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An all new, automated version of the PEGASUS software has been developed and tested. PEGASUS provides
the hole-cutting and connectivity information between overlapping grids and is used as the � nal part of the grid-
generation process for overset-grid computational� uid dynamicsapproaches. The new PEGASUS code (Version 5)
has many new features: automatedhole cutting, a projection scheme for � xing small discretization errors in overset
surfaces, more ef� cient interpolationsearch methodsusingan alternating digital tree anda stencil-jumpingscheme,
hole-size optimization based on adding additional layers of fringe points, and an automatic restart capability. The
new code has also been parallelized using the message-passing interface standard. The parallelization performance
provides ef� cient speedup of the execution time by an order of magnitude, and up to a factor of 30 for very large
problems. The results of two example cases are presented: a three-element high-lift airfoil and a complete Boeing
777-200 aircraft in a high-lift landing con� guration. Comparisons of the computed � ow� elds for these test cases
between the old and new versions of the PEGASUS codes show excellent agreement with each other and with
experimental results.

Introduction

T HE overset grid approach, also called the chimera grid-
embedding scheme, has been developed and re� ned for over

15 years. The strategy of this approach is to break a complex com-
putational domain into smaller regions that can each be represented
by relatively simple grids. With this approach comes a major hur-
dle in creating the data structure that speci� es the interconnectivity
among the grids. The initial creatorsof the chimera grid-embedding
scheme1 developed the � rst versions of the PEGASUS code2 to es-
tablish the data structure required for communication among the
overlapping structured meshes. The output from PEGASUS is the
interpolation data that are passed to the � ow solver; these data in-
clude a list of the mesh points that are interpolated, the associated
interpolation coef� cients, and the donor cell for each interpolated
point. Also included in the interpolation data is a list of the points
that are removed, that is, blanked, from the computational domain
becausetheyare interior to a solidbody.These pointsare also known
as hole points.

There are several codes that perform the same basic functions
as PEGASUS. These include DCF3D,3 Beggar,4 FASTRAN,5 and
Overture.6 Each of these codes produces some type of interpola-
tion data that is used by a � ow solver. Additionally, each code has
some level of automation to ease the creation of the interpolation
data. PEGASUS has been successfully used with OVERFLOW,7;8

NXAIR,9 INS3D,10 and a cell-centeredcode, DXEAGLE.11
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As computational � uid dynamics (CFD) has matured and aero-
dynamic con� gurations of interest have increased in complexity,
the grid systems used in overset methods have also become more
complex and have required greater numbers of grids for accurate
representation. With earlier versions of PEGASUS, the user input
required for accurate hole cutting and interpolation increased dra-
matically with the geometric complexity of the con� guration. This
placed a high premium on automation, which de� ned the major
impetus for the development of the latest version of PEGASUS.
The following three subsectionscontain an overviewof the chimera
approach, a brief history of the PEGASUS code, and then the mo-
tivation for the development of the newest version of the software.

Overview of Chimera Approach
The interpolation process is further illustrated in Fig. 1, which

depicts a portionof the overlap region between two meshes. Mesh 1
points that are inside the solid body of mesh 2 are excluded from
the computationaldomain. In chimera terminology, these points are
blankedout and are then known as hole points. The points in mesh 1
surroundingtheblankedpointsareknown ashole-fringepoints;they
receive � ow� eld information interpolated from mesh cells within
mesh 2. These hole-fringepointsare denotedwith squaresymbolsin
Fig. 1. Correspondingly,points on the outer boundary of mesh 2 re-
ceive � ow� eld information interpolatedfrom cells in mesh 1. These
points are denoted by the circular symbols in Fig. 1. Generally, any
mesh can receive information from any other overlapping mesh to
update its outer-boundaryand hole-fringe points.

History of PEGASUS
The PEGASUS code has been a main component of the overset

grid methodology since its inception and has gone through many
upgrades, increasing its generalization, speed, � exibility, and au-
tomation. The � rst version of PEGASUS2 had limited connectivity
and hole cutting capabilities. In particular, a grid hierarchy was im-
posed, that is, a grid could only cut a hole in a larger grid and could
only interconnect with this larger grid. Simple overlapping, with
hole cutting,was not allowed. Additionally, the hole cutter was lim-
ited to speci� c types of topologies. If a new topology was required,
the PEGASUS code had to be modi� ed to accept this new topology.
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Fig. 1 Detailed view of overlap region.

Version 2 of PEGASUS12 added more generalization to the in-
terconnectivity.With this generalization there were no restrictions
on the interconnectivityamong the grids. Grids were allowed to cut
holes in any numberof grids and to overlapor oversetany numberof
grids. Still, hole cutters were limited to speci� c topologies. In ver-
sion 3 of PEGASUS13 the hole cutting methods were generalized.
Greater control was given to the user in creating holes. Holes could
be createdby any numberof surfacesfroma singlegrid.This greatly
increased the complexity of geometries that could be handled. Ad-
ditionally, the NAMELIST user input was improved. Version 4 of
PEGASUS14 continued the improvements in hole cutting by allow-
ing surfaces from multiple grids to create a hole. Also, PEGASUS 4
includeda restart capabilitythat was particularlyuseful for moving-
body problems.

