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Fig. 1. We introduce YASPS, an IPC [Li et al. 2020]-based simulation framework that is both extensible and performant. Users define parameterizations, shape
primitives, and energies in PYTHON, from which YASPS automatically generates and compiles GPU code for first- and second-order differentiation. YASPS also
assembles the global gradient and Hessian and efficiently solves the resulting linear systems on the GPU. Despite its high-level interface, YASPS achieves
performance comparable to hand-optimized GPU IPC frameworks such as GIPC [Huang et al. 2024], while significantly reducing implementation complexity:

adding a new shape type requires only around 130 lines of PyTHON code.
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Fig. 2. The energy in Eq. (1) can be decomposed into different layers.
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Define Energies and Attributes

to Minimize Against
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Compute and Extract Solution

.addEnergy(snh_energy)
.addEnergy(affine_energy)

.addMinimizeTarget(
bunny_soft.vertices["posit "]

bunny_affine.affine_body["

bunny_affine.affine_body["

.addEnergy(pp_energy, dynamic_instances

True)

result = s@.minimizeEnergy(tolerance = le-6)

d_position_soft = result[0]
d_affine_matrix = result[1]
d_translation = result[2]

# p_soft

Update Values

"

|

Index Generator
Block Placement for
snh_energ
Block Placement for
affine_enexrgy
Block Placement for
pp_energy

Compute

bunny_soft.vertices["p n").updateValue(pos_soft_
copy - d_position_soft * step_taken, deepCopy = True)
bunny_affine.affine_body[" i m ix"].

updateValue(affine_matrix_copy - d_affine_matrix *

142:5

step_taken, deepCopy = True)

bunny_affine.affine_body["t 1 .
updateValue(translation_copy - d_translation * step_
taken, deepCopy = True)

Compute Solution on Call

"], # A

#t
Differentiator

Compute

B

o
1
Rl
2 f— —_—]
£
<]
- o
e p
-
H ° F— —_—]
x +
w ©
-
o
g
—_—]
g -
Inputs to .
Computations

Compressed Global
Hessian Structure

O Numerical Data
', Symbolic Attribute

. Linkable Kernel

Fig. 3. An overview of how the YASPS’ backend works once user has specified the energies in the scene and the attributes to minimize against. The symbolic
attributes of the energy computation and the minimization target will be passed to YASPS’ index generator and differentiator. The differentiator will compute

the symbolic Hessian and gradient while the index generator computes the global Hessian and gradient structure, as well as how to place the local Hessian
and gradient to the global ones. The code generator will be invoked once the symbolic Hessian and gradient is computed, generating and compiling kernels

responsible for the computation. Code generator will also extract the pointers to the data so that when the generated kernels are invoked, they know exactly
where the input data lies. When user wants to extract the solution, YASPS’ minimizer will then use the generated kernels and data to compute the solution to

the system Hx = g. Here we omit the construction of the scene and energies, which are mostly on the frontend. The detailed example regarding the frontend

is shown in Sec. 4.
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Scene scenel

Mesh

bunny_affine

Mesh bunny_soft

Primitive vertices

Primitive tets

Number of Instances:

Number of Instances:

vertices

vertices

Number of Instances:
NUM_BUNNY_VERTEX

Attributes: []

Connectivities: []

Number of Instances:
NUM_BUNNY_VERTEX

Attributes: [[(J]

Connectivities: []

rest_position

Parent: vertices

Value: |5.6, 7.2, 1.0
0.1, 0.3, 3.2

NUM_BUNNY_VERTEX NUM_TETS

Attributes: [] Attributes: []

Connectivities: []

Connectivities: []

Fig. 4. In YASPS, scenes, meshes and primitive types themselves only con-
tain the next level entities and additionally some metadata. The primi-
tive types will also contain a list of attributes (Sec. 4.2) and connectivities
(Sec. 4.4), which are empty when the primitive is initialized.
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from yasps import scene

s@ = scene("scened")

bunny_affine = s@.addMesh("bunny_affine")
bunny_soft = s@.addMesh("bunny_soft")

L] » WS » wsr fim prm » s
sw s r s «x r x flin s fim s
pr W s r fim  wvm W s
bunny_affine.addPrimitive("vertices", numInstances =
NUM_BUNNY_VERTEX)
bunny_affine.addPrimitive("affine_body", numInstances =
bunny_?ffine.addPrimitive("tets”, numInstances =
NUM_TETS)
T s prwa »s w x ss W ne
bunny_affine.vertices
bunny_affine.affine_body
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numInstances ss 1T s m» sra wr r© ™ »r s
SSs wsx ng 4
WP r WM S WSWS S W Prm psw» SPS wm
XX MXWNS g WX xrm S S®M®M S MPIr W rm
® rm prmpr sSsu SPS WS r SS CA
X pr W »S w WS Sw pPprp®r s x »r SS
roug r w s fim o m

Fig. 5. ATTRIBUTES. When attribute rest_position is added to the primitive
type vertices, YASPS initializes an array of size NUM_BUNNY_VERTEX X X1,
and saves it under the rest_position attribute, whose reference pointer is
then saved under the vertices primitive type. When the user updates the
values of this attribute, the new values will be copied into this array.

