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Abstract. Enabling technologies are those technologies preparing input data, analyz-
ing output data and facilitating the whole processes for num erical simulations. This
paper outlines current enabling technologies for large-sc ale multidisciplinary simula-
tions used in the High End Digital Prototyping (HEDP) system , a problem solving en-
vironment equipped with capability of mesh generation and | arge-scale visualization.
A problem solving environment is a computer system that prov ides all the computa-
tional facilities necessary to solve a target class of problems. Mesh generation contin-
ues to be the pacing technology for a practical numerical analysis, which is essential
to yielding an accurate and ef cient solution. Large-scale visualization maps the mas-
sive data to some kinds of scenes interactively, which can be realized through a tiled
display wall system with distributed visualization capabi lity. HEDP is designed for
large-scale and multidisciplinary simulations, and there are four categories of modules
involved, namely pre-processing module, computing module , post-processing mod-
ule, and platform control module. All these modules are coup led through a software
bus, which makes the modules integrated seamlessly. Detailed design principles and
applications of the HEDP environment are addressed in this p aper.
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PACS: 02.30.Jr, 02.60.-x, 47.11.-j, 47.70.Fw, 47.70.Pq, 8920
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1 Introduction

With the development of computational methods and computin g resources, large-scale
multidisciplinary simulation is becoming an importantare a of computations in engineer-
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ing and science. Technologies, such as problem solving environments, mesh generation,
and large-scale visualization, enable us in ful lling large -scale simulations.

For computational simulations of various physical phenome na and processes, there
is a common demand to equip the users a user interactive platf orm with certain capabil-
ities, and an effective method is to construct a Problem Solving Environment (PSE) [1-4]
which is a computer system that provides all the computation al facilities necessary to
solve a target class of problems [5]. Typically, it can reduc e the dif culty of physical sim-
ulations by utilizing user natural languages and applicati on speci ¢ terminologies, and
by automating many lower level computational tasks. We de ne a kind of PSEs in the
following formula [5, 6]:

PSE= User interface + Enabling libraries and tools
+ Problem solvers + Software bus.

Commonly, a PSE should have a friendly user interface such as nature language and
graphical user interface that can help the user to use the system in a direct and ef cient
manner. Enabling libraries and tools are the most valuable p arts of a PSE. They provide
all the necessary assistant functions for a simulation, such as geometric modeling, mesh
generation, and scienti ¢ visualization. Problem solvers a re integrated into the computa-
tional module for various problem elds. Software bus is the m ethod to integrate all the
modules to work seamlessly and ef ciently.

Mesh generation continues to be the pacing technology for a pr actical numerical anal-
ysis and is the area where signi cant payoff can be realized. F urthermore, high quality
meshes for encompassing special regions are essential to ylding an accurate and ef -
cient solution. Research on mesh generation technologies s challenging, while its im-
portance is evident [7—14]. During the past decades, both structured and unstructured
meshing techniques have been extensively developed and applied to solution of various
engineering problems. To deal with situations in which comp lex geometry imposes con-
siderable constraints and dif culties in generating meshes , composite structured mesh
schemes [15, 16] and unstructured mesh schemes currently ae the two mainstream ap-
proaches.

With the increase of scales of applied engineering problems to be solved, the require-
ment to visualization is increasing. For large-scale probl ems, visualization technology is
demanded to meet the requirement of large-scale numerical simulations [19], and this in-
cludes special rendering techniques, parallel processing methods [20], and distributed
and collaborative visualization approaches. Large-scale visualization can be realized
through a tiled display wall system with distributed visual ization capability. Large scale
displays provide users experience totally different from ¢ ommon monitors or a single
projector. The bene ts include showing the whole view of alar ge scene, offering enough
area to place lots of windows at the same time for group collab orating, providing much
more details of objects, and giving users immersive feeling .

The HEDP (High End Digital Prototyping) system is a problem s olving environment
integrating these front-end enabling technologies for hig h end digital prototyping. In this
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paper, we introduce the main enabling technologies used in t he HEDP system. Section
2 describes the design principles and architecture of the problem solving environment,
Section 3 addresses an unstructured mesh generation mechaism and its parallelization
scheme, and Section 4 introduces the method of building a large scalable display wall
for parallel visualization. An application running on HEDP is shown in Section 5, and
nally some conclusions are drawn in Section 6.

