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1. INTRODUCTION

More and more defence and civil applications regsimulation of marine synthetic environment. Cutlse the
«Future Anti-Surface-Guided-Weapon» (FASGW) or kaavire léger» (ANL) missile needs this kind of dedliing.
This paper presents a set of technical enhanceofighe SE-Workbench that aim at better represeritiegsea profile
and the interaction with targets. The operationahario variability is a key criterion: the genegmographical area (e.qg.
Persian Gulf, coast of Somalia, ...), the type ofiaibn (e.g. peace keeping, peace enforcementpmatly, drug
interdiction, ...), the objectives (political, strgte, or military objectives), the description oftimission(s) (e.g. anti-
piracy) and operation(s) (e.g. surveillance andmeaissance, escort, convoying) to achieve thectigs, the type of
environment (Weather, Time of day, Geography [dvest, islands, hills/mountains]).

The paper insists on several points such as thierelndering using either ray tracing [and the GRJGtimization] or
rasterization [and GPU shaders optimization], thedetling of sea-surface based on hypertexturesstiaders, the
wakes modelling, the buoyancy models for targéis,imteraction of coast and littoral, the dielectrfrared modelling
of water material.

2. SE-WORKBENCH-IR TOOL
2.1 Overall presentation of the SE-Wor kbench

The SE-WORKBENCH, also called CHORALE, is a mu#iasor battlefield modeling workbench mainly used by
French DGA, German BWB, South Korea MnD, Singafg@8¥ A and Swedish FOI in order to achieve the sygithef
3D scene observed by a sensor, this in two steps:

* The physical characterization of the 3D scene hiehav

» The Computation of the physical signal receivealsgnsor.

The SE-WORKBENCH is entirely based on software potsl developed by OKTAL-SE and realize the mulgetpal
unification of optronics, electromagnetism and mogeently GNSS, using a common kernel & physicdkesions
affectation both aimed at a unique 3D scene amuhar®mn technology. The SE-WORKBENCH is a winninigiative
for sharing R&D efforts and federating a user grecagmunity that intends to exchange experiencekand/ledge.
The first development was in 1994 and has beemglyoboosted by the French SCALP missile progrard Hre
gualification of the IR tracking system. At the begng, the SE-WORKBENCH was focused on the IR domin
2001, an electromagnetic version of the workshog wiiated, with the help of ONERA French researehter, mainly
focused on millimeter waves and wide scenes, tllgidar SAR applications. A new GNSS version fortedfite
application has started in 2009.

The control of the SE-WORBENCH validity domain i@sed on both a theoretical validation approacheldgvnent of
physical models, general modeling and simulatioovdedge, elementary tests and validity assessraadth validation
process based on comparisons with experiments (PG missile [FR], AASM missile [FR]).

2.2 The SE-WORKBENCH-IR architecture

The SE-WORKBENCH-IR is made of different componerts described hereafter, corresponding to theesso®
steps of a IR sensor simulation that are the mogdgthe scenario edition, the rendering withoutgbasor effects and
finally the sensor transfer function simulationrtRermore, the user can do software integratioorder to control the
generated scenario execution from a remote or gustpplication. This can be achieved with the ha#flghe SE-



TOOLKIT consisting of a set of dedicated librargsd application programming interfaces (API) tophitle complex
application design and integration.
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Figure 1: The SE-WORKBENCH-IR components.

2.3 Non real timerendering based on SE-RAY-IR

SE-RAY is the ray tracing kernel developed by OKFS&E which enables to compute high realism imageseireral

spectral domains. SE-RAY-IR is dedicated to thelegimg of synthetic environments in the IR domaid & based on
SE-RAY ray tracing kernel. The great originality 8E-RAY comes from its model based on physics. 3&-Rses

elementary pyramids, defined by four adjacent fay® basic pixel), which allows one to compute @etary surfaces
and solid angles.