4.2 Attributes

m SPSs m mas ®m prm P sSm®m »owan
row s T orm sfirs  fim nOWmS prm » W
row
2ol » Sswp » ®S WS X w
xR » nws ™ S W [n] ={1,...,nx} s

» s » ruw mnXs ®m o wwm W

ax [n] =R

r'r W™ Crprsws ¥ W SPTr WS W RWe X
¥ s m wRARS
s ws s S W »
nXxrxc - -
ax €R , [ex]i = ax(i).
» rmow »  fim X %S wW flim »
supp FRCIUA b ws m ne

bunny_affine.affine_body.addAttribute("affine_matrix",
rows = 3, cols = 3)
bunny_affine.affine_body["affine_matrix"].updateValue(
np.eye(3, dtype=np.float64))
bunny_affine.affine_body.addAttribute("translation",
rows = 3, cols = 1)
bunny_affine.affine_body["translation"].updateValue(np.
array([0.0, 0.0, 0.0], dtype=np.float64))

S r S ®m B WS W flin » S »
» s xx sz 1X X x nawx
" fim wa r
Sw x m fim rsps w roos ™ oup
" w neg
bunny_affine.vertices.addConstant("rest_position", rows

= 3, cols = 1)
bunny_affine.vertices["rest_position"].updateValue(
BUNNY_VERTEX_POSITIONS)

x  BUNNY_VERTEX_POSITIONS s fl » xx Sz
NUM_BUNNY_VERTEX X X1 s rest_position s » r w
sz Xl
» mg addConstant raddAttribute =» jprwa »
mawa r  ws ® SN s gm wr (name number of
rows r number of columnsc)  SPS » z 1 xx
sz NXrxc =GP s n"g Susaqun uowp S
S x o S X X S Xx S
us ww  wsaddAttribute » addConstant
» »r us s T w» wmwng S®  Sugg S
oW s x r wg addConstant m XM Run wNg



Before dotted2.compute() After dotted2.compute()

dotted

vertices dotted Parent: vertices

Parent: vertices Computation:

rest_position.dot(
rest_position)
rest_position) dotted2

Number of Instances:
NUM_BUNNY_VERTEX
rest_position

Attributes: A Il
t Parent: vertices )

Computation:
rest_position.dot(

Value: [5.6, 7.2, 1.0
0.1, 0.3, 3.2

Parent: vertices

dotted2

Computation: 2.0 *
dotted

Parent: vertices

84.20

Computation: 2.0 *
Value: 10.34

dotted

Connectivities: []

Fig. 6. ATTRIBUTES COMPUTATION. Any computation of attributes will directly
result in another attribute. Attributes not initialized using the addAttribute
function will not be added under the corresponding primitive types, but
their parents can still be determined immediately based on the lineage
of the attributes participating in the computation, hence the dimension
of the numeric values can be immediately determined. Notice that after
computing dotted?, there is no value attached to dotted even though it is
an attribute used in computation as YASPS is designed to not materialize
any intermediate computation.

)

naRa ¥ rowg W swaw W ® oW WS s

raus » opr o p wm fFfraw m ( ffrw mox
oW s Srsu W)

4.3 Computation of Attributes

®» SPS  r w PrSS WS X X Prsm S W x

P neg

rp = bunny_affine.vertices["rest_position"] # per-
vertex, shape 3x1

dotted = rp.dot(rp) # per-vertex, shape 1x1

dotted2 = 2.0 * dotted # per-vertex, shape 1x1

s x wap Y nEr P wWR X W rw T swm
r W S®™ S ¥ wWW ¥ vertices pr m » ® s s
PrRp oW vertices ss »ow w »nTg
T » R x o noorow oW
ng ww »
dotted2.compute().value # flattened array of size
NUM_BUNNY_VERTEX * 1 »* 1
T s pr w » wr gmr x s
wap mgrp® s r wwm rdotted2 X
X rest_position = mp W v oo ™
XX S|p W Ng R »ox » nyma x
X s SPS s S® X zZNg W W W X
s » ¥ S W r 8§ r marx » ®s »
wpY LS » Oy | by dotted sm
. r Z ur ng P m S ws«x nig
we W r w » o OIS S S U T
T Sp WS s ws 1y € RMXXrXe s w x
s X PrSsSmSs per-instance pr ss m s P rXc
»mwopr xfs pp s m rw Rprm
» X s wmp X s x ®S WS gmr
X pe mX s r ® o [
flax(@®) = x iefl,....nx}
¥ S S W WS W oW oay SPSm s
» xR » X sTaus prsrx s
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scene®
bunny_affine

timestep_size

vertices tets

Number of Instances:
NUM_BUNNY_VERTEX
rest_position

Parent: sceneQ

Number of Instances: NUM_TETS || |Value:| 0.01
oungs_modulus

. i Parent: tets
Attributes: [Parent. ventices ] || Attributes: [ . —]
e 7] Velue: [T

Connectivities: [] Connectivities: []

Fig. 7. LINEAGE OF ATTRIBUTES. A simple scene hierarchy illustrating an affine-
body mesh. Attributes that share the same lineage (within the same box) can
participate in the same computation. By contrast, attributes from different
hierarchies cannot be directly combined until their relationship is made
explicit through a relational operator.

S map SPS » x s xe X W Spr P wNe
» S m wpw M RaMS S X wawa ® lineage T »
» WS ¥ » » r  xsJOIN m UNION
nr o S m
T wn rs w s T WS X WX WrXXr W S wWp SS »ow
R » row fim » g «x » rox s
s s W r @ timestep_size rm s oW S m
x i IR » wapw CRIR g r w s fim »
2] s w momw s m row
wfla m s r wg » s ™M W WS row
wfla m s prm »S ng N s
s row s fim » S W prom i I
»ox I X » Py now sww
r oW s SPS » 1R W »s wm s
» s O »now S X sw wg X &
» NSHT R WSS WS PR W WM g
™ mrs X W s ng ng ff rm prwa » S su

syoungs_modulus m rest_position wmm pp r ® s m

oy 11 » r s fim mwmwmss u s wn f
r w s fim oW rw s
»pr MM oawwm S nopu PRow
row s xow fFrwmoprm S Trws m ros wr
TR PSS M OPRS W ffim s fim wa x »
r IrRS WXNPS B PNS W wrr m s WS
S wr 1 S
Sw PR W s S us xS » & x »
s » »n ffrm ps prm sT m  su X »
s SPSwus s nmm
4.4 Connectivity
T  pr ss x nS S n Frwprm »s
» nX oW PP RE T W » s ®moprm
» wp s 0w S rm m X pF M » ®» SPS
rox  su W ppwg s connectivity
T rwa A » B xR » S ng ™ ng w
S ™ Srsp fim » s sy ={1,...,n4} »
Ig ={1,...,ng}
R r k>1xmwmA Bs wn

