cortiquodé core, which is supposed to be embedded in
an industrial modelling software. Additionally, the datarisfer latencies should be alleviated by the emerging
APU (Accelerated Processing Uhitechnology, merging CPU and GPU on one chip, which would edsnove
the necessity of the specific management of the separatambsievice memories. As mentioned above, the key



issue is that for both GPU and APU as well as SIMD-procesdgrsssent CPUs the vectorisation of the code is
crucial for performance.

Due to the application of the vector-oriente@iRUsT and GusP libraries and introduction of the compact
CUDA kernels, the structure of the code is thoroughly dédfércompared to the reference serial code: virtually
every loop concerning data vectors changed, there areagepallocations for the host and device and explicit
data transfers device-host appeared. The resulting cegent@es legacy codes for vector computers applying
intensively standard mathematical libraries and/or speoutines guaranteeing the correct vectorisation of the
code, like e.g. ELEMAC [21]. It must be noted that the vectorisation of the code giSiRRUST and QUspP
libraries has brought a slow-down in the purely serial ekeauby about 10% and in specific cases even up to
20% (clearly because of CPU cache misses) — this is the prieeveriting the code for stream processors, which
introduces data structures inadequate for a cache-odi€Ré).

4 Results
4.1 Verification

The verification and validation of the algorithm with in itdfdrent implementations has been performed with nu-
merous test cases, presented e.g. in referenced 2, 381 Eor the sake of completeness, a clearly non-linear
verification test case based on the analytical solutiongmitesl by Thackei[22] is considered here, concerning
a periodic motion of a circular shallow water body, with anssginmetric paraboloid bottom. The initial free
surface profile is also paraboloid, bulged upward; thedhitelocity is set to zero. Under the influence of gravity,
a periodic motion develops, with a period df= 21/w, wherew is the frequency of the ongoing motion. The
position of the circular shoreline oscillates axisymneatly, advancing and retreating from the natural rest posi-
tion. Taking as a reference the rest position of the systenthie horizontally flat free surface, and de-nominating
ashg the water depth in the middle of the body,lathe radius of the equilibrium shoreline andrasthe initial
displacement of the bulged free surface in the middle of tireain, the equations of motion can be derived as
follows [22]:

V1—A? X2+ y? 1-A?
eyt = ho{lAcoswtl L2 [(1—Acosw)271]
ux,y,t) = B }wasinwt (24)
YU T T Acosut \ 2
1 1 .
v(X,y,t) 1= Acosx <§wyAS|nwt>

where the frequency of the motienand the parametex are:

h 2_n2
oo 89“)’ Af( o+1No) —hg

_ 25
L (ho+no)2+h3 (29)

For the verification purposes, the geometrical parametars heen chosen to= 4.0, hp = 0.2m, ng = 0.01m.
The square computational domain measures X0f®m, with both co-ordinates y varying between -5m and
+5m, with the resolution 200Q 2000 one obtainAx = Ay = 0.005m. For this set of parameters, the resulting
period of motion iST = 6.34s and computation is performed with the time sép= 0.005s for 50s, i.e. for
over 7 periods of motion. The case is invisoid= 0 and without roughnesg,= yr = 0. The conjugate gradient
solver accuracy is set to 18 and for the Newton iterations 182, resulting in moderate number of inner (CG)
iterationsO(10) and up to 3 outer (Newton) iterations due to wetting and dyyifhe free surface movement
is shown in Figur]l in time series for two de-central posiiat(x,y) = (—2,0)m, (—1,0)m and the central
position(x,y) = (0,0)m, where also the analytical solutidn{24) fpis plotted for the reference.

One obtains a very good agreement of the period and amplitiithe motion compared to the theory. How-
ever, the amplitude of the motion diminishes slightly todweR8% of the initial value after 7 periods, which is
(besides numerical diffusion) due to the chosen implicigngaramete® = 0.65 and the imperfection in repre-
senting the axisymmetric case (initial and boundary caéonl, circular shoreline) using a mesh of rectangles.
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Figure 1: The elevation changes in three points of the donf@iry,= Om and two de-central positions= —2m, andx = —1m (dashed lines)
and the central position with Om, solid line. For the cent@ipion (x,y) = (0,0)m the analytical solution is plotted for comparison (dotted
line).

4.2 Performance

The computer system applied for performance testing is d goality, but mass-production PC equipped with a
4-core Intel Xeon CPU X5570 working at 2.93GHz with 8MB cadaméandem with a off-the-shelf commodity
graphic card GeForce GTX 480 working at 1.4 GHz, with 1.5GBnuoey, 15 multiprocessors and 480 stream
processing units, having CUDA compute capability 2.0. Dingphic card, featuring the Nvidia Fermi chip, allows
computing in double precision without larger performaneaaities compared to the single precision execution
which were typical for the predecessor Nvidia GPUs (e.g. @Tgeries).

