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Multiscale Systems Engineering Research Group
 Topics
 Molecular Surfaces
 NURBS for Parametric Surface Modeling
 Periodic Surface Modeling
 Surfacelet and “Dual-Representation”
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Multiscale Systems Engineering Research Group
 Traditional Visualization Models for Molecules
 Space-filled
 Wireframe
 Stick
 Ball-n-stick
 Ribbon
 (a) space-filled (b) wireframe (c) stick (d) ball and stick (e) ribbon
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Multiscale Systems Engineering Research Group
 History of Molecular Visualization
 The earliest efforts to model molecules and electron density were made in Project MAC(Mathematics And Computation) at M.I.T. (Langridge and MacEwan, 1965; Levinthal, 1966; Barry, Levinthal, Ward and Zwick, 1968). With the advent of raster graphics displays, line drawings were supplemented by hard sphere, CPK-type images. Several methods for rendering such models have been developed (Porter, 1978; Feldmann, Bing, Furie and Furie, 1978; Max, 1979; Palmer, Hausheer and Saxe, 1989; Evans, 1993).
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Multiscale Systems Engineering Research Group
 History of Molecular Visualization- RasMol
 The RasMol program (Sayle and Bissel, 1992) draws hard-sphere images with shadows. At Scripps they have developed a light-weight molecular modeling program for X-Windows called Flex (Pique, Macke and Arvai, 1991) and later developed at the San Diego Supercomputer Center.http://www.umass.edu/microbio/rasmol/http://rasmol.org/http://www.sdsc.edu/CCMS/http://jmol.org/
 http://www.umass.edu/microbio/rasmol/
 http://rasmol.org/
 http://www.sdsc.edu/CCMS/
 http://jmol.org/
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Multiscale Systems Engineering Research Group
 History of Molecular Visualization- SCULPT paradigm
 The UNC computer scientists, in collaboration with scientists at Duke University (Surles, Richardson, Richardson and Brooks,1994), have developed SCULPT, a program that has real-time energy calculations as the protein conformation changes. Interactive Minimization: A user can guide the overall path of atoms while the computer maintains physically valid atom separations automatically.Further integration in VR
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Multiscale Systems Engineering Research Group
 History of Molecular Visualization- Ribbon
 An early molecular plotting program was ORTEP (the Oak Ridge Thermal Ellipsoid Program) of Carroll Johnson (1976). During the 1980s, programs for drawing the secondary structure of proteins were developed (Lesk and Hardman, 1982; Lesk and Hardman, 1985; Lesk, 1991). One of the main programs used for plotting protein structures is the Molscript of Per Kraulis (1991).http://www.avatar.se/molscript/
 http://www.avatar.se/molscript/
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 Molecular Surface Modeling- molecular surface
 Solvent-accessible surface [Lee & Richards 1971, Connolly
 1985]
 The motivation was the study of the protein-folding problem and hydrophobicity
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 Molecular Surface Modeling- molecular surface
 extended to molecular surface [Richards 1977] and solvent-excluded volume [Connolly 1985]
 contact surface
 reentrant surface
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 Molecular Surface Modeling- rendering molecular surface
 ray tracing Yellow – spherical
 Green – “saddle” toroidal
 Blue – concave reentrant
 planar contour
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 Molecular Surface Modeling- Other methods
 Non-uniform Rational B-Spline (NURBS) [Bajaj
 et al.]
 B-spline wavelet [Carson]
 Euclidean Voronoidiagram [Kim et al.]
 Skin surface [Edelsbrunner
 et al.]
 Folding Ribbon [Au & Woo]
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Multiscale Systems Engineering Research Group
 Non-uniform B-Spline
 Non-Rational B-Spline
 with and
 n+1 control points, k is the order, (k−1) is the degree, is the knot vector with n+k+1=T knots.