C Iy — I, c)=(1(i)-. . Jx(D)

Tr ns Gr 4 4 r 14 Pu » Ju
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bunny_affine

tets tet2v vertices
Number of Instances: WEGEE WEEEED 5 Number of Instances:
NUM_TETS NUM_BUNNY_VERTEX
Value: 0,1, 2, 3
Attributes: [] 2,0 3, 4 Attributes: [(J)
Connectivities: [[(J}— B Connectivities: []

Fig. 8. ConNECTIVITIES. When connectivity is added to a primitive type, we
create a connectivity object and put it in the list of connectivities under
the corresponding primitive type. The connectivity object simply contains
a list, which indicates the relation between two primitive types, and the
target, which points to the other primitive type.

r je(i) €I s » £ ms w Br rw
s B I€ly wm Ilé oS r s mpr w Igx---XlIp
k » s s rx k wps wm sxmlp

s m wap ws rtetrahedra m vertices Sw
rRs o 4 x s ol C
i€ Itets 4, up

=

n s ® Ivertices

C ()= (D, (D)) (@) ja()),

»n  SPS  mm s x X g ng

jt’(i) € Ivertices

# create connectivity between vertices and affine body

bv2abd = bunny_affine.vertices.addConnectivity ("
bunny_vertex_to_affine_body", bunny_affine.
affine_body, [@] * (NUM_BUNNY_VERTEX), 1)

# create connectivity between tetrahedron and vertices

affine_tet2v = bunny_affine.tets.addConnectivity("tet2v
", bunny_affine.vertices, TET_INDICES, 4)

T ur rgww W s addConnectivity we ®m x
»n oW g prma » e s m x
T firs ww bv2abd s fim » r s
xR » W flim »r R » Sw x
TSP M S » o flin » s m  wm flin
weox ® s X rgum m W WS W
Zrs
T s = e affine_tet2v s fim »
by X wn w xS wew T X
TET_INDICES s s sz NUM_TETS X 4 » ®s "
» WppRe r WX x x s T usr  w
s ww Ss r Ss »nwig
connectivity pr s LR ) » ]
»s rws fim wm s prm  ss
TR PIRS WO ONR PrX P » S W wapu I
s » X oW wa s rRS X W
oW xR W™ oprow » » X
45 JOIN
4.5.1 Motivation. » s neaa®m st fm  wm rms
r oW s rgm n ffrw oprm psT w»
s SSss s m reaer  m » swa w S
X SS X ss WS
G wm connectivity X s »r W s O
woowmopr x us s sx N T4 rwmoorow
fim ® W prm » ®om oW x
s »r xJOIN

Tr »s Gr p 4 4 14 Pu » Ju

45.2 Definition. JOINws s connectivity g r r & s

R W prom i IR i) now x

7 rma C Iy —>I’§ connectivity r wapr ma »
A prm » B w» ag Ig —> R™¢ » r w wnB
T s JOIN agp rwg Cs mn r w nA

5o clap)(i) = (ap(i(i)), ..., ap(ig (D)) € RF*e ()

r (i), ..., k(D)) =CGH) = ¥ xS nS W A
s r oW s kx rwm s ®m s Bs
g » g wmams » sz kT RS XX K S M
» s fl = ] ®L WS WSS CRI
3 clap)(i) s T
st w)  c(ag) s w As nprop
™  pr SS WS x r ws mAwn x SPS w» g
sr ms T JOIN pr m s sm » g
ra s s sgwm sp fi »r » ffrmprm
»s x XS ®mg x W S S
4.5.3 Code. w rwmom JOIN s r xwa X N
» W m S wr  prm W sp we ()
L (through) = () row 8§ r(source)

# JOIN affine_body.affine_matrix onto vertices through
bv2abd (arity 1)

bva = bunny_affine.vertices.addAttribute("affine_matrix
", through = bv2abd, source = bunny_affine.
affine_body["affine_matrix"]) # bva has dimension 1
x9

# JOIN vertices.rest_position onto tets through tet2v (
arity 4)

btrp = bunny_affine.tets.addAttribute("rest_positions",

through = affine_tet2v, source = bunny_affine.

vertices["rest_position"]) # btrp has dimension 4x3

T firs ®» px xws

) bv2abd (bunny_affine.affine_body["affine_matrix"])