2 Problem solving environment HEDP

The HEDP environment is a problem solving environment for mu ltidisciplinary appli-
cation simulations, and its predecessor is EEMAS (Enabling Environment for Multidisci-
plinary Application Simulations) [23]. Within HEDP, there  are four categories of modules
involved, namely pre-processing module, computing module , post-processing module,
and platform control module. It is developed for complex and large-scale simulations
to take advantage of powerful parallel and distributed comp uting technologies. All the
modules are coupled through a software bus, which maintains the share memory and
makes the modules integrated seamlessly.

The environment can reduce the time required for problem de n ition and for post-
processing, whilst the uni ed environment is ideal for multi  disciplinary design appli-
cations, as the data is handled in one consistent format. It hides many aspects of com-
putational engineering that are not of prime interest or rel evance to the engineer, e.g.
the setting-up and subsequent execution of an application o n a parallel platform. HEDP
is designed mainly for large-scale simulations, and heavil y depend on visual steering,
parallel and distributed computation.

The HEDP framework is developed with C++, the kernel algorit hms are implemented
with C and Fortran, the graphical user interface is built wit h Qt, and visualization capa-
bilities are developed on the top of OpenGL library. The syst em runs on both Linux/Unix
and Windows platforms. Fig. 1 is a snapshot of a HEDP session running on an SGI Oc-
tane2 machine.

2.1 Design goals

The primary task of HEDP is to provide an ef cient environment that enables scientists
and engineers to create multidisciplinary application sim ulations, to develop new algo-
rithms, and to couple existing algorithms with powerful ena  bling tools. The main design
principles and goals that guide development in the HEDP proj ect are as follows.

(1) Abundant Functions. HEDP contains generic modules that provide necessary
functions needed in mesh-based simulations, such as geometic modeling, CAD repair,
mesh generation, domain decomposition, scienti ¢ visualiz ation, platform control, and
numerical libraries.

(2) Scalability and Seamless Integration. As a PSE, the main aim of the HEDP project
is not to provide concrete scienti c computational function s, but to provide an ef cient,
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Figure 1: A snapshot of a HEDP session running on an SGI Oct@rmaachine.

exible and yet consistent framework, that facilitates int egration of domain solvers and
enabling tools. For this purpose, much attention is paid to t he scalability of the system,
which is mainly implemented with consistent data format and  exible data transfer in-

terface.

Three data transfer schemes are provided, that is, through pipes, sockets and temp
les, respectively. For a module with its source code, users o r developers are able to
integrate it into the system by means of data transferring th rough pipes or sockets, of
which the ef ciency is quite high. If the source code is not ava ilable or the users do
not want to spend much time on the integration, temporary les can be used for data
transferring directly.

(3) Visual Steering and GUI. HEDP follows the philosophy of visual steering. Its
graphical user interface guides users to utilize particula r components without in-depth
expertise on those components, and to control the computing in a straightforward way.
This allows scientists to use visualization tools while foc using on computational algo-
rithms, and allows programmers to create visualizations to ols without implementing
simulation modules either. Visualization and numerical fe edback are used throughout

the system.
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(4) Parallel and Distributed Computing.  HEDP is designed mainly for large-scale
simulations. Therefore, majority of its modules utilize pa rallel and distributed comput-
ing, and can run on remote machines. Most of the modules, from m esh generation to
problem solving, and to visualization, can run in the parall el mode. A module for paral-
lel environment setup and control is also developed. Two par allel schemes are utilized.
One is task parallelism that distributes different parts of a simulation to different proces-
sors. The other is data parallelism that is more widely used w ithin a computationally
intensive module.

2.2 Software architecture and features

Fig. 2 illustrates the HEDP architecture from users' perspe ctive. As mentioned above,
there are four categories of modules involved, named as pre- processing module, com-
puting module, post-processing module and platform contro | module. The rstthree are
common phases of a simulation whilst the last one serves for t he entire process of a sim-
ulation. All the modules are coupled through a software bus, which maintains the share
memory and makes the modules cooperate seamlessly.

(1) Pre-Processing Module. Pre-processing module deals with the problem de nition
and preparation for computing. This is the most time-consum ing part in simulations, and
many researchers are focusing on automating this work. In HE DP, the pre-processing
module consists of a basic geometrical handling tool, several powerful mesh generators,
and tools for general CAD format conversion, boundary condi tion de nition and physi-
cal properties de nition.