 Non-uniform Rational B-Spline (NURBS)
 ( ) ( ),0
 n
 i n ii
 p u N u p=
 = ∑( ) ( ), 1 1, 1
 ,
 1 1
 ( ) ( )( ) i i k i k i k
 i k
 i k i i k i
 u t N u t u N uN u
 t t t t− + + −
 + − + +
 − −= +
 − −( ) 1
 ,1
 1
 0i i
 i
 if t u tN u
 otherwise+
 ⎧ ≤ <⎪= ⎨⎪⎩
 t0 t1 t2 tT−1
 u
 0 1[ , , , ]
 n kt t t +
 ( )( )
 ( ),
 0
 ,0
 n
 i i n iin
 i i ni
 h N u pp u
 h N u
 =
 =
 =∑
 ∑
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 Non-uniform B-Spline
 An exampleT=9
 knot vector [0,0,0,1,2,3,4,4,4]
 2 20 1 2
 2 2 21 2 3
 2 2 22 3 4
 2 2 23 4
 1 1( ) (1 ) (4 3 ) 0 1
 2 21 1 1
 ( ) (2 ) ( 2 6 3) ( 1) 1 22 2 21 1 1
 ( ) (3 ) ( 2 10 11) ( 2) 2 32 2 21 1 1
 ( ) (4 ) ( 3 20 32) ( 3)2 2 2
 p u u p u u p u p for u
 p u u p u u p u p for u
 p u u p u u p u p for u
 p u u p u u p u
 = − + − + ≤ <
 = − + − + − + − ≤ <
 = − + − + − + − ≤ <
 = − + − + − + −5
 3 4p for u≤ <
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 Non-uniform B-Spline
 Tensor Product B-Spline Surface Non-Rational
 Rational
 ( ) ( ) ( ), ,0 0
 ,m n
 i k j l iji j
 p u v N u N v p= =
 = ∑∑
 ( )( ) ( )
 ( ) ( )
 , ,0 0
 , ,0 0
 ,
 m n
 ij i k j l iji j
 m n
 ij i k j li j
 h N u N v pp u v
 h N u N v
 = =
 = =
 =∑∑
 ∑∑
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 Molecular Surface Modeling- NURBS [Bajaj et al. 1997]
 Use trimmed NURBS surface patchesParameterization of unit sphere as
 Trim half of sphere with the parametric domain where the plane is and
 For any additional plane , domain is
 2 2
 2 2
 2 2
 2 2
 2
 1[ , ]2[ , ]1
 1
 1
 uxu v
 uvy
 vu vu v
 zu v
 ⎧=⎪
 + +⎪ ∈ −∞ +∞⎪ =⎨ ∈ −∞ +∞+ +⎪+ −⎪ =⎪ + +⎩
 2 2u v 2l+ ≤z d≤ ( ) ( )1 / 1l d d= + −
 ax by cz d+ + ≤2 2( ) ( ) 2 2 ( ) 0c d u c d v au bv c d− + − + + − + ≤
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Multiscale Systems Engineering Research Group
 Voronoi DiagramVoronoi cell, namely the set of all points in the given d-dimensional space whose distance to a given point is not greater than their distances to the other points
 Dual graphs between Voronoi Diagram and Delaunay tessellation
 also used in modeling grains of polycrystals
 { }| ( , ) ( , )dk k j
 VC x d x p d x p j kR= ∈ ≤ ∀ ≠
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 Voronoi Diagram of Spheres[Kim et al. 2005]
 The distance to a given sphere in a Voronoi cell is not greater than their distances to the other spheres
 Its dual is called quasi-triangulationBeta-complex, Beta-shape
 { }( ) | ( , ) ( , )sphere dk k k j j
 VC x d x p r d x p r j kR= ∈ − ≤ − ∀ ≠
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Multiscale Systems Engineering Research Group
 Distance Geometry Problem
 Find the coordinates of a set of points given their pair-wise distances
 Constraint satisfaction problem
 Reconstruct biomolecular structures from Nuclear Magnetic Resonance (NMR) spectroscopy data
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 Distance Geometry Problem Solvers
 MD-jeep
 http://www.antoniomucherino.it/en/mdjeep.php
 XPLOR-NIH
 http://nmr.cit.nih.gov/xplor-nih/
 http://www.antoniomucherino.it/en/mdjeep.php
 http://www.antoniomucherino.it/en/mdjeep.php
 http://nmr.cit.nih.gov/xplor-nih/
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 Geometry in Nature
 Compared to geometry in nature, regularly used geometry available for engineers is still too simple.