Because of the interest on the performance of the compogti@rnel only, the reached speedups are given
only for the time loop part of the algorithm presented in ®edB.1 and without output. The comparisons ignore
therefore also the GPU initialisation time, for this typetopca. 1.5s. By ca. 1.5GB GPU memory of the given
GPU type, the resolution up to ca. 4.5 million mesh cells infde precision and 9.5 million cells in single
precision is possible.

The results are presented in Talble 1 concern speedups deggplying four test cases, all of them relatively
simple and schematic, but taking into account the typicatuiees of the given scheme: (pnlin — the test
case described above in the secfiod 4.1, but computed ithpbnid with viscosity and bottom roughness; (2)
Sloshing— a small amplitude standing wave in a rectangular basin artlnitial flat, sloped free surface (no
wetting and drying); (3Lake— similar sloshing, but in a parabolic-bottom round lakeyiioly and wetting on
all shores) but in contrast to case (1) with an initial flabpgld free surface and in deeper domain;Waves-
waves generated by an initial bump on the free surface atigahores of a Gaussian hill shaped island with
wetting-drying and reflections from sides of a rectangu@ndin. In all cases the same, quadratic mesh covers
the rectangular domain of 10m 10m with water depths for the cases (2-4) in the range of 1entithe stepAt
varies between 0.001s and 0.005s; 100 time steps are edetheresolutiol\x = Ay can be deduced from the
Tabldl, it varies between 0.0033m and 0.01m. The solveracias are set exactly as in the verification test case
described above, and the implicitness fadet 1. In all cases a relatively small bottom roughness of Magnin
0.001[—] and small horizontal viscositieg = vy = 10-*m?/s are applied.

The reached speedups for the time loop are consist&{2@) or O(30) for the execution applying double
and single precision floating point numbers, respectivaynpared to the execution of the same code on one of
the CPU cores. The speedup&40) for the wavestest case are ignored due to the fact that the serial referenc
case performed sub-optimally due to cache misses of thensat code on the CPU.
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Table 1: Performance of ti2Dxyscheme

| example | precision| resolution | speedup|
(1) Nonlin single 1000x 1000 27
2000x 2000 29
3000x 3000 28
(1) Nonlin double 1000x 1000 21
2000x 2000 20
(2) Sloshing| single 1000x 1000 32
2000x 2000 32
3000x 3000 30
(2) Sloshing | double 1000x 1000 23
2000x 2000 22
(3) Lake single 1000x 1000 32
2000x 2000 34
3000x 3000 33
(3) Lake double 1000x 1000 24
2000x 2000 23
(4) Waves | single 1000x 1000 30
2000x 2000 43
3000x 3000 42
(4) Waves | double 1000x 1000 20
2000x 2000 20

5 Conclusions and outlook

5.1 Conclusions

It is demonstrated that a successful ground-up adaptatiamon-trivial two-dimensional numerical scheme for
free surface flows for the streaming processors (GPU) isilpessith a relatively small effort, even if one re-
lies for the performance on the ready-to use numericalriésaThe critical issue is to adapt not only the most
performance-critical parts of the code, but its possibtgéa contiguous parts to be executed on the GPU com-
pletely. In this case such contiguous part contains the evtiole loop with assembling of matrices, solution of
a linear equation inside outer, non-linear iterations sawell as all necessary depth and velocity updates. The
considerable speedup (in the order of 20 or 30 for the doubkngle precision, respectively) compared to a
single CPU core and the fact, that for this simple computaii@cheme computations using a few millions of
cells on a single, commodity GPU are possible, opens a ctganfial to increase the time and space resolution
applying standard, off-the-shelf hardware. However, it purpose, the algorithm adaptation radically changes
the code structure towards a vector-oriented one, whiatgbrsome drawbacks for the serial execution of the
same code. This confirms the well-known fact that a thoroegprogramming of crucial parts of legacy codes is
necessary for performance on the GPU only. On the other lisisdhelieved that this vector-oriented program-
ming method — also with application of humerical libraries sustainable enough in the light of the upcoming
new computer architectures, where the performance is tedrelsed not only in the massive parallelism in terms
of the processor unit numbers, but also in the hardwareleed®n of vector operations. The remaining issues
concerning the specific software implementation as therproming paradigm evolves should not be critically
large for a small, compact computational kernel.

5.2 Outlook

The promising results for the vertically integrated 2D sobesuggest that an extension of this methodology to
three dimensions |2, 5] should also bring good results. \Wisipecific pre-sorting of the mesh adequate for the
streaming processor structure[19], the adaptation of guévalent unstructured schenié [9] should be feasible.
The developed code is a useful and ready-to-use tool fangeghplementations of further developments, like
the very promising sub grid methods [13] 14] or conservatiheection schemes [15,116]. The aimed application
area of the resulting codes are studies concerning floodidglaying in highly resolved larger domains, requiring
excellent numerical efficiency while maintaining the dietai
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