The geometrical handling tool in HEDP stores geometrical da ta by means of bound-
ary representation. It is not as powerful as commercial CAD s oftware, but it is adequate
to process the common modeling work, especially with certai n functionalities oriented
to mesh generation. For complicated geometries, the user can directly model them with
other CAD software, and then import them into HEDP.

Mesh generation is a crucial step in simulations that impacts both the calculating time
and the accuracy. HEDP provides powerful serial and paralle | mesh generators with the
ability to generate 2D planar meshes, surface meshes of tringles, and volume meshes of
tetrahedrons. This module is capable to generate high quality meshes by means of visual
steering. Users can specify the mesh spacing in terms of a ba&ground mesh and mesh
sources. The detailed meshing algorithms are to be addressed in Section 3.

(2) Computing Module. As mentioned above, the goal of designing the HEDP en-
vironment is to support multidisciplinary application sim ulations. In general, scien-
tists and engineers could integrate various domain solvers into the environment to pro-
cess particular simulations. To integrate into the environ ment, users should adapt their
solvers with the HEDP data structure, or write an interface t o convert formats. Data
transfer involved can utilize pipes, sockets or temporary | es. Meanwhile, We developed
a set of data transfer tools to integrate our modules with bro adly accepted le formats,
such as CGNS (CFD General Notation System), and with widely u sed commercial soft-
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Figure 2: The HEDP architecture from users' perspective.

ware, such as ANYSYS, ABAQUS, and StarCD. Moreover, several ®lvers for CFD and
solid structure analyses developed by ourselves have also been integrated.

(3) Post-Processing Module. Resulting data of complex and large-scale simulations
are often dif cult or even impossible to be understood withou t the assistance of visu-
alization. A powerful visualization package, ParaView [24 ], has been integrated into
HEDP.

In order to support visualization for large datasets, such a s gigabyte datasets visual-
ization, parallel and distributed visualization technolo gies are employed. There are two
modes of distributed visualization. One is the task paralle | mode, in which different part
of visualization pipes are processed by different processors. The other is data parallel
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model, in which the data is broken into pieces to be processed by multiple processors.
The second method is easier to be implemented, because many vsualization algorithms
need not much change when running in parallel. HEDP supports both distributed and
local rendering, and their combination. This provides scal able rendering for large data
sets without sacri cing performance when working with small  er data sets.

In HEDP, a large stereo display wall system named SimWall has also been developed,
to support parallel visualization with scalable display re solution and parallel rendering
capability. The design consideration and methods are detailed in Section 4.

(4) Platform Control Module. HEDP provides a platform control module to process
the setup of parallel environments, computing source manag ement, le transfer and so
on. This hides lot of trivial details of platforms from users , and helps users utilize all
kinds of computers from local PCs. The whole system only need s to be initialized once.
At present, this module can be used to explore local or remote Unix/Linux systems run-
ning on personal computers, workstations, SMP and MPP superco mputers, and clusters.
The functions to utilize grid resources in the Grid Computin g concept are also under
development [25].

3 Unstructured mesh generation and its parallelization

Currently, HEDP is equipped with a set of mesh generators for plane, surface, and vol-
ume geometries, where the surface one is mapping-based, andthe plane and volume
ones are DT (Delaunay Triangulation)-based. In order to ove rcome the serial bottlenecks
of serial volume mesher in terms of time and memory (majorly i n memory), a parallel ver-
sion of this mesher is also developed and is being integrated into HEDP. In this section,
we mainly introduce the serial 3D Delaunay triangulation me sher and its parallel ver-
sion. Readers who feel interests in the surface mesher and oher technique issues of mesh
generation tools currently used in HEDP are recommended to r ead References [12—14].

3.1 Serial 3D Delaunay triangulation

Delaunay triangulation is one of major approaches for unstr uctured mesh generation,
and has attracted immense attentions from researchers in this eld for nearly thirty years.
However, so far it has been still a research focus due to some unresolved issues, such as
boundary recovery, mesh quality improvement and robustnes s.

(1) Boundary Recovery. The Delaunay criterion provides a good way to triangulate
a given point set. However, the prede ned point connectivity is not certainly preserved
during the triangulation, and some boundary constraints ma y be lost in the resulting
triangulation. Therefore, the recovery of missing boundar ies becomes an important topic.

2D boundary recovery problem turns out to be much easier to re solve in theory and
practice than its 3D counterpart. It has been shown that ther e are certain polyhedrons,
e.g. the Schonhardt polyhedron, that cannot be triangulat ed without adding Steiner
points. Moreover, Ruppert and Seidel [18] proved that it is an NP-complete problem to
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judge whether a polyhedron could be triangulated without ad ding Steiner points. Con-
sequently, almost all practically useful boundary recover y algorithms have to consider
the problem of where and how to add Steiner points.