Besides SE-RAY-IR takes into account the wavelength
sampling. Actually SE-RAY-IR works wavelength by
wavelength. Time consumption is very optimized gsBE-
RAY. Actually performances are nearly independamtsoene
complexity. To do this SE-RAY uses a spatial suisitvm
method that enables to get a perfect knowledgehefscene
topology before computing the first image. The scepace is
decomposed in a hierarchy of volume elements (g)xahd
then turned into a recursive space of voxels thgbroves
efficiently the intersection computations. The s$ioln to
improve image quality mainly consists in over samplby
tracing more rays. The method adopted for SE-RAYdRhe
adaptative one. The most important antialiasintgiGa are the
following: number of different polygons in the pixaumber of _ )
different materials, normal vector variation withine pixel. —Figure 2: Management of ray tubes in SE-RAY-IR
Based on generalization of texture definition tq gumysical

data, SE-RAY-IR can simulate the variation of spacu

reflectivity with the observation angles.
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Concerning the physical IR model, SE-RAY-IR caretdie following contributions into account:
* The thermal emission

 Diffuse and specular reflections



» Direct Sun lighting: Direct sun or moon lightingkés into account the atmospheric attenuation affdshn
between the astral source and any point in thec@Des An external data file (typically based on LOWAN
or MODTRAN) contains attenuation and diffusion \edufor discrete values of the wavelength and of the
altitude.

» Diffuse Sun lighting and sky/ground illuminationkySand ground are considered as a global entityigimg
energy in any space direction. When loading thalzide, the canopy is tessellated in discrete solies
defined using elevation and azimuth angles.

» Self emission of the atmosphere: An external diéggtfypically based on MODTRAN or MATISSE) contain
atmospheric radiance data for discrete values oflgagth, altitude, elevation, azimuth and rangm. éach
ray, both primary, secondary or lighting ray, threstovalue of atmospheric radiance is determinesgugiear
interpolation.

» Atmospheric attenuation: An external data file {tgtly based on MODTRAN or MATISSE) contains
atmospheric attenuation for discrete values of \emgth, altitude, elevation and range. For each bayh
primary, secondary or lighting ray, the best vabfeatmospheric attenuation is determined usingaline
interpolation

» Sky, horizon and cloud cover: Sky and horizon ane @nalytic models.

Beyond this classical forward ray-tracing, SE-RAY-luses SE-RAY-PHOTON-MAP module in order to take
advantage of photon maps to pre-compute the sdebaldllumination, in a first pass, and then tade rays from the
observer to the scene, in a second pass.
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Figure 3: Path 1 & Path 2 of SE-RAY-IR

In the first pass, a ray tracing is made from esmrce, through the atmosphere. A ray is eitheorbles!, either diffused
or scattered in a direction given by the local ghlasiction and can be also reflected by the scenengtry. After this

first pass, lots of “photons” are stored on thenscsurfaces as local irradiances. In the secors] pags are traced from
the observer onto the geometry, and the radianad pbmputation takes into account the local intéafed irradiances
thanks to the BRDF.

2.4 Real timerendering based on SE-FAST-IR package

The SE-FAST-IR package is made of a major prod&E-FAST-IR) and additional modules depending on the
considered application.

With the help of some pre-calculation steps, r@aktimages are computed with the SE-FAST-IR sofutidt is
dedicated to the computation of image sequencesdar infrared sensors (light intensifying) andriie infrared
systems with short, medium or long waves (SWIR, MVLWIR). The products make use of the resultshef $E-
CLASSIFICATION tool, the SE-PHYSICAL-MODELER modeleand the SE-ATMOSPHERE atmospheric files
computation product. The thermal pre-calculatiaresbased on SE-THERMAL code.

The previous version of SE-FAST-IR was based omeacpmputation of the whole 3D scene with speaididiance
texture adapted to a given waveband for a giverctsgleresponse. The real time process only corbkisteusing



Open GL laws basically for non-static parts of sigene (for instance the specular parts, or the myoobjects) and for
the atmosphere propagation modeling dependingedratbn, azimuth and range.