 Hyperbolic surfaces exist in nature ubiquitously.
 cloud earcrochet kalecoral reeflung cell
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 Minimal Surface
 Mean curvature is zero at any point.
 Plateau’s problem
 Triply Periodic Minimal Surface (TPMS)
 ( ) 2/21 κκ +=H
 G (Gyroid) surfaceD (Diamond) surfaceP (Primary) surface
 Hoffman & Hoffman, www.msri.org
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 TPMS at Atomic Scale
 Linde A zeolite structure & P surface
 Faujasite zeolite structure & D surfaceAndersson et al. (1988) Chem. Rev., 88
 CsCl zero potential surface & P surfaceHyde et al. (1997) The Language of Shape
 (a) Diamond (b) β-tinElectron localization function & G surface
 Savin et al. (1992) Angew. Chem. Int. Ed. Engl., 31
 (b) β-tin
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 TPMS at Atomic Scale (cont’d)
 (a) Fullerene C60 (b) Schwarzite
 Schwarzite & P surfaceMackay & Terrones (1991) Nature, 352
 Two Cu3(BTB)2(H2O)3·(DMF)9(H2O)2 frameworks (blue & red) interwoven about a P-surfaceChen et al. (2001) Science, 291(5506)
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 TPMS at Mesoscale
 Organic-Inorganic CompositeDavis (1993) Nature, 364 (6436)
 Echinoderm - Sea urchin & P surfaceDonnay & Pawson (1969) Science, 166 (3909)
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 TPMS at Mesoscale (cont’d)
 (a) (b) (c)
 Micrographs from a tilt series of sample polystyrene-polyisoprenecopolymer showing (a) the [001] projection; (b) the [112] projection; and (c) the [111] projection, compared with computer-simulated projection images in bottom-right corners Gozdz & Holyst (1996) Phys. Rev. E¸ 54(5)
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 Periodic Surface (PS) Model
 ( ) 0)(2cos)(1 1
 =⋅= ∑∑= =
 L
 l
 M
 m
 Tmllmrpr πκμψ
 lκ : scale parameter
 lmμ : periodic moment
 Tmmmmm cba ],,,[ θ=p : basis vector
 Twzyx ],,,[=r : location vector
 ( ) { }mpr =:)(deg ψ
 ( ) { }lκψ =:)(sca r
 Degrees
 Scales
 (a) basis vectors form discrete projective 2D subspaces
 z
 y
 x
 r
 p
 rp ⋅= Td ˆ
 z
 y
 x
 r
 (b) projective distances between origin and basis planes
 where
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 Periodic Surface (PS) Modelcos(x)+cos(y)+cos(z)=0
 cos(z)=0
 cos(x)cos(y)cos(z)=0
 2cos(x)cos(y)+2cos(y)cos(z)+2cos(x)cos(z) −cos(2x) − cos(2y) −cos(2z) =0
 9+4cos(x)+4cos(y)+ 4cos(z )=0
 ( ) 0)(2cos)(1 1
 =⋅= ∑∑= =
 L
 l
 M
 m
 Tmllmrpr πκμψ
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 Model Construction(b) intersection of P surface and 2 Grid surfaces
 (a) Sodalite cages. Vertices are Si (Al). Edges represent Si-O-Si (Si-O-Al) bonds.