Boundary constraints could be recovered in two ways: confor mal and constrained. In
the conformal recovery, Steiner points are inserted on the constraints, and not removed
in the resulting volume meshes; thus some of the missing constraints are recovered as
concatenations of sub-constraints. In the constrained recvery, the constraints are exactly
same as the prescribed ones, and no Steiner points are allowel to be left on them.

Weatherill and Hassan [10] rstly investigated a conformal b oundary recovery algo-
rithm by adding points directly at the intersection positio ns between missing boundaries
and the current triangulation. Lewis and Zheng et al. [14] re visited the algorithm when
implementing their 3D Delaunay mesh generator.

George et al. [26] proposed a constrained boundary recovery algorithm in the early
1990s based on local transformation operators in conjunction with heuristic rules for in-
serting Steiner points into the inside of the problem domain . However, it suffers from ro-
bustnessissues [27]. Recently, George et al. [28] have premnted an alternative constrained
boundary recovery algorithm free of such problems. Interes tingly, Du and Wang [29] in-
dependently proposed an algorithm based on almost the same idea as that of George's
new algorithm.

The conformal boundary recovery algorithm, used in our pres entwork, is a variation
of those proposed in [10, 14]. We introduce some new concepts, operations and data
structures to make its implementation rather routine. Moreo ver, to improve robustness
of the algorithm, all intersection cases of missing entitie s and triangulations are examined
systematically and their solutions are delivered [17].

Our present constrained boundary recovery algorithm is an i ndirect one, i.e. it needs
a conformal algorithm as the preprocessor [30]. Points inserted on missing boundaries in
conformal recovery procedure are split rst, and then moved a way from the boundaries.
Edges and facets are recovered one part after another, by empoying shell and constrained
shell transformations, respectively. The algorithm is rel ated closely with those proposed
in [28, 29].

(2) Mesh Quality Improvement.  Both eld point creation and boundary recovery
strategies affect the mesh quality. However, it is always no t enough and also very dif -
cult to guarantee mesh quality only by improving these strat egies. In most cases, mesh
postprocessing schemes are needed to improve mesh quality further.

Smoothing is a cost-effective tool for mesh postprocessing. Classical Laplacian smooth-
ing could not prevent invalid elements appearing or mesh qua lity decreasing locally. Al-
ternatively, constrained weighted Laplacian smoothing al gorithm is currently preferred
[14].

Freitag et al. [31] suggested to improve tetrahedral mesh quality using swapping
and smoothing operations. For cases where skinny elements dustering in local regions
or near boundaries, their strategies demonstrated having | ittle bene t and needing fur-
ther improvement. A more complex combinational swapping op erations suggested by
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Joe [32] are useful for alleviating such problems. Klingner a nd Shewchuk [33] recently
devised a very aggressive tetrahedral mesh improvement technique. They declared that
their software often improves a mesh so that all its dihedral angles are between 30 and
130 degrees. Another important work in tetrahedral mesh opt imization was performed
by Du and Wang [34], they suggested the CVT (Centroidal Voron oi Tessellation) method
as a variant to improve tetrahedral mesh quality.

(3) Robustness. The Bowyer-Watson incremental point insertion procedure i s nu-
merically instable and very sensitive to round-off errors. The typical technique to re-
solve such a problem is to implement the kernel using the pred icates free of round-off
errors, e.g. those provided by Shewchuk based on adaptive precision oating-point arith-
metic [35]. Implementing a robust point insertion kernel su ggested by George [36] is also
useful, since it removes the requirement for a robust in-sph ere test predicator, which
is the major source of numerical instability of the point ins ertion kernel. Another fre-
quently used lightweight technique to alleviate the proble m is to disturb problem points
and postpone their point insertion operations [10].

In the boundary recovery stage, many intersection calculat ions have been involved.
However, the precision of the calculation will affect the ro bustness of the boundary re-
covery, and that of the mesh generation nally. Therefore, mo re detail consideration has
been taken to deal with this problem. Furthermore, a method h as been adopted to deal
with inconsistent geometrical judgment, which is based on E psilon Geometry [14].