The new release of SE-FAST-IR brings a technoldgiopture by using OpenGL pixel shaders enablingdi
calculation on 3D graphic cards. A shader is agdace written in a special purpose C like languhgéreplaces a part
of the graphic pipeline of a 3D graphic board. Teev core of SE-FAST-IR is based on the open sol@pen Scene
Graph” layer upon Open GL.
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Figure 4: Rasterisation process

When the ray tracing image is constructed pixelpigel, the rasterized image is constructed by mtaja of the
polygons. A given 3D polygon is projected in theegm 2D space, the varying data that characterigepblygon, being
associated to this projection. Then the polygospig into 2D sets of pixel, called fragments, tha¢ stored and sorted
(frame buffer) in function of their depth i.e. thistance to the screen.

3. HYPERTEXTURES
3.1 Ray tracing implementation

For marine application, it is very important to megent the real and complex shape of the sea suffére wave self
shadowing effect is very important. The shadowiffiaating objects is also important. Modeling thea surface using
polygons would be impossible due to the amountobfgons. The best solution is to sample this seriaging a “height
map” Z(X, Y) i.e. a raster information rather tharpolygonal vector information. Nevertheless, tloé/gon shaping

remains important both for coast modeling and ke tato account the sea surface rotundity. The hggpire model

answers these requirements. It is real substituéecomplex geometry within a volume.
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Figure 5: Hypertexture volume definition

Within this volume, the hyper texture, which isrf@lized as Fourier series, contains the additibaaht modulation to
the average altitude given by the polygons. Thenaging process is applied directly on the hypeue. In the case of
sea, in order to avoid any hole with the coasthiyyger structure is positioned under the sea nigs$ides, the coast is
extended under the sea level, which also enablegkéointo account the bathymetry for the wateresentation. The
advantage is that the waves naturally intersechéaeh area.
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Figure 6: Hypertexture for sea representation

Figure 7: Variation of hypertexture in functiontohe

Figure 8: SE-RAY-IR hypertexture rendering example

3.2 Shader implementation

The SE-Workbench has a unique interface for hygemnte definition. It is the HTX extension of the BDnative SE-
Workbench database structure. The HTX extensiotagmna spectrum that can represent any shapaaustace. Due



to time constraint for real time application, aapkinterpretation of hypertextures is made in BEST-IR that gives
an equivalent to the ray tracing treatment. Ther&Tdering is nearly equivalent to the NRT managdniEme main
limitations are currently the following:

* Less number of frequencies in the Fourier decontiposflimited by the shader memory size)
*  Spectral computation much less accurate (limitedler of wavelength within the sensor band)
*  Worse quality of antialiasing (Cf. hereafter)

A special pixel shader has been written, that imglets an algorithm inherited from “parallax mappiagd “relief
mapping”, classical graphical techniques in theesigame domain.
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Figure 9: RT treatment of height maps

The T(u, v) texture that classically contains aocahformation, here contains a height informatiantually a relative
height to the polygon mean surface, that is pas#ibin the polygon plan thanks to the texture cimattds or the texture
matrix. The u,v texture coordinate of the “heighapthis modified in function of the viewing angle stsown in figure 9,
taking into account the viewing angle. The drawbatlhis basic technique is that no occlusion relf shadowing
effects can be rendered. OKTAL-SE has improved tddinique, using a “ray marching” algorithm on G#dt finds
the real intersection point with the height mapjolhgives occlusion effect and shadowing effectse dnly limitation
of the basic rendering is the aliasing intrinsi¢his method.

Besides, the process enables to take into accpantkar reflection effects on sea surface:

Figure 10: RT SE-FAST images, with various watatest



4. SEA MODEL
4.1 Introduction

The basis for deep-water wave spectrum modelsigsitiergy balance equation:

—

oE -
—+C,.0E=)S
o 9 2.8

where t denotes time, E is the two-dimensional wepectrum depending on frequency f and dirediiog, is the group
velocity, and Srepresents the source and sink terms. A souroe ttensfers energy into the system, whereas a sink
term takes energy out of the system. In theorysthm of all source and sink terms is zero.