Motivation for PEGASUS Version 5
As problem sizes increased, the number of inputs required in the

version 4 PEGASUS input � le increased signi� cantly. For exam-
ple, a particular high-lift aircraft case15 that contained 153 meshes
and 33 million grid points required over 17,000 lines of PEGASUS
input. Generating this input � le required many weeks of work by
an experienced user; this much input also created the potential for
many user input errors. In 1996 the NASA Advanced Subsonic
Technology/IntegratedWing Design program set a goal of reducing
the amount of time to produce a solution for an entire aircraft in a
high-liftcon� guration.The automationofPEGASUS was one of the
objectives of this project, such that the user would have to provide
little or no input to thecode.This paper is a presentationof the results
of this effort by the authors. Unlike earlier versions of PEGASUS,
which borrowed heavily from earlier versions, PEGASUS 5
implements a completely redesigned approach. An entirely new
code was written from scratch, implementing new features and al-
gorithms designed to automate the process of oversettingstructured
oversetgrids. The new versionwas written in FORTRAN90, to take
advantage of dynamic memory allocation and programming fea-
tures, such as pointers, that lend themselves to particular require-
ments of establishing domain connectivity.

The following sectionsdescribe the code features, includingmin-
imization of user input, automatic hole cutting, methods used for
searching and selection of interpolationpoints, optimization of the
holes and overlapping grid regions, projection of overlapping vis-
cous grid surfaces, and the automatic restart procedure. A descrip-
tion of the parallelization of the code is presented. Finally, two
computational examples are presented, including comparisons of
� ow-solutions obtained using the grid systems generated by both
the old and the new PEGASUS codes.

Automation of the Oversetting Process
There are three primary operations that PEGASUS performs to

create the interpolationdata required by the � ow solver. The � rst of
these steps is hole cutting. The mesh points that are within a solid
body must be identi� ed, so that they can be removed from the com-

putational domain by the � ow solver. For two-dimensional grids,
this process appears to be relatively easy, but for three dimensions
and multipleoverlappingmeshes the hole cuttingprocesscan bedif-
� cult. The second step is to identify the interpolationpoints. There
are two types of interpolation points: hole-fringe points and outer-
boundarypoints, as were illustratedin Fig. 1. The hole-fringepoints
are easily identi� ed as any point that has a hole point as a neighbor.
An outer-boundary point is any point that lies on the boundary of
a computational mesh and that will not be updated by a boundary
condition within the � ow solver. The third step is the identi� cation
of the donor cells that will be used to update the interpolatedfringe
and boundary points identi� ed in the preceding step. If a suitable
donor cell cannot be found for an interpolation point, the point is
termed an “orphan.”

In general, orphan points need to be eliminated. If any are left
over after running the PEGASUS code, the user must investigate
the cause and then modify the code input or the volume grids. Some
� ow solvers do have a method for updating orphan points through
an averagingprocess because it has been found that, in certainsitua-
tions,orphanpointscannotbe eliminated.A small numberof orphan
points in a noncritical region of the � ow� eld will have only a neg-
ligable effect on the solution accuracy. However, the best standard
is to eliminate orphan points entirely.

The � rst two of the steps just described require knowledge of
the complete set of boundary conditions that are to be applied by
the � ow solver for each mesh. The PEGASUS 5 code, therefore,
requires the � ow-solver boundary conditions as part of its input.
The format and de� nitions of the boundary conditionsfor this input
were adopted from the OVERFLOW code. Some grid-generation
software provides a mechanism to produce an OVERFLOW input
� le automatically. For example, the OVERGRID software, which
is part of the Chimera Grid Tools package,16 has a feature that will
automatically detect the appropriate boundary conditions for each
mesh and write out both an OVERFLOW input � le and a PEGASUS
5 input � le.

Hole Cutting
An automatic hole cutting capability is providedwith PEGASUS

5, although the manual hole cutting approaches in previous ver-
sions have been retained to provide backward compatibility. The
automated hole cutting approach is based on a Cartesian hole-map
coupledwith a line-of-sightalgorithm.Parts of the current approach
were based on ideas originallydevelopedby J. Steger (private com-
munication) and by Chiu and Meakin.17 The automatic hole gener-
ation process is illustrated using a two-dimensional three-element
airfoil example. The current hole cutting procedurerequires that the
de� nitionof the solidboundariesof the con� gurationmust represent
an air-tight surface, with no gaps, holes, or leaks. If the automati-
cally generated or original user-generated boundary conditions do
notde� ne an air-tightsurface,the user can specifyadditionalbound-
ary conditions in the input � le to augment the surface and close
any gaps.

The overall objective of the hole-cutting process is to partition
the computational domain into “inside” and “outside” regions. In
PEGASUS 5, this is accomplished using Cartesian meshes, where
it is desired to mark each Cartesian element as an inside, outside, or
fringeelement.Spatialpartitioningapproachesused in previousver-
sions of PEGASUS were based on the use of surface normals. This
approach exhibited many situations that had to be dealt with as spe-
cial cases, particularlywhen dealing with CFD con� gurations with
surface discontinuities. Instead, PEGASUS 5 uses a hole cutting
approach that does not depend on surface normal de� nitions and,
therefore, can accommodate surface discontinuities. A Cartesian
mesh is generated that fully encompasses the solid boundaries of
the con� guration.The elements of the Cartesian mesh that intercept
the solid surface of the airfoil are identi� ed and designatedas fringe
elements. Some of the fringe elements in the slat-wing region of the
three-element airfoil are depicted in the top of Fig. 2.