3.2 Parallel 3D Delaunay triangulation

With the emergence of the ever larger problems in areas such as Computational Fluid
Dynamics (CFD) and Computational Electro Magnetics (CEM), a p arallel simulation en-
vironment is required urgently, where the serial mesh gener ation process is a bottleneck
in terms of both computing time and memory requirements. The refore, parallel mesh
generation has received intensive attentions since early 1990s [37, 38].

Previous works on the development of a parallel Delaunay mes her mainly adopt two
methodologies, to parallelize the algorithm and to paralle lize the problem.

One way to develop algorithm-parallel Delaunay meshers is t o exploit geometrical
locality of point insertion, which involves only a cavity co nsisting of triangulations not
satisfying the empty circle rule. Therefore, insertion ope rations of multiple points could
happen concurrently if the concerned cavities do not interf ace with each other, otherwise,
these operations should be coordinated to avoid access con ict to shared data. Okusanya
and Peraire rst proposed a 2D algorithm-parallel Delaunay m esher [39], and soon ex-
tended it to a 3D version [40]. Chrisochoides and his group [4 1] improved the algorithm
with overlapping computation techniques to decrease synch ronization waiting costs, and
nally accomplished a Latency Tolerant Bowyer-Watson (LTBW ) kernel.

Problem-parallel Delaunay mesh generation is more intensi vely investigated. The
procedure proposed by Larwood et al. [42] bi-decomposes the surface model recursively
by introducing separator planes. Boufet et al. [43] also im plemented such a domain
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Figure 3: Structure of the manager/worker model.

decomposer for parallelizing a serial advancing front mesh er. Invalidity of separator

boundaries or meshes, and badly shaped elements near separ&or boundaries, are two
main problems associated with the above algorithm. Galiter and George [44] strived
to overcome the second problem with the aid of the Projective Delaunay Triangulation

(PDT) theory. In their algorithm, the separator meshes are D elaunay admissible. Robust
problems could arise for this algorithm when no quali ed sepa rator boundary could be

found. Said et al. [45] decomposed the problem domain by divi ding the coarse trian-
gulations of boundary nodes, where trivial handling techni ques are required to smooth
sub-domain boundaries and coordinate interfacial mesh dat a.

We devised a parallel 3D unstructured Delaunay mesh generator based on the
problem-parallel model. A recursive domain decomposition process resembling Lar-
wood's [42] is redesigned, where coordination of separator meshes shared by neighbor-
ing volume sub-meshes is guaranteed by constrained boundary recovery. Sub-meshes
distributed on the same processor are gathered together to enable further mesh post-
processing operations, such as mesh smoothing or optimization, to be performed in a
processor level or globally.
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In our parallel scheme, surface models stored with various d ata formats are read into
a domain decomposer and then divided into sub-domains. A man ager/worker paral-
lel framework (Fig. 3) is designed to distribute sub-domain s on processors available for
meshing, using a mesher con gured with a constrained boundar y recovery procedure. A
mesh in the processor level is formed by merging the meshes of all sub-domains on the
processor, on which some post-processing operations, suchas mesh smoothing, could
be performed. Distributed meshes are repartitioned and mov ed among processors for
the conicting goals of load balancing and minimization of ¢ ommunications. Finally,
repartitioned meshes are sent to parallel solvers. Intermediate data are generated for the
purpose of debugging and testing, and viewed via a visualiza tion module.

4 Building a display wall for large-scale visualization

As a subsystem of HEDP for large-scale visualization, a user-friendly stereo tiled display
wall system named SimWall is built [22]. SimWall is composed of 18 commodity projec-
tors supported by a Linux graphics cluster. Collaborating t ogether, these projectors work
as a single logical display capable of providing a high-reso lution, large-scale, and passive
stereo scene. In order to avoid tedious system setup and maintenance, software-based
automatic geometry and photometric calibration is used. Th e software calibration is in-
tegrated to the system seamlessly by an on-card transform method and is transparent to
users. To end-users, SimWall works just as a common PC, but provides super computing,
rendering and displaying capability. In addition, SimWall has a stereoscopic function that
gives users a semi-immersive experience in polarized passive way. This section presents
system architecture, implementation, and other technical issues such as hardware con-
straints, projectors alignment, geometry and photometric calibration, implementation of
the passive stereo mode, and development of the overall software environment.