» s rsu verticesprm ®» Sm» bv2abd
sr k=1n s wr row ss ®» X o
RS ® S bva s1x ( 1x( -))
Swa r btrpg rxs X1rsmps w» wur
r SX xm s sprms m s p s4x (
4x( -1))
wus JOINfl  ws x wmgrXc M xrs m
X su mor 1% W
[bva = bva.resize(3, 3) # 1x9 -> 3x3 }
B X WS XK XS npr ow » emr
x W s s s m M m mprop noowp
ns s wma » X r s S wap »
» ey 18 wer mops w X §'S s
bvt = ... # get the translation to vertices through

join and resize it to 3x1

# perform p = Ap_rest + t
current_position = bva * bunny_affine.vertices["
rest_position"] + bvt

# optionally give this attribute a name
bvp =bunny_affine.vertices.addAttribute("position",
computed_attribute = current_position)
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. vertices. .
tets tet2v vertices rest_position bv2abd affine_body
Number of Instances: Target: vertices Number of Instances: Parent: vertices Target: affine_body Number of Instances: 1
NUM_TETS NUM_BUNNY_VERTEX Value:| 5.6, 7.2, 1.0
Value: |@, 1, 2, 3 TN, Value: )
Attributes: [(] 2,0 3 4 Attributes: (0,0,0,0) e [ Attributes: [3.0] affine_body.
Connectivities: [(O] 8 Connectivities: [() : 8 Connectivities: [] affine.matrix
Parent: affine_body
vertices. ——
tets.positions positions Uf‘ 1ol Oy 00
e N I N q
Parent: tets Parent: vertices Value: |
q q 0.0, 0.0, 1.0
Computation: JOIN ., (vertices. vertices.affine _matrix * vertices.
position) Computation: vertices.rest_position + affine_matrix
5 p ( vertices.
Value: 5.6, 8.2, 1.0, Verticesstranslation Parent: vertices translation
S A N\
(materialized) 0.1, 1.3, 3.2, Computation: JOINb@awFEIIADE-. [Pazent: vertices affine_body.
iy, 27, Do body.affine matrix ; translation
’ ’ ‘ so. JOIN .. .(affine
4.6, 2.5, 1.0 Computation: v2al "
, , body. translation) Parent: affine_body
3.1, 2.7, 1.5, (2 @
5.6, 8.2, 1.0, @) t—Hlalue: | 0.0, 1.0, 0.0
ARG L0, |l V?Iue: o Value: (] o
[(2) (if materialized) (i terialized)
0.2, 1.8, 2.1 —| SflnRterielize (0
\ J \ I\ I\

Fig. 9. Joins. lllustration of how tets.position is computed using JOIN operators. The JOIN operator uses the connectivity (e.g., tet2v) to gather the
corresponding entries from the target attribute vertices.position. Intermediate attributes, such as vertices.position, vertices.affine_matrix, and
vertices.translation, are not materialized during this computation. Instead, when a required attribute is itself defined by a computation, YASPS evaluates the
specific entries referenced by the JOIN on the fly, temporarily materializing only those rows in memory before assembling the final values for tets.position.

Sm bvps m r w mvertices CH-4 r g w
»  tets
btp = bunny_affine.tets.addAttribute("positions",
through = affine_tet2v, source = bunny_affine.
vertices["position"])
T spr w s x tet »s 4X wa x s r sx
s ws S wr r s wus x JOIN »r x
S K8 S X SS % W r oW tets.positions
» W r z wn-g
JOIN prx »ox P SS WA S s m
X ox ®S S mmWS Sre Wr S Su s g&- r
g —r wg Xx mg — ¥ ss »S X ®S wgs
» s m JOIN mr x m» s wsaufi w»
4.6 UNION
4.6.1 Motivation. ms waw Y] » » O ¢
PrW XZ WS wpU RS ®Q PR RaU R s rg
n o wmgrm fFrmprm rz »S urR Ng s w
» rg wap s wm  fliw r s WK ow
r sp ®S WS » mwns wm( X1) rom
st ws ffram wmw s ¥ s rs sps m
X s r X »n fhwm x Wy S S
PS ®mrm ST WS W WM T WS »
r sprx ®» S x Prwm rz m
wp MErp rgmms ®m  wma » s ws (r —-x
r - - r ) requrwg S W X
M WSS W & »S T R ]
P S WSMWR X » n  rg X ®r oW
s b 2o x S XX ®m xS
X r w N rg S rgm wus wu
) wap r w s( 8 s » »S Ws) W

bunny_affine

bunny_affine.vertices

Number of Instances: NUM_BUNNY_
VERTEX

Attributes: [,0,0,0)

Connectivities: [(J]

bunnies

bunnies.vertices

Number of Instances: NUM_BUNNY_
2

VERTEX * bunny_affine.vertices.position

Attributes: [(J] vertices
vertices.affine matrix
Computation: vertices.rest_position
vertices.translation

Parent:

*

Connectivities: []

+

Value:
(if materialized)

P

bunnies.vertices.position

p
vertices
UNION(bunny_affine.

Computation: vertices.position, bunny
soft.vertices.position)

Parent:

L )
Value: 5.6, 8.2, 1.0 bunny_soft
(materialized) P N
0.1, 1.3, 3.2 bunny_soft.vertices
. Number of Instances: NUM_BUNNY_
. VERTEX
Attributes: [O])
36, 22, 10 Connectivities: []
1.1, 2.4, 0.2 bunny_soft.vertices.position
* Parent: vertices
o Value: 3.6, 2.2, 1.0
1.1, 2.4, 0.2

-

Fig. 10. UNIoNs. The UNION attribute, if materialized, stacks the materialized
values of the children being unioned. Just like JOIN, this operator can be
performed on attributes across different primitive types, or even different
meshes, making this operator, in combination of JOIN, particularly suitable
for describing computations involving collisions.
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4.6.2 Definition. Swpp s
row say; [nj] > RCT
we ow

pr W »sXi,..
UNION S x

X
W S S

[ s

(axl,...,axm) ["j] g Rrxc

~.
1l
-

r o wmos S ®mwWm ®m ™ S S W

WS gsg p v (i) i€[n;] w»
fim

mow
P RE S

(@x;s - ax,) (7o) = ax, (D)

g w ® r(j,i) s wapr ss
» sSWg W gr W PP RE SKX XS » »
s (j,0) wrmgrem wm w oW
» JOIN r
MU x »
i U »sT swaw rgm rxrspm W
wooRmr oW rox xow
G b ID  R4
" we
primitiveUnion s m» prm »
primitives m» primitiveUnions
mesh fim m sw
u W oprowa s 1 oug UNION 7
primitiveUnion r rw
msT s sguprsr s sSwg W g
ng  Wpw »s »x rowm fi
X W SS)p RN X@m™m Wusx prsmw N
T UNION mpr r s s m » g
S gm r s rsu wmg r w W r¥Xs s W
primitiveUnion ®OWOpXoxEa Napu » X
fim » s ma primitiveUnion r X ow s

wPp W W »