It is assumed that the corner elements of the Cartesian mesh are
outside elements. Any unidenti� ed, that is, nonfringe, element that
is adjacent to an outside element must itself be an outside element.
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a) Fringe

b) Outside

c) Inside

Fig. 2 Elements.

The outside region is thereby identi� ed by a paintingalgorithm that
marches from the corner elements inward until no more elements
that are adjacent to outside elements can be found. The outside
region is thereby completely de� ned and is depicted in Fig. 2b.
Finally, any element remaining that is not either an outsideor fringe
element must be an inside element. Inside elements are drawn in
Fig. 2c.

The Cartesian mesh is now a completedhole map. Given an arbi-
trary grid point, the Cartesian element within the hole map in which
the point resides can very quickly be identi� ed. Points that are en-
compassed by outside or inside elements are marked as � eld points
or hole points, respectively. Points that fall within fringe elements
can assume either identity and, therefore,must undergo further pro-
cessing. PEGASUS 5 uses a line-of-sight algorithm to determine
the status of such a grid point. This algorithm tests to see whether
a clear line of sight exists between the point and an outside or in-
side, that is, nonfringe, element; if so, then the point will assume
the identity of that element. A clear line of sight means that a vector
from the point to a neighboringnonfringeelementdoes not intersect
the solid surface contained in the fringe element. This algorithm is
illustrated in Fig. 3. Points that can “see” an outside element are
� eld points; points that can see an inside element are hole points. In
the example of Fig. 3, point A is outside. Point B is inside and will
be marked as a hole point.

Outside Element Outside Element Fringe Element

Fringe Element

Inside Element

Fringe ElementFringe Element

Fringe Element Inside Element

Solid Surface

BBAA

Fig. 3 Line-of-sight algorithm.

Outer-Boundary Speci� cation
The automation of the outer-boundary point speci� cation is

straightforwardbecauseall boundaryconditionshavebeen supplied
in the input � le and are available to PEGASUS 5. The minimum and
maximum index surfaces that have not been speci� ed as boundary
conditions for the � ow solver are designated as the outer bound-
aries, and these points are added to the list of points that require
interpolation stencils.

It can be desirable to have two layers of interpolationpoints at the
hole fringes and at the outer boundaries. The number of layers of
interpolationpoints is known as the “fringe level.” For example, the
symbols in Fig. 1 illustrate a fringe level of two. A fringe level of
two has certain advantages within the � ow solver and can produce
more accurate solutions. In the new code, the user can set the fringe
level for holes and outer boundaries with a single input, or set the
fringe level for holes and outer boundaries separately.Note that not
all � ow solvers accommodate a mixed single/double fringe level of
interpolated boundary points.

Boundary Point Interpolation
The identi� cation of hole and outer boundary points is a starting

point for the overlap optimization procedure employed by PEGA-
SUS 5. With optimizedoverlap,many points interior to the grid may
ultimately be identi� ed as interpolated boundary points. Therefore,
the interpolationprocess in PEGASUS 5 begins by searchingfor all
possible donor cells from all grids for every single grid point. This
entire process is broken down into subprocesses, each involving a
pair of grids, one as the donor, the other as the recipient. Note that
for any two grids A and B, there are two subprocesses: one with
grid A as the donor and grid B as the recipient, the other with grid
B as the donor and grid A as the recipient. There are N £ .N ¡ 1/
possible donor/recipient grid pairs, where N is the number of grids
in the con� guration. Because the number of grid pairs grows as the
square of N , the interpolationapproachused by PEGASUS 5 places
a high premium on the ef� ciency of the interpolationprocess.

The interpolationsubprocessfor a givengridpairbeginsby testing
the intersectionof the two meshes, using several differentCartesian
and rotatedCartesianboxes.For each grid, theseboxesare the small-
est box that fully surrounds all of the grid points. If the boxes of the
two different grids do not intersect, then no interpolation between
the grid pairs is possible. The subprocess next loops through every
single grid point in the recipientgrid. Inside this loop, it � rst tests to
see whether the grid point is inside the Cartesian boxes of the donor
grid, and discards the point if it is not. It then proceedsby searching
for a donor-grid cell that is close to the � nal interpolation cell in
the donor grid. This is accomplished ef� ciently through a spatial
partitioningscheme; the approach used in PEGASUS 5 is based on
a data structure known as an alternating digital tree (ADT).18 ADT
structures are generated and stored for each mesh at the beginning
of the program’s execution.Given a grid ADT and the recipientgrid
point, a close cell in the donor grid can be found very quickly.