Display walls are effective at providing large-scale image ry to users, but its instal-
lation and operation is often a tedious undertaking. In rece nt research, some parts of
the setup work have been automated, but because of design constraints, many problems
still require solution. Nowadays, there are three main prob lems. One is the alignment
of projectors. In a project array with more than eight projec tors, manual alignment be-
comes extremely time consuming and even technically impossible. The second problem
is how to eliminate the photometric variation between proje ctors. Unlike high-end pro-
jectors, there exists signi cant color and intensity variat ion between low-cost projectors.
Although commaodity projectors provide some functions for ¢ olor adjustment, but the
color space they can display are intrinsically different. S o it is impossible to make all the
projectors match photometrically by adjusting their prope rties. The third problem is how
to provide a practical, user-friendly software environmen t. In order to support high reso-
lution and complex scenes rendering, tiled display walls ne ed a graphics cluster to drive
them. The cluster introduces a totally different architect ure which needs programmers to
divide and synchronize tasks between nodes.
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We built SimWall which utilizes some existed technologies i n a novel way to auto-
mate the setup and maintenance process and to provide an easyto-use environment.
The projectors can be casually placed with a small area of overlap between neighbors.
Using a single camera and computer vision techniques, the geometry and photometric
calibration can be achieved automatically. The calibratio n is performed as a background
daemon with an innovative on-card transform method. The dif ferent architecture and
additional calibration work are transparent to end users. S imWall can show stereoscopic
display to give users a semi-immersive experience in a polarized passive way. This char-
acter introduces many new design and implementation proble ms, such as screen material
selection, polarized color offset, stereo image generation, and strict geometry alignment.
Carefully treating these issues, SimWall provides a stereoscopic environment with very
good effect. Notice that this system can be extended to a fully immersive CAVE easily in
terms of technology [46].

4.1 Hardware issues

Fig. 4 shows the schematic representation of SimWall. The framework is similar to the

display wall of Princeton University [21]. The signi cant ch aracter distinguishes ours
from theirs is that each rendering machine in our system driv es a pair of projectors pro-
jecting to the same area of screens. Mounting polarized lters before them, the users who
wear 3D glasses which match the polarization of the projecte d images, will see stereo
scenes. Fig. 5 illustrates the SimWall architecture locatel in the Center for Engineering

and Scienti c Computation, Zhejiang University. The displa y wall is comprised of a

2.5m 2.2m rear projection screen and nine pairs of Epson EMP-74 LCD projectors (3 3
arrays), where each pair is driven by a personal computer wit h dual 2.4 GHz Xeon CPUs
and a NVIDIA Geforce 5200 graphics accelerator. The resulting image is with resolution

of about 3000 2300.

4.2 Geometry calibration

To achieve a large seamless uniform display, adjacent projectors must be aligned pre-
cisely to remove gap or overlap, and color variation between projectors must be elimi-
nated or reduced perceptually. These two processes are caled geometry calibration and
photometric calibration correspondingly. In the past, the construction of the projected
display wall was quite tedious, requiring precise projecto r alignment by hand. Some re-
search groups designed six freedoms projector positioners to mechanically align the pro-
jectors [47]. Butin practice, for a project array with more t han eight projectors, manual
alignment to achieve sub pixel alignment in each dimension b ecomes almost impossible.
Software calibration can eliminate the trivial hand work an d does not need expensive
positioners. Misalignment of projectors can be captured and measured by cameras with
computer vision. The task to get the mapping relation, betwe en each projector's image
coordinates and the display's global coordinates, is called geometric registration. After
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geometric registration, the origin projector's images can be pre-warped and projected
just onto the desired areas. Several research laboratoriesimplemented these ideas in
different ways. Our method uses a digital camera which can ca pture the entire screen
to process geometry register. Because the image distortionfrom projector to screen, and
that from screen to camera, are both projective transformation, their coordinates can be
transformed by a projective matrix. Then the transform matr ix between the projector's
image coordinate and the display's global coordinate, P, can be calculated as follows:

P=cC T, 4.1)
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where C is the projective matrix from the projector's image space to the camera's image
space.T is the projective matrix from camera's coordinate to global display's coordinate.
In practice, the camera lens and projectors will distort ima ges in nonlinear ways. The
nonlinear distortion of the camera is removed by a preproces s with OpenCV. The nonlin-
ear radial distortions of projectors is approximated by div iding its image space into small
rectangle areas.

The matrices C and T are obtained by nding corresponding points in the three dif-
ferent coordinate spaces. A computer vision method is used t o automatically nd the
relation points. By projecting some features and recognizi ng them, the relationship be-
tween image space and camera space can be obtained. We selestructured light circles as
features and seeking their center in the camera's image. By many experiments, we found
out this is one of the most precise features a camera can recogize. Four green circular
features are placed on the four corners of the screen for camea recognition and calcula-
tion of the projective matrix between screen and camera. Aft er matrix P is obtained, a
pre-warp process can be added to the source image.