=

s m
oW S wue W
LU )
» wAP Y PRws S r
SPS«r s s s »r
primitiveUnion
» xS
is w Ss w

um
X o S
RS
X rm »

X u S

ap mig x » x
i IR I S m omr
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» X

4.6.3 Code.
Ca

ns b

1

X x

X

"

r s m s v r s wm flim wem  r  s)
TS w » x

primitiveUnionem r =

4
=1

" w

bunnies = s@.addMesh("bunnies")
bunnies.addPrimitiveUnion("vertices",
vertices, bunny_soft.vertices])

[bunny_affine.

» X u S Xroum m

bunnies.vertices.addAttribute("rest_position")
bunnies.vertices.addAttribute("position")

Tr ms Gr p 4 4 r 14 Pu »

saddAttribute am ® s srtwng wpa T s

RS X W S S W™ W S waws » »r
» s bunny_affine.vertices m» bunny_soft.vertices

» s X W S wwus s®m s » s m

x fim w UNION »r ®» s ma msx »
g1l W x w position bunnies.vertices

SPS x » oW oWmox T W we » T s
» X W smWm r z o S M r
z w s r mbunny_affine.vertices.position =
bunny_soft.vertices.position = ws W xr oz
mg SUNION r w m o xrsa W mawa mox
V/ » r®m xr w s

Swm S W mWmXg PWMSW s W xS

Rrow »r o » TrPrSRMPp R W

S WP xS
bunnies.addPrimitive("pp", numInstances = 0, isDynamic

= True) # for point point collision
pp2v = bunnies.pp.addConnectivity("pp2v", bunnies.
vertices, [1, 2)

» j 2Rl s fim XX nuwa ro P WP W
P IS SW nOw RS 1 ® %S PRS W U
. s m xS S ror m zZ pp
numInstances=0 = wa r i 2 » S ®mm x
sS® X S W x e pp2v nowp W
s sp ng ®» s x .S ™ wmSs »
raR W S S ™ xS S mam

» ®» pp JOIN g X »S WS ¥ »r
X o we w X X prsm »
pp_positions = bunnies.pp.addAttribute("positions",
through = pp2v, source = bunnies.vertices["position
"1

T rxsa wmg r & pp_positions spr ms m s X
( P RNSPIEPX)R W™ WS x » RS X W
wupY mS S W wap fim ®» »p® 1 rowrg
» o bunnies.pp 8 mmm
def point_point(position, dHat, kappa)

p@ = position.row(0)

pl = position.row(1)

d = (p1 - p@).dot(pl - po)

I5 = d / dHat

lenE = d - dHat

I5log = I5.1l0g()

return kappa * lenE * lenE * I5log * I5log
pp = point_point(pp_positions, DHAT, KAPPA)
pp_energy = bunnies.pp.addAttribute("point_point",

computed_attribute = pp)
4.7 Energies
S x S » RS TH S W P »S
uswg r w s T rum sww S P waus »
(1) fim m rgs rss W Wrg susmg WPy u s
() Sp row s rox s pwz W s
» »r s su S » fim ® r w pp_energy
w s RPN XX r Wmrg B®r s ™ x
» rgs r S ™ W rg e w s w



s0.addEnergy (pp_energy, dynamic_instances = True)
...... # add other energies

x dynamic_instances=True = s 2] »
s » s( 8 s mRP R IS)M ng  rem m S
nuwa r mrxg wr w ms swm fi CEI
Sw s wew s X »x S wm o orow
x » flim wem s wr flim
X m X NS » x flim rox »
RN Z nrg SN s m x s r w's

s@.addMinimizeTarget (
[bunny_soft.vertices["position"],
bunny_affine.affine_body["affine_matrix"],
bunny_affine.affine_body["translation"]]

)
B WMrg WS W MRWZ M Tg S ¥ r SPS
» rfl wmFg (1) s m ff x w
rgs r mWmrg S T sp g s » () v W
SPp xS Sru wr 4 Ss m

4.8 Solution Extraction

MRWZ RS P SPS ss wma s s gr w
xg ® »r ss mm r H m s s ® x
S s m oW x LR N ¥ up Ax s
» s mwgHAx=g " ONg re ® S
g wwusrxs mswp wmg Ax g T W x »
» rmom m g ) up X nS W
» ne
[result = s@.minimizeEnergy(tolerance = 1e-6) J
Swm P WS T gSs ¥ x mwmmwaz ™ rxg s result
S s ne x x »r WS wp
x B XX Sp W Ng »  rg oW m swm 1 1S
» ss addMinimizeTarget
T firs w minimizeEnergy s w» ® S m SPS
X 88 IS emr ®m pr w Sp Z oS AR x
” (s r ) x S ®m  Ss W
X oWMr W WS W e H » gSus aqun ST WS
S gmx ™S
r sswm wgH » g MRRZL PR S s w o w

us vg g 8r » s X W X Wrms X Ssu wNg wup
x ms wmresult

5 Symbolic Differentiation

T wpe gr » w» SS W X m r ws SPS
Pr OIMSS W ff x m now ngwmr sGOP s

nuwa x ” r SM Wg pr Ss WS

T S gm SPS  ffrm S S WAWwS S S
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T X aur W WS ¥