Once a close donor cell has been identi� ed, a stencil-jumping
algorithm is used to � nd the donor cell that contains the recipient
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point. Given the target-point x; y, and z coordinatesand the current
close donor cell, the stencil-jumping process inverts the equations
for trilinear interpolation using a Newton iteration. This solves for
the three computational-spaceindices relative to the current donor
cell. If these indices are between 0.0 and 1.0, the target point is
contained in the current donor cell and the process terminates. Oth-
erwise, these indices are used to provide a direction and distance to
jump from the current cell to a new donor cell, and the process is
repeated. The Newton iteration generally requires only from three
to � ve inversions, and only two or three stencil jumps are required
if the initial donor cell is close enough and the grid is smooth.

This stencil-jumpingalgorithmand its variants are the most com-
monly used approaches for � nding donor cells. This algorithm has
also been called “gradientsearch” and “stencil walking.” The differ-
ence between the stencil-walking and stencil-jumping approaches
is that the former search is restricted to move one grid cell at a time,
whereas the latter allows the search to jump across multiple grid
cells in one step. See Refs. 3 and 19 for more details on the stencil-
walkingalgorithm,includingtheequationsfor trilinearinterpolation
and the Newton scheme used to solve them.

The implementation of the stencil-jumping procedure includes
some additional enhancements to improve its robustness.The sten-
cil jump is limited to a maximum of � ve grid cells per jump in any
one computationaldirection. Another enhancement is the ability to
detect and to jump across the computational boundary in a C grid
or in a periodic O grid. This is important because the initial start-
ing point returned by the ADT may be close in physical space to
the � nal interpolation element but may be much farther away in
computational space.

Cell Difference Parameter
It is common in an overset-gridsystem to have threeor more grids

overlappingin the same physical space.Therefore, it is common for
a particular boundary or fringe recipient point to have two or more
possibledonor cells. A new algorithmhas been implemented in PE-
GASUS 5 that is used to determinewhich of the possibledonorcells
to select in this case. Previous versions of the PEGASUS code re-
quired the user to supply a prioritizedlink list for each grid.This list
speci� ed which grids could act as donor grids for the given recipient
grid and all of its points. This approach not only required a lot of
detailed input from the user, but it also unnecessarily constrained
the choices for the donor interpolation cells. The current approach
avoids the global constraint for each mesh, and instead examines
the local cells in each individual case.

Experience has shown that the accuracyof a CFD simulation can
be degraded when the sizes of the donor and recipient cells in the
overlapping region differ signi� cantly. This is due to the disparate
abilitiesof a coarse mesh to resolve a � ow gradientas compared to a
� ner mesh. Based on this observation,the new algorithmselects the
best donorcell using a measure of the difference in size and orienta-
tion between the donor and recipient cells. A qualitativemeasure of
this difference has been developed and is called the cell-difference
parameter (CDP). The CDP is de� ned as

CDP D
3X

j D 1

.X j /DB £ VB ¡ .X j /DI £ VI

.X j /DB £ VB

where .X j /DB is the maximum of the j th component of the four
diagonals of the boundary cell, .X j /DI is the maximum of the j th
component of the four diagonals of the interpolationcell, VB is the
volume of the minimum Cartesian cell encompassing the boundary
cell, and VI is the volume of the minimum Cartesian cell encom-
passingthe interpolatedcell. Valuesfor the cell differenceparameter
will vary from 0 (the best) to very large values.

Overlap Optimization
The � nal step in creating a good solution to the connectivity of

overset grids requires some type of overlap optimization. In previ-
ous versions of PEGASUS, it was left up to the user to determine
how much overlap to leavebetweenneighboringgridsandwhere the

overlapboundariesshould occur.This requireda signi� cant amount
of user expertise and time. Other authors have also attempted to
resize the holes and optimize the grid overlap automatically17;20;
however, the current approach is unique. The new algorithm has
been developed on the premise that the donor and the recipient in-
terpolationcells should be of similar size. The overlap optimization
process in PEGASUS 5 is robust and requires no user interaction.
This process is performed after the automatic hole cutting and the
outer-boundarypoints and their donor cells have been identi� ed.

The overlap optimization method is based on a philosophy that
the � nest mesh points are kept as part of the computationaldomain
whereas the coarser mesh points should be interpolated from the
� ner mesh points.To demonstratethe stepsused to achievethe over-
lap optimization, three one-dimensionalmeshes are used (Fig. 4a).

a)

b)

c)

d)

Fig. 4 Overlap optimization procedure: a) one-dimensional meshes;
b) step 1, interpolate between meshes keeping only coarser mesh points;
c) steps 1 and 2 repeated for other meshes; and d) step 3, keep � nest
mesh points.
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Mesh A is stretched from � ne to coarse, mesh B is stretched from
coarse to � ne, and mesh C has constant spacing that is coarser than
both meshes A and B.

The � rst step is to interpolate between the mesh pairs. Starting
with meshes A and B, mesh A interpolates all points from mesh
B, and mesh B interpolates all points from mesh A. Then, only the
coarser interpolated mesh points (i.e., those points that are inter-
polated from � ner mesh regions) are kept (Fig. 4b). The arrows in
Fig. 4 and the remainder of Fig. 4 indicate the direction of the data
� ow. The head of the arrow points to the interpolatedpoint,whereas
the tail indicates the cell that donates data to the interpolatedpoint.
In step 2, the interpolated points identi� ed in step 1 are checked to
determine whether they are also part of a donor cell. If an interpo-
lated point is part of a donor cell, it is removed as an interpolated
point. The result for meshes A and B in this step is to remove the
interpolationindicated by the dashed arrows in Fig. 4b. Steps 1 and
2 are repeated for the meshes A–C pair and the meshes B–C pair.
The result for steps 1 and 2 for these mesh pairs is shown in Fig. 4c.