 (c) P surface and its modulation with a Grid surface
 (d) BaSi2 in three-connected cubic phase (semiconductor) and foci surface of Si
 (e) BaSi2 in trigonallayer phase (metal) and foci surface of Si
 Loci surface
 Foci surface
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 Transformation for Interactive Design
 Rotation of about principal axes is equivalent to rotation of each of the basis vectors
 Translation of is equivalent to offsetting each of the basis planes corresponding to the basis vectors
 Scaling and Reflection of are equivalent to their respective inverse operations on each of the basis vectors
 ( )ψ r{ }mp
 ( )ψ r{ }mp
 ( )∑ ∑= =
 − ⋅⋅=⋅L
 l
 M
 m
 Tmllm
 1 1
 1 ))((2cos)( rpRrR πκμψ
 [ ]( )∑∑= =
 −− ⋅⋅=⋅L
 l
 M
 m
 Tm
 T
 llm1 1
 11 ))((2cos)( rpTrT πκμψ
 ( )∑∑= =
 −− ⋅⋅=⋅L
 l
 M
 m
 Tmllm
 1 1
 11 ))((2cos)( rpSrS πκμψ
 ( )ψ r{ }mp
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 Fourteen Basic Lattice Features Cubic
 Simple
 Body-Centered
 Face-Centered
 Simple: Body-Centered: Face-Centered:
 2 2 2 0cos ( ) cos ( ) cos ( )x y zπ π π+ + = 2 2 2cos ( ( 0.5)) cos ( ( 0.5) cos ( ( 0.5)) 0− + + + + + + + =x y x y y zπ π π 2 2 2cos ( ( )) cos ( ( )) cos ( ( )) 0x y z x y z x y zπ π π+ + + − + + + − − + =
 Orthorhombic Simple
 a b c≠ ≠
 Base-Centered
 a b c≠ ≠
 Body-Centered
 a b c≠ ≠
 Face-Centered
 a b c≠ ≠
 Simple: Base-Centered: Body-Centered: Face-Centered:
 2 2 2cos ( / ) cos ( / ) cos ( / ) 0 ( )+ + = ≠ ≠x a y b z c a b cπ π π 2 2 2cos ( ( / / 0.5)) cos ( ( / / 0.5) cos ( / ) 0 ( )− + + + + + = ≠ ≠x a y b x a y b z c a b cπ π π 2 2 2cos ( ( / / 0.5)) cos ( ( / / 0.5) cos ( ( / / 0.5)) 0 ( )− + + + + + + + = ≠ ≠x a y b x a y b y b z c a b cπ π π 2 2 2cos ( ( / / / )) cos ( ( / / / )) cos ( ( / / / )) 0 ( )+ + + − + + + − − + = ≠ ≠x a y b z c x a y b z c x a y b z c a b cπ π π
 a b
 c
 ab
 c
 a b
 c
 ab
 c
 ],..,..,..[ 15050505050501 ≤≤−≤≤−≤≤−= zyxD
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 Tetragonal Monoclinic
 Simple
 a c≠
 Body-Centered
 a c≠
 Simple
 90 90,α β γ≠ ° = = °
 Base-Centered
 90 90,α β γ≠ ° = = °
 Simple: 2 2 2cos ( / ) cos ( / ) cos ( / ) 0 ( )+ + = ≠x a y a z c a cπ π π
 Body-Centered:2 2
 2
 cos ( ( / / 0.5)) cos ( ( / / 0.5)
 cos ( ( / / 0.5)) 0 ( )
 − + + + +
 + + + = ≠
 x a y a x a y a
 y a z c a c
 π π
 π
 Simple: 2 2 2cos ( ( /(1 ctg ) /(tg 1))) cos ( ) cos ( ) 0 ( 90 )°− − + − + + = ≠x z y zπ α α π π α
 Base-Centered:2
 2 2
 cos (2 ( /(ctg 1) /(tg 1) 0.75))
 cos ( ( /(1 ctg ) /(tg 1) 0.5)) cos ( ) 0 ( 90 )°− + − +
 + − + − − + + = ≠
 x z
 x y z z
 π α α
 π α α π α
 Triclinic Rhombohedral Hexagonal
 90, ,α β γ ≠ °
 90, ,α β γ ≠ °
 a c≠
 ( )
 2
 2 2
 2
 2
 1
 2
 1
 1
 cos ( sin cos )sin cos
 cos ( ) cos ( ) 0 , , 901
 cos cos cos
 [cos cos( )][cos cos( )]
 cos cos cos
 [cos cos( )][cos cos( )]
 + −− −
 + − + + = ≠ °−
 +=
 − + − + +
 +=
 − + − + +
 ⎡ ⎤⎢ ⎥⎣ ⎦⎡ ⎤⎢ ⎥⎣ ⎦
 x y zkk
 y zk zk
 k
 k
 πγ γ
 γ γ