4.3 Photometric calibration

To eliminate photometric invariance is much more complicat ed than geometry calibra-
tion. Our photometric calibration method is similar to that of Majumder [48]. We use
an inexpensive camera to measure the ITF with High Dynamic Ra nge (HDR) imaging
method. This method uses differently exposed photographst o recover the response func-
tion of the imaging process. Although spectroradiometers a nd colorimeters are precise
color measure devices, they can only test color character of one point each time. This
makes it very dif cult to measure the spatial large display of projectors by them. More-
over, they are quite expensive for common users. After the IT Fis obtained, the luminance
mapping table for each projector can be calculated out. We ignore the chrominance vari-
ance because it is less perceptually notable but very dif cul tto measure. The color map-
ping table is inserted before the frame buffer output in each render machine to get a
uniform luminance response. Projector overlapped regions need to be incorporated oth-
erwise they will cause noticeable bright areas. This process is called Edge blending. Edge
blending can also blur the small position error on edge areas . We calculate the blending
mask with the technique presented in Reference [49]. The frame buffer-sized alpha masks
attenuate the pixel values of the corrected image accordingly.

4.4 Software environments

SimWall can run all kinds of GUI programs built on the top of X o r OpenGL APIs. The
programs with the capability of running on tiled displays, s uch as Paraview and En-
Sight DR, can run on SimWall directly. Other common programs need additional tools
for distributed rendering. Currently in SimWall, this dist ributing task is performed by

Chromium [50] and distributed multi-head X (DMX) [51].
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Stereo Application

First Channel Second Channel

Left Eyes Rendering

Right Eyes Rendering

A 4
| Photometric Calibratiol'l

y
| Photometric Calibratioh

v

| Geometry VCaIibratio+|

!

Head Two
(Right image)

A 4
| Geometry Calibratio+|

4

Head One
(Left image)

Figure 6: Render pipeline of SimWall in the stereo mode.

Chromium is a system for interactive rendering on clusters o f workstations. It pro-
vides sort- rst, sort-last and hybrid distributed renderin g ways. Most OpenGL programs
can run on Chromium without modi cation. DMX is a proxy X server  that provides
multi-head support for multiple displays attached to diffe rent machines, each of which
is running a typical X server. The multiple displays on multi ple machines are presented
to the user as a single uni ed X desktop. Most other systems choo se VNC as the desktop
platform because it transfers the image of the desktop screen and so it is easy to apply
image modi cation. DMX runs in a different mode, it distribute s 2D primitives to clients
instead of rendered image. This can decrease the load of boththe server host and net-
works. By integration with Chromium, DMX can render all kinds  of common GUI and
OpenGL programs.

We develop two methods to integrate the geometry and photome tric calibration to
the applications. The two methods correspond to two running modes in SimWall. One is
common mode for 2D GUI programs and common OpenGL programs. | n this mode, the
calibration process runs as a background daemon. Programs goplying it will not notice
its existence at all. The other mode is the stereo mode espedlly for OpenGL stereo
programs. These two modes utilize the two channels of a graph ic card in different ways.
The common mode utilizes one channel to do normal rendering j ob, and the other for
seamless geometry and photometric calibration. Only the ou tput of the second channel
will be projected and tiled as a large display. The stereo mod e renders images for left and
right eyes separately in the two channels, and projects both their outputimages. The ow
chart of the stereo mode, and an example scene of the display wall working, are shown
in Figs. 6 and 7, respectively.
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Figure 7: lllustration of the display wall working: Structue analysis of a house.

5 An application of the HEDP system

As an example, numerical simulation of turbulent combustio n in the HyShot Scramjet is
processed within HEDP. An increasing research effort has been made to investigate high
speed turbulent combustion numerically, which is resulted from the interests in hyper-
sonic air breathing propulsion. A serious issue about turbu lent combustion is the simu-
lation of turbulence with multi-scale feature. For the trad itional Large Eddy Simulation
(LES) or hybrid RANS/LES approaches [52, 54-56], spatially ltered equations are used
to compute the resolved scales of turbulence and certain sub-mesh models for unresolved
scales. There are several drawbacks associated with the sptally Itered equations and
sub-mesh models, which are stated by Shih and Liu [57,58], i.e. the inconsistency between
the lter function and sub-mesh models, the commutation erro r due to the nonuniform
computational mesh, the mesh-dependent solution, and the e ffect of numerical dissipa-
tion introduced by higher-order schemes.