In first generation wave spectrum models, the soarad sink terms are modeled by two decoupledalipeocesses. A
famous model is the Pierson Moskowitz model.

In second generation wave spectrum models, theingaml wave-wave interaction term is parameterizetiniit the
required computational load. A famous model istbeswap model.

The limitations to the spectral shape are no lomgeded in third generation wave spectrum modelthdse models,
the previous energy balance equation is solvedattpl

For the SE-Workbench marine toolkit, an open sothizd generation wave spectrum model has beeredeus
4.2 Bathymetry

To compute the E two-dimensional wave spectrunhymagtric data are required. This terrain data usderare easily
managed in SE-AGETIM modeling tool. These raw raggridded data are adaptively meshed in ordeiiv®e gpore
accuracy in the coast vicinity:
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Figure 11: Optimization of bathymetry data

4.3 Third generation model implementation

We suppose that each frequency has its own prapagagctor: sin(wt+k.x) considering g group velocity that gives a
k propagation vector. So we can forget the timeedision and focus on the E two-dimensional wave tsjec



depending on frequency f and azimuth direcBiofihe third generation model gives this spectrunafgiven position in
the 3D marine scene.
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Figure 12: Wave spectrum function of f ed

This polar spectrum must be transformed in a Cartdsame:

E(fufy)

Figure 13: Wave spectrum function of fx and fy

Actually the transformed spectrum is a local speutfin the vicinity of the X Y; origin of each computation). Then,
using all these {E; vi }, a global interpolation is made that gives theapum for any x, y position in the scene. Then

the inverse Fourier transform gives the wave aungbditZ(x, y). Before that, to make the renderingemealistic without
perturbing the physical validity, we multiply in &der domain by a White Noise since the WN PowegcHal Density

is equal tal(fx, fy)) and does not affect the sea model PSD.
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Figure 14: WN spctral effects

Which gives the following architecture:
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Figure 15: Global treatment

5. MARINE SPECIAL EFFECTS

Several basic mechanisms have been developeddén twr render some very important effects, suchvaes that are
very important for ship detection and identificatio

5.1 Water dropletsparticle systems

The first mechanism is the particle systems. Hagtisystems are made of lots of elementary objdws, in the marine
context, characterize a unitary 3D foam volume Huitis associated physical spectral data). The bhehain space and
time - of these particles is controlled either hg SE-SCENARIO scenario file, either by PYTHON ptzior C/C++
code thanks to the SE-Workbench associated toolkits



Figure 16: Foam particles IR rendering using SE-RRY

5.2 2D wake particules

Beyond the 3D effect of a ship wake, the wake e®at local modification of the 2D sea surface - tudoam.
OKTAL-SE has developed special particle systene, éimits 2D surface large particles that are finkied to the ship
mobile frame and that are progressively linkedni® $ea static frame. Besides, these particles toagisappear after a
time. This mechanism is currently used both for weake and for bow wake.
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Figure 17: Rear and bow wake 2D patrticles dedicaystbms

5.3 Kelvin wake

OKTAL-SE has also implemented a 3D local wake heiglap deformation which is consistent with hypetutes
profile. It is based on the Kelvin approach.

Let us consider the following figure:
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Figure 18: Kelvin wake data

The Kelvin model gives:
y/-__18m ich implies:2Y/ tan?0+tan8+ Y/ =0.
4 1+2tar’ 0 X X

Solving this equation (discriminant) shows that; olua special value d, there is no sea deformation. Fbx 6y, the
wave propagation is given by:

kzz—g2 where kzg
V<co< 0 A

Temporal and spatial attenuation models have beeelaped to improve the realism. Finally, intersecof 3D wakes
with geometry have been achieved, even the inteoselsetween wakes are supported by the SE-Workbenc

Figure 19: 3D Wakes interactions

6. WATER MATERIAL PHYSICAL MODELING

Water materiel is considered as a dielectric spentaterial. It uses smooth dielectric materiale$¢Rel approximation)
of finite width. The model takes into account ttegiation of the water depth thanks to a materiassification (texture)
that combines several thicknesses:
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Figure 20: SE-RAY spectral images of sea

For real time SE-FAST rendering we use of the 8&ldimodel, the specular reflection coefficientdy given by:
R@®) = RO + (1 - RO)(1 - c&¥®

where6 is the incident angle (which equals the reflectegle for specular reflection) and RO is the réflace at
normal incidence (i.e. the value of the Fresnehtaihenot = 0).