 ππ α β γ
 α β γ
 β α γ β α γ
 β α γ
 β α γ β α γ
 [ ]
 ( )
 2 2
 1 2
 2 2
 2
 1
 cos cos cos
 cos ( / / tan / sin ) cos ( )sin
 sincos 0 , , 90
 ( )
 cos cos cos
 [cos cos( )][cos cos( )]
 cos cos cos
 [cos cos( )][cos cos( )]
 +
 + − + − +
 + = ≠ °
 +=
 − + − + +
 +=
 − + − + +
 ⎡ ⎤⎢ ⎥⎣ ⎦
 ⎡ ⎤⎢ ⎥⎣ ⎦
 x a y a zk a y zka
 zk
 a
 k
 k
 β α γ
 ππ γ λ
 γ
 π γα β γ
 α β γ
 β α γ β α γ
 β α γ
 β α γ β α γ
 ( )
 2 2
 20
 cos ( (2 / 3 0.5)) cos ( / )
 cos ( ( / 3 / 0.5))
 +
 + =
 +
 + + ≠
 x a y c
 x a z a a c
 π π
 π
 α
 β
 γ
 α
 β
 γ
 a a
 c
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 c
 c aα
 β
 γ
 a a
 aα
 β
 γ
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 Feature Operations
 MaskingGiven two basic features: ,
 where
 Tmask[
 , ,
 10]=
 [ ] 1( ) : ( )sym symT ψ ψ −= ⋅r S r
 Tmask[
 , ,
 10]=
 2 2 2A 11 12 13( ') ( ') ( ') ( ') 0ψ ψ ψ ψ= + + =r r r r 2 2 2
 B 21 22 23( ') ( ') ( ') ( ') 0ψ ψ ψ ψ= + + =r r r r
 Tmask[
 , ,
 10]=
 [ ( '), ( '), ]( ) : ( ') [ [ [ ( '), , , ], ]] 0= + =r r r r r rmask A B A sym tran scal BT m T T T m m mψ ψ ψ ψ
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 Feature Operations – cont’d
 Demasking
 Tdem[
 , ,
 10]=
 Tdem[
 , ,
 10]=
 “Subset Effect” - The demasking operation collapses not only the mask feature but also its extended features which are available in the original feature.
 Tmask(
 , ,
 m)= Tdem(
 , ,
 m)=
 { }A B B A[ ( '), ( '), ]( ) : ', [ [ ( '), , , ], ] 0, ( ') 0= ∀ = =r r r r r r r rdem tran scalT m T T m m mψ ψ ψ ψ
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 Feature Operations – cont’dImpose
 Union
 Layer 1
 Layer 2
 Layer 3
 A B A B[ ( ), ( )] : ( ) ( )= ⋅r r r rimpT ψ ψ ψ ψ
 Timp[
 ,
 ] =
 A B C A B[ ( ), ( )] : [ ( ), [ ( ), ( )], 2]un mask impT T Tψ ψ ψ ψ ψ=r r r r r
 where ψC is the face-centered basic feature in the same category as the basic features ψA and ψB.
 Tun[
 ,
 ] =
 Tun[
 ,
 ] =
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 Feature Operations – cont’d
 Insertion
 Layer 1
 Layer 2
 Layer 3
 A B
 A B
 C B
 C
 [ ( ), ( )] :
 [ [ ( ),1,1,0.5], ( ),1] if ( ) ( )
 [ [ [ ( ),1,1,0.5], ( ),1], if ( ) ( )and ( ) ( )[ [ ( ),1,1,0.5],0,0, ]]
 ( ) if ( ) ( )and ( )
 un
 mask scal A C
 imp mask scal A D
 B Ctran scal
 B A E
 B
 T
 T T r r
 T T T r rr rT T c
 r r rr
 ψ ψ
 ψ ψ ψ ψ
 ψ ψ ψ ψψ ψψ
 ψ ψ ψψ
 =
 =
 =≠
 ==
 r r
 r r
 r r
 r
 ( )F rψ
 ⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
 Tins[
 ,
 ] =
 Tins[
 ,
 ] =
 Tins[
 ,
 ] =
 C ( )ψ r
 D ( )ψ r
 E ( )ψ r
 F ( )ψ r
 : simple basic feature : body-centered basic feature: base-centered basic feature: face-centered basic feature
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 Surfacelet for “Dual-Rep”Dual-Rep is a new geometry-materials modeling approach to represent both internal distribution and boundary information with a unified implicit form.Dual-Rep is enabled by a new basis function, called Surfacelet.