To complete the overlap optimization process, each point that is
interpolatedin a mesh is evaluated to determinewhich interpolation
is to be kept. If only a single interpolation has been identi� ed for
a point, that interpolation is kept. If more than one interpolation
has been identi� ed (due to multiple mesh overlap), the interpolation
with the smallest CDP is kept. With this procedure, the resulting
interpolations and � eld points (noninterpolated points) are shown
in Fig. 4d. The � eld points in Fig. 4d show the effective optimized
overlap that results from this approach. It also shows that mesh C
no longer has any active � eld points in this region because it is
coarser than any of the other meshes with which it overlaps. In
Fig. 5, an example of three overlapping meshes and the resulting
optimizedoverlap is shown. The optimizedoverlap that is produced
in this case would be very dif� cult to specify manually and would
be nearly impossible in three dimensions.

Projection for Viscous Grids
The oversetting process gives the user great � exibility in how

the surface of a body is subdivided into topologies that ease grid
generation. As geometry has increased in complexity and the need
for viscous solutions has increased, a problem with the overset ap-
proach for viscous grids has arisen. The problem, which is created
by the linear discretizationof curved surfaces,has manifested itself
in two forms. These two forms are depicted in Fig. 6, which shows
two overlapping grids on a curved surface. The scale of these grids
and the curvature of the surface are exaggerated in Figs. 6 to clarify
the problem. The � rst problem type occurs for a concave surface,
as seen in the top half of Fig. 6. The surface points for both grids
lie on the true surface of the body but have points that do not have
legal interpolationstencils.Therefore, any of these points that must
be interpolated from the other mesh would be orphan points. This
form of the viscous interpolationproblem is easily identi� ed by the
presence of orphan points near a curved surface. The second form
of viscous interpolationerrors occurs for a convex surface (bottom
half of Fig. 6) and is not as easy to identify. In this form, the recip-
ient points that require interpolationcan � nd donor cells, but these
donor cells are located much farther away from the wall than the
recipient points. Therefore, recipient points in the near-wall region
of the boundary layer will receive data from cells in the outer region
of the boundary layer. These viscous interpolation errors manifest
themselvesas largevelocitiesnear the surface.This error can lead to
incorrect boundary-layer pro� les and signi� cant errors in the � ow
solution.

To correct this problem, some existing software was incorpo-
rated into the PEGASUS 5 code to perform overset-grid projec-
tions. This was based on the PROGRD code within the Chimera
Grid Tools package.16 Within this implementation, the grid coordi-
nates are shifted to account for the distance required to project one
surface onto the other, as depicted in Fig. 7. These shifted coordi-
nates are then used only in determining the interpolationindices and
coef� cients. The original unshifted grid coordinates are used in all
other operationsin the software. The � rst step in the projectionpro-
cess is to project the recipient mesh onto the donor mesh; points in

a) Nonoptimized

b) Optimized overlap

Fig. 5 Three-mesh example.

Fig. 6 Viscous surface interpolation problems.
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a)

b)

Fig. 7 Mesh projection by mesh pair: a) ——, recipient mesh and – – –,
donor mesh and b) – – – , recipient mesh and ——, donor mesh.

the recipientmesh are then interpolated.The projected mesh is then
discarded,and only the interpolationindices and coef� cients for the
recipient mesh are retained. The process is then repeated with the
identities of the donor and recipient meshes reversed. This process
is repeated for all mesh pairs that have overlapping surfaces.

Restarting
PEGASUS 5 is highlyautomatedand will oftenyield excellentre-

sults with minimal input. However, there are occasionswhere some
modi� cation to the input is necessary to provide suitable communi-
cation among meshes in a complex chimera system. For example, a
user may decide to modify a single grid in the system. A single grid
will typically communicate only with a few other grids in the sys-
tem. As a result, most of the information generated earlier, that is,
interpolationcoef� cientsbetweentheothergrids, is validandshould
not have to be repeated. PEGASUS 5 employs a unique restarting
capability whereby only processes that involve dependenceson the
modi� ed input are repeated.PEGASUS 5 automaticallydetermines
what work needs to be performed to complete a restart execution.In
this manner, a user can re� ne the PEGASUS 5 solution incremen-
tally and inexpensively, rather than by repeating the entire solution
for each input modi� cation.

Parallelization
A parallel version of the PEGASUS software was developed us-

ing the message-passinginterface (MPI) standard. The architecture
of the PEGASUS 5 software was designed from the very begin-
ning to be very amenable to coarse-grained parallelization.Nearly
all of the computations done in the code consist of a number of
operations using data from either an individual mesh or from pairs
of meshes. These operations include surface projections between
all mesh pairs, building ADTs for each mesh, interpolation stencil
searchesbetween all mesh pairs, hole cutting operationson individ-
ualmeshes,andboundary-pointidenti� cationon individualmeshes.
Most of these operations are independent of each other and can be
performed simultaneously.However, there are some processes that
are required to be handled sequentially with respect to each other,
for example, all projection operations must precede all of the inter-
polation operations.