» rer® PXSS W I W WS PX XS I
SPS(» w wmg JOIN m UNION)
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Fig. 11. Illustration of the compilation pipeline for a Hessian computation into a final linkable dynamic library. When the Hessian computation has a structure
of the form f(g(x), j(y)), YASPS first analyzes the computation graph and separates it into multiple kernels, such as g(x), j(y), and f (g, j). This separation
process is described in Algorithm 4. YASPS then generates code for each kernel and compiles each one into a separate object (. o) file. These object files are
subsequently linked to produce the final computation kernel for f(g(x), j(y)). At runtime, after the index of each Hessian block has been computed, YASPS
determines the compressed size of each local Hessian block. Whenever a new compressed Hessian size k is encountered, YASPS triggers an additional code
generation and compilation step to produce a new f_k. o file. This kernel is responsible for compressing the local Hessian to size k x k before accumulating it
into the global Hessian matrix. Finally, these size-specific compression kernels are linked with the overall coordination kernel to produce the final shared
library, which orchestrates the separated Hessian evaluation and compression pipeline. Notably, YASPS does not generate separate kernels on different
combinations of parameters, which may lead to combinatorial explosion, but on the final compressed Hessian size, which almost always leads to smaller

kernel counts in practice.
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Fig. 12. A small example of collision energy involving two types of vertices. MeshA’s vertex positions are controlled by two parameters & and f, which are
attached to MeshA itself. MeshB’s vertex positions are controlled by the translations of multiple affine bodies. When a collision occurs, it is possible that two
vertices participating in the collision correspond to the same underlying attributes. The resulting Hessian is then compressible.
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Fig. 13. The local Hessian generated in the example from Fig. 12, where P,
and P are both from MeshA and P is from MeshB. Blocks with the same
pattern correspond to the same global block in the global Hessian and can
be merged before projection is applied. Note that the block representing

aaﬂ—;‘; vanished in the compressed Hessian. This is because it is compressed
into the lower triangle of the matrix, which is simply the transpose of aaa,/i
in the compressed Hessian.
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Fig. 14. A soft bunny is dropped onto a cloth sheet whose four corner
vertices are fixed. Extra cloth layers are then dropped sequentially onto the
bunny.

Fig. 15. A set of soft (light blue) and rigid (dark pink) bunnies falling onto
a cloth sheet whose four corner vertices are fixed. The rigid bunnies are
controlled by their own affine transformation matrices.
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Fig. 16. We additionally drop a bunny controlled by a cage deformation.
The cage points do not participate in collision detection but the bunny
controlled by the cage points does. During the simulation, the cage nicely
deforms to avoid collision.

Fig. 17. A bunny model with mixed materials. The middle of the bunny is
fixed in space (white strip) while the two ends of the bunny are modeled
using two different affine bodies. The rest of the bunny can be deformed
freely under elasticity constraints.
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Fig. 18. We compute a repulsive curve on a bunny. To do this we first con-
tinuously smooth the bunny until we obtain a sphere as a parameterization.
We then repulse a curve by adding barrier energy as well as inverse length
penalty. Each point also gets its mass from the spherical parameterization.
In the end we map the points on the curve back to the original bunny via

the parameterization.
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B Setup I Collision Detection Initialization
[ YASPS Integration Bl Visualization
[ Energy Definiton Hl Newton Iteration

Soft + Cloth 16% 28% 776 LOC

Soft + Cloth

25%
+ABD

900 LOC

Soft + Cloth
+ABD
+ Cage

23% 1038 LOC

Fig. 19. The total lines of code (LOC) for each part of the first three simu-
lations discussed in Sec. 9. Adding a new material does not need a major
addition to YASPS itself, but translates to an additional 130 lines of Python
code.
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Table 1. Performance comparison against GIPC and STARk. We benchmark a scenario in which 1-3 cloth layers are dropped onto the Stanford bunny with
dt = . 1s,and the bunny itself is dropped onto another piece of cloth whose 4 corners are fixed in space. Each cloth contains 10,201 vertices and 20,000
triangles, and the bunny mesh contains 19,193 vertices and 79,935 tetrahedra. The “Diff Total” column reports the total time spent computing all per-element

Hessians (including the projection) and gradients and assembling them into the global system as the assembly is often performed right after the numerical
value is computed. “Diff Average” reports the average time spent per Newton iteration. Similarly, the “CG Total” column reports the total time to perform the

CG solve, while “CG Average” reports the average time spent per CG iteration. For STARK, hard constraints are not supported, so the four corner vertices of the
bottom cloth are fixed using penalty forces. In YASPS, these corners are instead treated as a special primitive whose degrees of freedom are excluded from
differentiation, resulting in a slightly smaller linear system (4 x fewer DoF). Although STARK is unable to complete the full 200-frame simulation due to their
Newton iterations failed to converge on collision, the partial timing still provides a useful indication of its relative performance.

Diff Diff CG CG
# i Total # # #F
System Vertices Total (s) Average (ms) Total (s) Average (ms) otal (s) Newton CG rames
SPS 1 44, 1 1 1 4 4
» Wz 4 11 44, 1
GP 4 1 1 1 1 1
SPS 4 1 1 1 1 1 1
» ™z 1 1 1 11
aGPr 4 4 14 4 11 4 1
SPS 1 4 4 1 1 4 |1 4
» Wz 11 4“4 |1
GP 1 11 4 4 :
HE [ E [14 [ 11 1 141 1 ’ 4

37.9%

31.6% I 20.1% Differentiation+Assembly
CG
Computation
CCD+CD+LargestStep
38.2% 32.2% I17.6%I Data Transfer
Misc

