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Abstract The Multi-dimensional Optimal Order Detection (MOOD) method is an
original Very High-Order Finite Volume (FV) method for conservation laws on
unstructured meshes. The method is based on an a posteriori degree reduction of
local polynomial reconstructions on cells where prescribed stability conditions are
not fulfilled. Numerical experiments on advection and Euler equations problems are
drawn to prove the efficiency and competitiveness of the MOOD method.
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1 Introduction

The Multi-dimensional Optimal Order Detection has been introduced in [6] as an
original High-Order Finite Volume method for conservation laws on unstructured
meshes. As multi-dimensional MUSCL [2—4, 8] or ENO/WENO methods [1,7,10],
the MOOD method is based on a high-order space discretization with local
polynomial reconstructions coupled with a high-order TVD Runge—Kutta method
for time discretization.
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The main difference between classical high-order methods and the MOOD one is
that the limitation procedure is done a posteriori. Inside a time step, a first solution
is computed with numerical fluxes evaluated from unlimited high-order polynomial
reconstructions. Then polynomial degrees are reduced on cells where prescribed
stability conditions are not fulfilled and the solution is re-evaluated. That iterative
procedure provides a solution which respects the stability constraints.

The present article is devoted to an extension of the MOOD method to a sixth-
order space discretization on triangular meshes. Numerical tests for the advection
problem and Euler equations with gravity are given in last section.

2 Framework

We consider the scalar hyperbolic equation defined on a bounded polygonal domain
£ C R? written in its conservative form

du+V-Fu) =0, (D
u(-,0) = uy,

where 1 = u(x, t) is the unknown function with ¢ > 0, x € £2, F is the physical
flux and uy stands for the initial condition. We consider a triangular tessellation of
£2 where K; is a generic triangle with centroid ¢;. Moreover n;; is the unit normal
vector of edge ¢;; from K; to K; and qi’j ,r = 1,2,3, are the Gaussian quadrature
points of e;;. Finally v (i) (resp. v(i)) is the index set of cells which share an edge
(resp. an edge or a node with K;). This notation is summarized in Fig. 1.

We recall the generic first-order Finite Volume discretization of (1)

e
uith =i = A ) e G dmy), @
jev@ !

where u/ is an approximation of the mean value of u on cell K; at time ¢" and |e;;|,
| K;| stand for the edge length and the cell surface respectively. We assume that the
numerical flux G (u/, uj,m ;) satisfies the consistency and monotonicity properties
such that, under an adequate CFL condition, the following Discrete Maximum
Principle (DMP) is fulfilled

min (u},u"}) < uff“ < max (u!,u’). 3)
J€(0) / j€v(i) J

Only few modifications of (2) are needed to get the following High-Order Finite
Volume scheme
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Fig. 1 Mesh notation. Index set v (i) corresponds to blue cells with dots and V(i) corresponds to
every non-white cells
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namely the use of a sixth-order Gaussian quadrature rule with weights &,
(r = 1,2,3) and the replacement of u} (resp. u’}) by uj; . (resp. u’j; ) which is
an approximation of u(ql.’j ,t") from the high-order polynomial reconstruction on
K; (resp. K;). Notice that the high-order scheme (4) corresponds to a convex
combination of the first-order one (2), that is important from a practical point of

view for an easy and effective implementation.

It is well known that methods based on high-order reconstructions without

limiting procedure produce spurious oscillations in the vicinity of discontinuities.
In order to prevent such oscillations, the today’s effective high-order methods
(MUSCL, WENO...) use a priori limitation procedures.
The Multi-dimensional Optimal Order Detection (MOOD) method breaks away
from this approach through an original effective iterative procedure based on an
a posteriori detection of such unphysical oscillations (see Fig. 2). The details of
MOOD method are recalled in next section

Polynomial High-order Time update
u;‘: e——>ireconstruction approx. of u | U*p D = un+1
on cells on edges h h

no

Decrementation of
polynomial degree

Fig. 2 A simplistic view of the Multi-dimensional Optimal Order Detection concept
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3 MOOD method

For the sake of clarity, we only consider a forward Euler method and one
quadrature point per edge. Consequently we denote by u;; (resp. u ;) the high-order
approximation of u on edge ¢;; from cell K; (resp. K ).

3.1 Basics

Polynomial reconstruction.