The parallelizationwas implemented by creating a single master
process, and N P-1 worker processes. (NP is the number of MPI
processes assigned to the job.) The master initializes the entire PE-
GASUS execution and then asynchronouslyassigns individual op-

Fig. 8 PEGASUS 5 operations vs time for a 52-mesh example.

erations to each of the workers. Once a worker reports back to the
master that it has completed its operation, the master sends it a new
operation to perform. Figure 8 shows a graphical representationof
the operations being performed during an actual PEGASUS 5 exe-
cution by each of the workers as a function of time, where a total
of 15 processors (14 workers) were used. Notice that most workers
become idle for a brief time at the completion of some of the pro-
cesses, such as the projections, the ADT operations, and the auto
hole cutting. This particular problem executed just under 13 times
faster than the execution using only one CPU.

For this problem, which consisted of 52 meshes and required
2429 separate operations, good parallel performance is seen up to
about 16 processors,after which the parallel speedup asymptotesat
a maximum of a factor of 14. The asymptotic behavior of the paral-
lel speedup is expected for this coarse-grainedapproach. The � nal
process, labeled as the XINTOUT process in Fig. 8, is performed
in serial by just one processor. This operation is the last step in the
code in which all of the � nal interpolationstencils are gathered and
written to the � nal output � le. One need not run PEGASUS 5 on
a large parallel system to take advantage of the parallelization.For
instance,a user working on a dual-processorworkstationcan utilize
this capability to reduce the PEGASUS 5 execution turnaround by
a factor of two.

Examples
Two example PEGASUS 5 test cases are presented. They are a

three-elementhigh-lift airfoil and a Boeing 777 aircraft in a landing
con� guration. The user modi� cations to the input and the required
computing resourcesare describedfor each case. Flow solutions for
these cases have been computed using the results of both PEGA-
SUS 4 and PEGASUS 5 connectivity� les. These � ow computations
utilized the OVERFLOW7;8 � ow solver.

Two typesof input� les are requiredby the PEGASUS 5 software:
the volume-grid � les and a text-input � le. The grid � les contain the
coordinates for each individual mesh, and the text � le contains the
boundary conditions, and possibly other input variables, to cus-
tomize the behavior of the software. Several utility programs come
with the PEGASUS 5 software to aid in the generationof these input
� les. If one is preparing a grid system for use by the OVERFLOW
� ow solver, the user need only supply the OVERFLOW input � le
(containing all of the boundary conditions), and a composite grid
� le containing the coordinates of all of the individual meshes. A
script (“peg setup”) reads these two � les and generates all of the
input � les requiredby PEGASUS 5. This method was used for both
of these examples.

A description of all of the possible input variables recognizedby
PEGASUS 5 is beyond the scope of this paper.The most commonly
used input variable that a user might need to modify to � x prob-
lems with the automatic hole cutting operation is the OFFSET input
variable. This variable may be speci� ed globally for all meshes at
once, or independently for each individual mesh. The default value
of OFFSET is zero. Values greater than zero cause the code to en-
large any holes in a particularmesh. It does this by examiningevery
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point in a mesh; if a point is within OFFSET cells of a hole point,
then it too gets blanked. User modi� cations to this input variable
can � x most of the problems that occur with the automated hole
cutting method.

Multi-Element Airfoil
The � rst test case is a two-dimensional three-element airfoil

known as the 30P30N con� guration,21 which was built and tested
extensivelyby the former McDonnell Douglascompany and NASA
Langley Research Center. It has been commonly used as a high-lift
CFD validation con� guration. The airfoil consists of a main-wing
section with a leading-edge slat and a trailing-edge � ap. The grid
system consists of seven zones and 313,000grid points.These over-
set grids were used previously as a test case for an automated grid-
generation procedure22 that used the PEGASUS 4 software.

The only modi� cation to the automaticallygeneratedPEGASUS
5 input � le was to increase the global OFFSET variable to two and
to set the OFFSET variable to a value of � ve for both of the box
grids. PEGASUS 5 ran in 65 s on a single SGI R10K 250-MHz
CPU. Figure 9 depicts the slat and wing grids at the slat trailing
edge and wing leading edge. The symbols indicate the location of
fringe points, that are boundary points in a grid that will receive
interpolation boundary conditions from its overlapping neighbor.
Figure 9a shows all of the fringe points; Fig. 9b shows only fringe
points that are one or two points away from an active interior point.
Thus, Fig. 9a shows the actual hole cut by PEGASUS 5; Fig. 9b
shows the effective hole. Note that the actual hole in the wing grid
is too close to the slat trailing edge. This is because the Cartesian
hole map typically does not have enough resolution to resolve an

a) All fringe points

b) First and second fringe points

Fig. 9 Fringe points near the slat trailing edge.

Fig. 10 Pressure coef� cient results on three-element airfoil.

extremely thin trailing edge. This problem can typicallybe � xed by
increasing the OFFSET input parameter. In addition, as can be seen
in Fig. 9b, the effect of the overlap-optimizationstep is to create a
larger hole in the wing near the slat trailing edge.