 (a) 2D bone structure with boundary (in red) and internal material distributions
 (b) Boundary becomes continuous domain
 (c) Boundary appears in continuous domain
 (d) Polycrystalline materials with grain boundaries
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 Surfacelet Basis Function
 Location in Euclidean space:
 Wavelet function:
 Scaling factor:
 Surface function: with implicit form
 Translation factor:
 Shape parameters:
 ( ) ( )( )1/2 1, , ,a b ba aψ ψ ρ− −=p pr r
 ( ), ,x y z=r
 :ψ →R R
 a +∈ R3
 , :bρ →p R R ( ), , ,b x y zρ 0=p
 b ∈Rm∈p R
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 An Example of 3D RidgeletTransform
 surface integralwith ridgelet
 xz
 y
 αβ
 μ
 (a) SEM images of SiO2-MnO2 ceramics (Orlandi et al.,2003)
 (b) wedgelet surface integral
 αβ
 λ
 1D wavelet transform with Haar
 Dominant grain boundary orientations More detailed information
 (c) surfacelet coefficients
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 An Example of Cylindrical SurfaceletTransform
 surface integralwith cylindricalsurfacelet
 xz
 y
 αβ
 μ
 α
 (a) SEM images of polyacrylonitrile-based nanofibers(Wu et al. 2008)
 (b) cylindrical surface integrals
 β
 λ
 1D wavelet transform with Haar
 Centers of circular nanofibers
 (c) surfacelet coefficients
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 Summary
 Parametric surface modeling
 Implicit surface modelingControllability
 Complexity
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 Further ReadingsMolecular Visualization
 Connolly ML. Molecular surfaces: A review. Network Sci 1996; Available at http://www.netsci.org/Science/Compchem/index.htmlFree Molecular Visualization Software http://www.umass.edu/microbio/rasmol/othersof.htmKim D.-S., Cho Y., and Kim D. Euclidean Voronoi diagram of 3D balls and its computation via tracing edges. Computer-Aided Design 2005; 37(13):1412-1424
 Molecular Surface ModelingLee B, Richards FM. The interpretation of protein structures: Estimation of static accessibility. J Mol Biol 1971;55:379–400.Connolly ML. Solve-accessible surfaces of proteins and nucleic acids. Science1983;221(4612):709–13Carson M. Wavelets and molecular structure. J Comp Aided Mol Des1996;10:273–83.Bajaj C, Lee HY, Merkert R, Pascucci V. NURBS based B-rep models for macromolecules and their properties. In: Proc. 4th ACM solid modeling & applications. 1997. p. 217–28Edelsbrunner H. Deformable smooth surface design. Discrete & Computational Geometry 1999; 21(1): 87-115.
 http://www.netsci.org/Science/Compchem/index.html
 http://www.umass.edu/microbio/rasmol/othersof.htm
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 Further ReadingsPeriodic Surface Modeling
 Crnkic E., He L., and Wang Y. (2013) “Geometry-Guided Crystal Phase Transition Pathway Search,” Computer-Aided Design, 45(1):53-64 Qi C. and Wang Y. (2009) “Feature-Based Crystal Construction in Computer-Aided Nano-Design,” Computer-Aided Design, 41(11): 792-800. Wang Y. (2009) “Computing Minkowski Sums of Periodic Surface Models,” Computer-Aided Design & Applications, 6(6): 825-837 Wang Y. (2007) “Periodic Surface Modeling for Computer Aided Nano Design,” Computer-Aided Design, 39(3): 179-189.
 Surfacelet RepresentationWang Y. and Rosen D.W. (2010) “Multiscale Heterogeneous Modeling with Surfacelets,” Computer-Aided Design & Applications, 7(5): 759-776.
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