Fig. 20. Runtime distribution for the cloths-on-bunny simulation (Sec. 9.1)
using 3 (top), 2 (middle), and 1 (bottom) cloth layers. Each bar visualizes the
contribution of the major computational components to the total simulation
time. Differentiation+Assembly is the time to compute the gradient, Hes-
sian, and putting them back to the global gradient vector and Hessian matrix.
CG marks the time spent on CG solver. Computation is the time to evalu-
ate some required attributes, like current positions. CCD+CD+LargestStep
is the time to invoke our CCD. Data Transfer is the time to transfer any
data from host to device or device to host. Misc is the accumulation of any
other parts whose individual contribution is negligible. The total runtime is
shown in Table 1.
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Fig. 21. We show scalability by dropping 1-25 bunnies inside a glass con-
tainer. All bunnies have the same material property. Each bunny contributes

", DoF with ", tetrahedra.
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Fig. 22. Scalability with respect to the number of bunnies for the simula-
tion shown in Fig. 21. Top: Runtime breakdown of the major simulation
components. Bottom: Total number of detected collision pairs by type
(point—point, point-edge, point-triangle, and edge—-edge).
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Fig. 23. Time comparison for PSD projection with and without YASPS opti-
mizations for the point-point barrier energy in a scene with free and ABD
vertices, normalized by the cost of Hessian computation. The results are
shown on a log scale. Coincidentally, the 3 unique matrix sizes also cor-
respond to the 4 separate cases, with 4 X 4 corresponds to ABD-ABD,
1 X1 corresponds to both free-ABD and ABD-free, and X corresponds
to free-free.
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Baraff-Witkin Stable Neo-Hookean

1.11 ms

I Hessian (no projection)
[ EVD (projection overhead)

0.71 ms
0.54 ms
0.27 ms
Original Modified Original Modified

Fig. 24. We compute the Hessian and its projection of the Baraff-Witkin
energy and stable Neo-Hookean energy on 20k instances. The original
method always uses the current position as the direct input to the energy
computation, while the modified method uses the deformation gradient F
as the input to the energy computation.
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Fig. 25. Average time required by PYTorcH, JAX, and SYMPY to compute the
gradient and Hessian of a single instance, normalized by the runtime of
YASPS. YASPS exhibits increasing performance advantages as the energy
formulation becomes more complex. The x-axis is on a log scale.
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Fig. 27. Percentage and the wall-clock time spent on index computation,
index compression, and Hessian computation for the static (often elasticity)
and dynamic (often collision) parts, measured for a single iteration in the
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A Index Generator

A.1  Gradient Size Computation
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resulting prefix-sum Boundaries array stores the segment boundaries; in
this example, three target attributes induce four boundary values.
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Table 2. Timing and memory consumption for the twisting mat example shown in Fig. 32. For all resolutions, we use the same CCD query capacity, with

maximum limits of 1

collision pairs and 1

continuous collision pairs. For each case, we report the mesh resolution (number of vertices, faces, and edges),

the maximum number of collision pairs, the total runtime of each major component, the GPU memory allocated for the CCD module, and the minimum as
well as the maximum GPU memory used by YASPS over the 2,000 frames. YASPS memory is computed by subtracting the memory initialization for CCD
from the total memory consumed by the program. This means that the minimum YASPS memory will always record the memory allocated by YASPS itself
(excluding CCD module) when no collision happens. However, if the CCD module allocates any additional memory during the computation, it will be captured
in the max YASPS memory entry.

# Vertices | # Faces # Edges # Collision | CCD & CD Diff CG CCD Min YASPS Max YASPS

Pairs(Max) Total (s) Total (s) Total (s) Memory (MB) | Memory (MB) | Memory (MB)
1 1 1 1 1 1

4 11 4 4 1 4 4 1 4 4
1 1 1 T4 ’ 1 1 1 : 1

1 1 4 4 41 14 14 4 1 11 4 4
4 4 1 1 1 4 4 4 4 ’

1 1 1| 4 4 14 14 ' ’ 4

4 14 1 4 14 14" 1 11 17 " 44 4.4 1
4 1 11 1 14 117 4 4111 4 1 ’ 4 ’

1 1 1 4 4 41 17 1 11 1 411 1 4, 4 4
1 1 1] 1 11 4 11 11 4 11

Table 3. Performance and memory statistics for the simulation shown in Fig. 34. For every group of three rows, the number of bunnies is increased by one

(each bunny contains 19,193 vertices), and we evaluate three settings: fully soft, mixed soft and affine, and mixed with turning on the optimization introduced
in Sec. 10.9. For each configuration, we report runtime breakdowns (collision detection, differentiation, and conjugate gradient solve), along with the maximum
YASPS GPU memory consumption and the maximum CUDA per-thread stack size limit during the simulation.