The resulting grid system was used to compute a solution with
the OVERFLOW � ow solver. A � ow solution was also computed
for a grid system obtained by running the PEGASUS 4 code with
the same meshes used by PEGASUS 5. For these computations,
the freestream Mach number was 0.2, the Reynolds number was
9 £ 106, and the angle of attack was 8.1 deg. Very similar results
were obtained for both grid systems. Figure 10 plots the pressure
coef� cient results for these calculations together with some experi-
mental results for thisgeometry.The experimentalvaluesare plotted
with the circles, the PEGASUS 4 results are plotted with a dashed
line, and the PEGASUS 5 results are plotted with a solid line. Al-
though the CFD results have suction peaks that are higher than
the experimental results, there is no visible difference between the
PEGASUS 5 and PEGASUS 4 results.

Boeing 777 Aircraft
The second example is by far the most complex geometry used to

test PEGASUS 5: a Boeing 777-200 aircraft in a landing con� gura-
tion with 30-deg � ap de� ection. Figure 11 shows the surface grids
used for this case, with only every fourth grid point plotted in each
direction for clarity. The geometry includes the fuselage, vertical
tail, wing, pylon, � ow-through nacelle and core cowl, inboard and
outboard slats, a leading-edge krueger slat, double-slotted inboard
� aps, � aperon, outboard � ap, and the three largest � ap-hinge fair-
ings. The grid system for this geometry was originallydevelopedby
Rogers et al.23 as partof the NASA and BoeingAdvancedSubsonics
Technology Program. This geometry was used as a demonstration
case to meet a program milestone requiring a complete high-lift
aircraftCFD simulation to be performed in 50 labor days.The mile-
stone was met by computing the � rst solution, with just the CAD
de� nition as the initial starting point, with 48 labor days of effort.
Of this time, 32 labor days were required to perform the oversetting
of the volume grids using the PEGASUS 4 software.

The 777 volume grids consist of 79 meshes and 22.4 million grid
points. For this problem, PEGASUS 5 initially was executed on
16 processors of an SGI Origin O2K system. The code required
40 min to run from start to � nish, in which just over 9 CPU hours of
execution time was accumulated, for a parallel ef� ciency of 85%.
After the initial run of the code, it was apparent that the default
automatic hole cutting did not have nearly enough resolution for
the wide range of length scales in this problem. In particular, the
small gaps between the high-lift elements are about three orders of
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Fig. 11 Surface grids on Boeing 777-200.

magnitude smaller than the fuselage length and the wing semispan.
Thus, the � rst modi� cation made to the default PEGASUS 5 input
was to create a numberof additionalautomaticCartesianhole maps.
Each of the high-lift elements that formed a fully enclosed surface
were used to create a separate hole cutter; this included the two
slat elements and three of the four � ap elements. The hole cutter
composed of the fuselage and wing was split spanwise into three
separatehole cutters.This was quite easy to accomplishbymanually
specifying the minimum and maximum coordinates for each cutter.
Each of these three hole cutters was also increased in resolution by
50% in both the longitudinaland verticaldirections.After rerunning
PEGASUS 5 with these eight automatic hole cutters, the input was
further re� ned by increasing the OFFSET value to one or two for
nearly one-half of the meshes. It was also found that a large num-
ber of orphan points were created because the default limits on the
surface-to-surface projections were too restrictive. The maximum
allowableprojectiondistancewas increasedby 50% to � x this prob-
lem. Finally, two regionsof some overlappinggridsnear the surface
had to be unblankedto correct for some bad hole cutting through the
surfaces of some overlappinggrids. This circumstance of improper
holesbeingcut can occur at the solid surfaceof a curvedbodywhere
overset surface meshes overlap. This results in an ambiguous de� -
nition of the solid surface. This creates extremely small gaps in the
surface that can cause the line-of-sightalgorithm to classify a point
improperlyas being inside the solidbodywhen it is acutallyoutside.

After these input-� le modi� cations, a � nal grid system was ob-
tained that contained just under 1200 orphan points. This compared
very favorablyto thegridsystemcreatedbyPEGASUS 4, which had
just under 5600 orphan points. The total labor time spent running
and modifying the PEGASUS 5 inputs was three days, an order-
of-magnitude decrease of the 32 days required by PEGASUS 4 for
these same volume grids. Furthermore, the input modi� cations re-
quired for PEGASUS 5 were signi� cantly simpler compared to the
user input required by PEGASUS 4. Although these times repre-
sent the time required for expert users to perform these tasks, it
is signi� cantly easier to become an expert PEGASUS 5 user. Also,
the algorithms,methods,and inputsare so differentbetween the two
versionsthat the experienceof runningthis problemin PEGASUS 4
did not help to reduce the time required to run PEGASUS 5 for this
problem.

Subsequent runs of PEGASUS 5 for the 777 grid system were
performed to test the parallel performanceof the code. The parallel
speedup for the 777 was very good. The 777 grids were run on 48
SGI Origin processors, which provided a speedup of a factor of 33
over the use of a single processor. By the use of 48 processors, the
code was able to process the 777 grids in less than 13 min.