Shih and Liu proposed a new methodology of Partially Resolve d Numerical Sim-
ulation (PRNS) based on temporal Itering, and demonstrated that, with the so-called
"resolution control parameter”, one can carry out a uni ed si mulation from RANS to-
wards LES or vise versa [57,58]. This methodology does not involve spatial Itering,
and there will be no issues about commutation errors, incons istencies between the |-
ter and sub-mesh scale models, etc. Shih and Liu have computed the turbulent ow for
pipe ow and LM6000 combustor with the preliminary results be ing encouraging. Cai
and Ladeinde provided their evaluation on the PRNS procedur e for near-wall turbulence
prediction [53].

In this section, the PRNS is coupled with our own combustion ¢ ode [59, 60], which
is expected to present a more encouraging and accurate desciption for turbulence in
the Scramjet engine. The "forebody fuel injection” scramje t engine was tested by the
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Figure 8: Scramjet model for the HyShot project.

"HyShot” project conducted in University of Queensland, Au stralia. The fuel can be
made to premix with air ow in the inlet section so as to reduce the required length of the
combustor and the skin friction drag [61].

(1) Geometry Model. The scramjet engine used by the HyShot project is presented in
Fig. 8, which consists of inlet, combustor, thrust surface and etc. The total length of the
scramjet is 625 mm and the combustor is 24 mm high. Four fuel in jectors (diameter D=2
mm) are designed in the inlet section at an angle of 450 with th e horizontal surface.

(2) Mesh Generation. The scramjet model was divided to 1597360 wedge elements
(see Fig. 9(a)). Fig. 9(b) shows the meshing details near thefuel injectors. The mesh is
decomposed into 20 domains and delivered to different proce ssors for parallel execution
as shown in Fig. 9(c).

Table 1: Boundary conditions for fuel o and on cases.

Cases Fuel off Fuelon| Cases Fuel off Fuel on
Uair (M/s) 2766 2612 Uy, (M/s) 0 1321
P.ir (Pa) 10230 8958 P, (Pa) 0 64000
Tair (K) 487 412 Th, (K) 0 300
Ma,ir 6.25 6.4 Mapy, 0 1

(3) Boundary Conditions. Non-reacting and reacting cases were simulated and the
corresponding boundary settings are given in Table 1. The mass fraction of oxygen in
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c) d)
Figure 9: Computational domains and the corresponding ressiffor the HyShot Scramjet engine: a) Mesh of

the model; b) Details near the fuel injectors; c¢) Twenty domam of the mesh; and d) Pressure eld of the
simulation results.

a) b)

Figure 10: Pressure distributions along the center line ffuel o and on cases: a) Fuel-o ; and b) Fuel-on.
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b)

Figure 11: Temperature distribution for the fuel-on case: apur result; and b) NASA result [62].

air ow inlet is set to 0.21. The two cases are used to investig ate the combustion mech-
anism of the scramjet engine with Mach number of 6.4 and 30 km hi gh. For "fuel-on”
case, the fuel hydrogen injects with sonic speed and penetrating pressure of 0.64 MPa.
The equivalence ratio is approximately 0.5.

(4) Numerical Results. Fig. 10 provides pressure distributions along the center li ne
for both fuel off and on cases. Compared with the experimenta | pressure data of Judy
Odam [61], good agreements have been achieved. Fig. 11 giveghe temperature distri-
butions of the present simulation and the data from NASA Lang ley's simulation [62].
Fig. 12 shows a user observing the simulation results on SimWwall.

6 Conclusions

Environments such as HEDP can help reduce design complexity by creating 3D virtual
prototypes, and optimizing and differentiating the design s through large-scale multidis-
ciplinary simulations. It could avoid having to produce exp ensive physical prototypes.
The present paper outlines the main enabling technologies used in HEDP, including mesh
generation, problem solving environments, visual steerin g, and large-scale visualization.
As an example of integrated systems, HEDP is a problem solvin g environment for multi-

disciplinary application simulations. It is a framework th at can easily integrate arbitrary
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Figure 12: Observation on the HyShot scramjet combustion shoven the display wall.

modules, and it contains various enabling tools such as pre- processing, post-processing,
and platform control.
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