High-order approximations of the solution at quadrature points are mandatory.
To this end, multi-dimensional polynomial reconstructions from mean values are
carried out. There exist several techniques [1, 5] to obtain such reconstructions, but
we choose to use the one from [7] where a over-determined linear system is solved
using a QR decomposition. The reconstructed polynomial of arbitrary high-order
dmax + 1 has the form

1

T[(x, y)=1u+ Z Raﬁ ((X_C)c)w(y_cy)/3 - m

| @-erv-cy dxdy),
I1<a+B=<dmax K
where (cx,c,) is the centroid of a generic cell K and R, are the unknowns
polynomial coefficients. In this way mean value on K is conserved and the
truncation of all terms of degree & + B > d produces a relevant approximation of
u as a polynomial of degree d < d4x.
At least N(d) = (d +1)(d +2)/2 — 1 neighbors are needed to perform
reconstructions. However for the sake of robustness at least 1.5 x /N (d) elements are
involved. We first take the neighbors by nodes of K and then the neighbors by faces
of already picked elements. Lastly, since the condition number of the generated
system is dependent of spatial characteristic length, we use the technique proposed
in [5] to overcome this problem.

CellPD and EdgePD.

We recall the fundamental notions introduced in [6].

* d; is the Cell Polynomial Degree (CellPD) which represents the degree of the
polynomial reconstruction on cell K;.

* d;; and d;; are the Edge Polynomial Degrees (EdgePD) which correspond to
the effective degrees used to respectively build u;; and u;; on both sides of edge
€jj.

We now detail the MOOD method using both notions in the case of the scalar
problem (1).
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3.2 Algorithm for the scalar case.

The MOOD method consists of the following iterative procedure which details the
concept depicted in Fig. 2.

1. CellPD initialization. Each CellPD is initialized with d,,,..

2. EdgePD evaluation. Each EdgePD is set up as the minimum of the two
neighboring CellPD.

3. Quadrature points evaluation. Each u;; is evaluated with the polynomial
reconstruction of degree d;; .

4. Mean values update. The updated values u; are computed using the finite
volume scheme (4).

5. DMP test. The DMP criterion is checked on each cell K;

min (u?,u”) < u’ < max (u},u”). 5
jev(i)(” )= _jei(i)(l 7 )

If u* does not satisfy (5) the CellPD is decremented, d; := max(0,d; — 1).
6. Stopping criterion. If all cells satisfy the DMP property, the iterative procedure

stops with uZ‘H = uj, else go to Step 2.

Since only problematic cells and their neighbors in the compact stencil v (i) have to
be checked and re-updated during the iterative MOOD procedure, the computational
cost is dramatically reduced.

3.3 Algorithm for the Euler equations case.

We now extend the MOOD method to the Euler system, namely

p pu pv
2
o | P o | PP Lo | P ] =0 ©)
pv puv pv-+p
E u(E + p) v(E + p)

where p, V = (u,v) and p are the density, velocity and pressure respectively while
the total energy per unit volume E is given by

__p
ply —1)

where e is the specific internal energy and y the ratio of specific heats.

1
E:p(EVz—i-e), szuf—i-u%, e



268 S. Clain et al.

The reconstruction is classically done on the primitive variables p, u, v, p while
U = (p, pu, pv, E) and we use the same CellPD and EdgePD for all variables in a
cell. In other words, the two notions are linked to cells and edges and not affected by
the number of variables. Furthermore steps 5 and 6 of the previous MOOD algorithm
are substituted with the following stages.

5. Density DMP test. The DMP criterion is checked on the density

min (p;, p7) < p/ < max (o}, p}). (7

=0 J =0 J
If p} does not satisfy (7) the CellPD is decremented, d; := max(0,d; — 1).

6. Pressure positivity test. The pressure positivity is checked and if p; < 0 and d;
has not been altered by step 5 then the CellPD is decremented, d; := max(0, d; —
1).

7. Stopping criterion. If for all i € &,, d; has not been altered by steps 5 and 6
then the iterative procedure stops with U, ,;H'l = Uy else go to step 2.

4 Numerical results

The reader should refer to [6] for a study on the effective convergence rate and for
more hydrodynamics test cases. In this paper, we restrict the presentation to two
representative tests.

Scalar case

We first deal with the classical Solid Body Rotation (see [6] for details) test
case for the advection problem. We plot in Fig. 3 isolines top views of the solution
obtained with the MOOD method applied to different polynomial degrees and
meshes. Method name, triangles number and computational times are embedded
in each figure. Time is given in relative time units (r.t.u) where MOOD-P1 is taken
as reference with 100 r.t.u.

First solutions obtained on the 5190 cells mesh (3 top) clearly show that the
MOOD method is able to handle high-order polynomials with a great improvement
of solutions while enforcing a strict DMP. Then for the sake of comparison, results
with lower degrees on finer meshes are given in the bottom line of Fig. 3. Finally
notice that the computational cost increase is mainly due to the reconstruction step.
However since profiles are not smooth the DMP is often violated and the iterative
procedure cost more than in a smooth case. For example a sixth-order unlimited
version of the scheme costs 586 r.t.u., thus the iterative procedure costs about a third
of the total time of the MOOD-P5 computation.
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MOOD-P2 - 5190 triangles - 1584 nio MOOD-P3 - 5190 triangles - 305 riu

MOOD-PS - 5190 triangles - 868 nto MOMOD-P1 - 20720 triangles - 868 r.tu. MOOD-P3 - 10142 triangles - 830 r.t.u.