7. BUOYANCY MODEL

The buoyancy model is something very practicalng$he SE-SCENARIO tool, or a C/C++ SE-TOOLKIT apation,
the user only has to make the ship move. Automtj¢ae ship floats on the surface, creates thkesand emits foam
particles. The user can make a preview thanks tSSENARIO tool in order to parameterize the varipasameters,
but everything remains fully automatic.

The buoyancy model is simply driven by a “floatingx”. For the moment, the ship is characterizeteim of density.
Thanks to the toolkit approach, the model is opsth @an be easily improved or even replaced by & rsophisticated
and specific customer in-house model.

Function of the hypertexture profile, the model paores the volume of the floating box that interseeater medium. It
retrieves a single position and the associated alovettor.
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Figure 21: Buoyancy model input/output



8. PRELIMINARY RESULTS
The figure below shows the coherence between aaynig SE-RAY rendering and GPU SE-FAST rendéring

Figure 22: SE-Workbench images SE-RAY (Left) — SESF (Right)

9. INTERACTION OF COAST AND LITTORAL

A non homogeneous FETCH model Is currently develapeOKTAL-SE company. This model is dependent on:

- coast shape

- cliffs

- beaches

- harbor installations ...
This model has to be consistent with the SE-AGETM®I virtual mock up modeling tool. A set of new tealill be
developed in the future month in order to contvehén the 3D virtual mock up is being modeled) theal sea state,
and to indicate the constraints associated todhstshape and its special features like harbtaliasons for instance.



Figure 23: SE-AGETIM marine DB example

10. GP GPU FOR RAY TRACING IMPLEMENTATION

In the frame of the ray tracing rendering, whichmsre realistic especially with regards to wavetan@KTAL-SE is
currently prototyping GP GPU implementation. Thagral idea is to use the multiple cores and astmtimemory that
can run in parallel directly on the graphical bo@Bdaphical Process Unit) instead of the CPU. OKT3¥ tries to have
a long-term policy for GP GPU. First trials haveebenade using OptiX, the Nvidia black box ray tngcapplication
which reaches very impressive performance for the generation Nvidia 3D graphic boards. OKTAL-SE lzdso
developed a CUDA native application, that can bedtated in Open CL and that is a white box. Tisnmess is quite
necessary both in term of independence to Nvidiaatsm to manage the performance at low level,thisdtypically for
complex parts of the SE-RAY SW, such as the implateon of the physical models.

If we make a projection of the 2011 SE Workbendbase, for the SE-RAY part, both solutions willdbailable for the
users, CPU or GPU, as shown in the following figure
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Figure 24: SE-Workbench CPU/GP-GPU dual approach

11. CONCLUSION AND PERSPECTIVES

Thanks to these recent developments fully suppditeBrench DGA “Maitrise de I'Information” and MBDA&rance,
SE-Workbench is now fully operational for marinegarch simulation.

A large community uses SE-Workbench: army, reseanchindustry.

SE-Workbench presents_a uniggeution in the world that merges three technicahplementary approaches that are:
CPU, GP-GPU and GPU shaders and that combinesittamtages of these three approaches.

A lot of work is still to be done. It mainly coneer the GP GPU implementation for SE-RAY-IR, the Gshader
improvement in term of functionalities and performas, the White Caps modeling thanks to multi-texgu new
feature of the SE-Workbench. Plans are made alsmpoove the atmospheric definition close to wattganks to
MATISSE ONERA SW. A coupling with ShipIR SW produmbuld also be very interesting for our customershie
future.
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