The OVERFLOW code was run using this new PEGASUS 5 grid
system to compare with the computed � ow results from the PEGA-
SUS 4 grid system. Several angles of attack were run, matching the
PEGASUS 4 cases reported in Ref. 23. The Mach number was 0.2,
and the Reynolds number based on the mean aerodynamic chord
was 5.8 £ 106. The lift coef� cients for these new runs are plotted

Fig. 12 Lift coef� cient vs angle of attack, comparing OVERFLOW
results for the PEGASUS 4 and PEGASUS 5 grid systems.

in Fig. 12, together with the earlier computational results and ex-
perimental results for this geometry. The actual value of the lift
coef� cient is not included on the vertical axis labels due to the pro-
prietary nature of these data. It can be seen that the PEGASUS 5
results match very well with the PEGASUS 4 computations. The
new results show a slight decrease in lift at the negative angles of
attack, farther away from the experimental data, and a slight in-
crease in lift at the highest angles of attack, where the computed
solution has stalled over the inboard portion of the wing. Thus, the
computational results fail to predict maximum lift; a discussion of
the possible reasons for this is given in Ref. 23. However, the com-
putational results do agree well with the experimentaldata at angles
of attack of 12 deg and lower, and, at typical approach conditions,
the computed lift is within 1.5% of the experimental lift.

Performance
Here, a breakdown of the computational cost of each process is

given, to quantify the performance of the current algorithms. The
average percentageof the primary processes for each of the two test
cases is given. The projection process used 10% of the processing
time, the interpolationprocess used approximately50% of the total
time, the hole cutting processes used about 30% of the time, and
the overlap optimization used about 5% of the time. The cost of
the hole-cutting operation is the second most expensive step in the
code.A typical three-dimensionalproblemwill require that approx-
imately 5–15% of the grid points be blanked out in the hole cutting
procedure.The currentalgorithmprocessedhole pointsat the rate of
100–200 blankedpointsper CPU secondon an SGI R10K 250-MHz
workstation.

It is to be expected that the interpolationprocess uses more time
thanany otherprocessbecauseit searchesfor all possibledonorcells
for everysinglegrid point. In fact, the interpolationprocess typically
produces an average of two or three donor cells for each grid point.
The computational performance of the interpolation scheme is on
the order of 10,000 donor cells per CPU second on an SGI R10K
250-MHz workstation. Approximately 5% of the donor grid cells
found in the interpolationprocess are ultimately kept and stored in
the � nal output � le. Although this approach may seem excessive or
even wasteful, the goal of the current work was to produce a fully
automatic code. Indeed, the increased computational cost appears
to be well worth the minimal amount of user time and expertise that
is required by PEGASUS 5.

The PEGASUS 5 code enablesa user to performoverset-gridcon-
nectivityeffectivelyfor a complexthree-dimensionalproblemin one
day of labor time, which represents at least an order-of-magnitude
improvement over the use of the old PEGASUS 4 code. The ear-
lier version would often require on the order of 10 to 20 days of
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labor time spent changing inputs and rerunning the code to perform
such an operation24 and required signi� cantly greater user expertise
than is required by the PEGASUS 5 software. The realization of a
production-ready code to perform the overset preprocessing auto-
matically takes a big step toward realizing the 1996 strategic goal
of the NASA/Boeing Advanced Subsonic Program of reducing cy-
cle time for complex three-dimensionalproblems from hundredsof
days to � ve days.24

Conclusions
The newest versionof PEGASUS, Version 5, has been automated

to reduce the number of user inputs and the time required to deter-
mine the interconnectivity between overlapping meshes. Automa-
tion of the hole cutting and outer boundary speci� cation is based
on the inputs required by the � ow solver, which can be automat-
ically generated by other readily available overset-CFD software.
This greatly decreases the user-input requirements. Additionally,
the overlap optimization and the projection process improves the
interconnectivitysolutions that are produced by PEGASUS 5. The
new algorithms used in PEGASUS 5 have been found to work very
well. The only shortcomings that typically require user intervention
are two problems that can occur with the automated hole cutting.
The � rst of these is the failure to cut out hole points that are inside
a very thin body, such as the trailing-edge region of a wing. These
points are easily � xed by increasing the OFFSET input variable or
increasingthe resolutionof the Cartesian hole map. The second fail-
ure is improper holes being cut at the solid surface of a curved body
where overset surface meshes result in an ambiguous de� nition of
the solid surface. This failure is less common and can be � xed by
specifyinga subset of the grid where the code can not cut any holes.

The modulardesignof the PEGASUS 5 softwaremade it straight-
forward to implement a coarse-grain parallel approach using the
MPI message-passing library. The parallel version of the code will
always reproduce the same results as the serial version. It exhibits
ef� cient execution speedup for a modest number of processors, de-
pending on the problem size. A speedup of over a factor of 33 was
obtained on 48 SGI Origin processors for the Boeing 777-200 test
case.

The computed OVERFLOW results illustrate that grid systems
produced by the new version of PEGASUS lead to the same results
as those from the old version but at a signi� cant cost savings in
terms of both effort and requireduser expertise. The amount of user
time and expertise required for the Boeing 777-200 aircraft was an
order of magnitude less that that required by the PEGASUS 4 code
for processing the same volume grids.
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