Fig. 3 Solid Body Rotation. 10 isolines (0 to 1). Time in relative time units (r.t.u.)

Euler equations case

For the system case, a Rayleigh—Taylor Instability for the Euler equations with
gravity is considered. The reader should refer to [9] for complete description of the
test case. A zoom on the pattern of the unstructured symmetric triangular mesh of
28800 cells and the density solutions for MOOD-P1, MOOD-P3 and MOOD-P5 are
plotted in Fig. 4.

As for the scalar case the MOOD method is plainly able to improve the solution
through the use of high-order polynomial reconstructions. From a computational
cost point of view, computational times given in Fig. 4 prove that the MOOD
iterative procedure is effective since the time raise from a degree to a bigger one is
mainly due to the reconstruction cost itself.

Decrementation procedure

In Table 1, we give the mean percentage over all the calculation of polynomial
degrees actually used to compute the solution, i.e. the CellPD at the end of the
iterative procedure. Three test cases are taken as examples (see [6] for details),
the Solid Body Rotation of Fig. 3 with MOOD-P3, the classical Double Mach
Reflection on a 57600 cells uniform mesh with MOOD-P2 and the Mach 3 Wind
Tunnel on a 4978 cells Delaunay mesh with MOOD-P3. Results show that only few
cells are affected by the a posteriori limitation.
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MOOD-P1 - 100 r.tu.

MOOD-P3 - 137 r.tu. MOOD-P5 - 254 r.Lu.

Fig. 4 Rayleigh—Taylor Instability. Density. 5 isolines from 0.8 (dark) to 2.3 (light)

Test case | PO Pl | P2 | P3
Solid Body Rotation 7.16% 0.78% 0.64% 91.42%
Double Mach Reflection 5.69% 0.72% 93.69% —
Mach 3 Wind Tunnel 3.02% 0.36% 0.16% 96.46%

Fig. 5 Mean percentage of polynomial degrees actually used with MOOD method

References

1. R. Abgrall, On Essentially Non-oscillatory Schemes on Unstructured Meshes: Analysis and
Implementation, J. Comput. Phys. 114 45-58 (1994)

2. T. J. Barth, Numerical methods for conservation laws on structured and unstructured meshes,
VKI March 2003 Lectures Series

3. T. J. Barth, D. C. Jespersen, The design and application of upwind schemes on unstructured
meshes, AIAA Report 89-0366 (1989)

4. T. Buffard, S. Clain, Monoslope and Multislope MUSCL Methods for unstructured meshes,
J. Comput. Phys. 229 3745-3776 (2010)

5. O. Friedrich, Weighted Essentially Non-Oscillatory Schemes for the Interpolation of Mean
Values on Unstructured Grids, J. Comput. Phys. 144 (1998) 194-212.

6. S. Clain, S. Diot, R. Loubére A high-order finite volume method for systems of conservation
laws — Multi-dimensional Optimal Order Detection (MOOD), accepted in J. Comput. Phys.
(2011)



Multi-dimensional Optimal Order Detection (MOOD) 271

7. C. F. Ollivier-Gooch, Quasi-ENO Schemes for Unstructured Meshes Based on Unlimited Data-
Dependent Least-Squares Reconstruction, J. Comput. Phys. 133 6-17 (1997)

8. J. S. Park, S.-H. Yoon, C. Kim, Multi-dimensional limiting process for hyperbolic conservation
laws on unstructured grids, J. Comput. Phys. 229 788-812 (2010)

9. J. Shi, Y-T Zhang, C-W Shu, Resolution of high order WENO schemes for complicated flow
structures, J. Comput. Phys. 186 690-696 (2003)

10. W. R. Wolf , J. L. F. Azevedo, High-order ENO and WENO schemes for unstructured grids,

International Journal for Numerical Methods in Fluids, 55 Issue 10 917—943 (2007)

The paper is in final form and no similar paper has been or is being submitted elsewhere.



	Multi-dimensional Optimal Order Detection (MOOD)— a Very High-Order Finite Volume Scheme for Conservation Laws on Unstructured Meshes
	1 Introduction
	2 Framework
	3 MOOD method
	3.1 Basics
	3.2 Algorithm for the scalar case.
	3.3 Algorithm for the Euler equations case.

	4 Numerical results
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