# Vertices # Soft # Affine Separate CCD & CD Diff CG Max YASPS Thread Stack
Bunnies | Bunnies Jacobian Total (s) Total (s) Total (s) Memory (MB) Limit (KB)
11 1 B 14 1 14 4
11 1 1 R ‘14 1 4 44 1 1 4
11 1 1 Tra S 14 4 1 1
14 1 ’ s 1 1 . ’
14 1 1 75 1 4 111 4
14 1 1 Tru 1 4 1 4 1
Ty T s 11 44 1 4 '
1 44, . 1 s 117 ’ 41 1 ’ 4
1 44, ! 1 Tra 1 1 ' 1 4 1
1 s 1 1 14 4 11 41 ’
1 1 T s 144 1 1 4 4
1 1 Tra 1 4 11 1 1
11 1 s 114 41 1 4 4 ’
11 1 7 s 1 44 1 1 4
11 1 Tra 1 4 1 1 4 1
e ®m wnm sprmwm xz s wm fliwm T s m B S ug S P MWMZ W ARr W S W »
™S WS ru x UNION s r s wm flin wyp rx 1 X4 wmox Xz pr  ww P »x
r s su s newa r wprror srwm mssgnfi m
eSm s »r uss wg w » Wz now S| r 0w 4
S 1 » Ss »wT ®m  waewa  SPSwawmarxr sp s
S @ . xx mr x s oW x »
r v x
" » o8 ss gr s T wew  SPSwm ma » frms wmgs s m s
w » S m Wmrxg W s UNION s r s .
x rpr r s S
wn  fhim xS TgS PSS Pr o x sS W x ,
! g ® » s n o nawa x
s » mrg swm wnfigar  ws W ng flim SMr SS ,
S WP XS SSWA X X SSS Ngs S W muwa ¥
4 X4 = 4 nx s x wox ? RS W
! s m flim wewm sT sw s roor wow
» P WZ W spr s R XSS MW ,
. ! oW WX RSURAYP W n oW Ng ®WZ W SwW
) S ® rqur s rgr w s 1 X1 +1 X4 =
Tr ms Gr p 4 4 14 Pu » Ju
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N
a
)

T ————

— Min YASPS Memory Needed per 10k Vertices
— YASPS Memory Needed per 100k Collision Pairs

Memory (MB)
w
<

[N
3
)

00 02 04 06 08 1.0
Number of Vertices 1e6

Fig. 33. The two metrics defined in Eq. (11) and Eq. (1 ) for the simulation
shown in Fig. 32. All numbers are computed from Table 2.

Fig. 34. We drop 10 bunnies in a container with different settings to show
how different matrix sizes generated in Hessian computation affect the total
memory consumption. Left: all 10 bunnies are soft. Middle: 9 bunnies are
soft and 1bunny is controlled by affine body (colored light blue). Right: same
as middle, but we turn on the optimization where we separate the generation
of inner Hessian and Jacobian matrices, which reduces the memory size.

E.3 Mitigation

Swm GP wa wma x

X PrWT S WS X W » XSS
mnpr o x S Sz » swg nowmw
S Wmawmg sSr g X X S W WS XS
e s wg S Sz X ) w w
eSpr wng UEECRE < UI) »
rm I % 3 S s X oWr S waw »s
ng T x firs  ppr ™mos r m T
» S W R ] » S Sz Srs sus
L] m RS »r g » m rrX o« x
mwns T s s T X sz »r o x s
®ORIr W wNg » x wrow Ng
Xommr »r R
S ox S ™ mppr g SPX W M S W ff x
» » S WM mprm P S S 8r sW
ff » pr o x R s®
s x XS S rsm Sp N W W rosswm P
» s w "y #WLT WS g r X Omr ow  m
W owm R swa » W MR e » s s »
S ¥ aqur W WS » SSgmwg W S ffrw » S
oW os oW x prR fur ormr rerw W
S g W W PR W mPp KNS X SS W S
» x MORXOr g m »
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T g s x xrs r S X W WmMmK wS g

E.3.1 Front-End Code Optimization. "x wa wus ¥ Sp xsp

MRKX WS @ W™ r W Xoorww wg pu »
Sr mp WP WM-x wg S ® W rg WS XSS Ng
R » s JOIN X wax r s X W PSS
n pn n flin LR I v 11 s wape LR ¥
» X ®o®m T wg x X mg SIKpprsmw
» fim rms v wm( g wm fim o wmoxr wm r WS »)
® S Tww » L mawW®a SS WSZ M T W
4% 4( rxsp m wg s m flim s) sgnfi m
regpr x WRQ XK SSwx
E.3.2 Code Generation. = x ppr g W WX
Pr ossur S P Wz gnr nmrawnm T P Wz
S X ®r o wr x »
T firs s fi CRS e ] wpy WS g w W x
T sr w spr x s us g ] » oW wx
SSSXSH Mg M N S PX TR X ff
T s = ssp fi SPS  ss W gNrX NI W W
urr m SPSwma r zswmam®m wm x s T s x
am wpr ss  fim SS B MW WX ¥ wpr SS ss m
waox

X S m r S now ssxr W

mor oz e now RUPX SS W X P X 1w
X e mowr
E.3.3 Locally Sparse Representation. Prx wm s ff
»er S » Sp xS » ) nwx S ns x
PSs w X » w» flin S pY s
p=Ar+t,
rps wrmmps mAs flin X rs
rsSm®s m omts flim rms  m
T r p © sp Al wanwa rfl w
»g) s
T
w_|" |
0A T
s 8 5
Ip
»  SPS x we oo » rox SPS
u W ” ZX S KW wpn » s
s r fl » gmr ®OKPr KN Ng zx
AU ) S X s ) » s UNION x JOIN
rox s SPS Wz SW X S W LS
s m or  wm fil w7 » N oorr
T s s s PR WM MX R M prX WS W W WK
ms rmgzxrs T us sgmwg sprs XK s m »

®»ogr Sm™ wr JOIN m» UNION pr ms w xS

= GP o r rsgefi m x w wmawar wsg

PE ST Mg WpU ® s reowr
F  Core Syntax
P S W wp sr s m X s m r oW s
» X » S ®m WS wm prm »
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o = (np,nc), ny,ne € Nx
sid, mid, pid,uid, cid, aid € String, i,k € Ny
Scene Definition
scene = scene(sid) » z  scene » w sid
mesh = mesh(mid, scene) X mesh » m mid
ww x  scene
| scene.mid ss mesh » m mid
X " scene
prim = primitive(pid, mesh, i) X primitive type
»m pid muwa x  mS W Si
w1 mesh
| mesh.pid ss primitive type
®» w pid x m mesh
pUnion = primitiveUnion(uid, mesh, x primitive union
S1.....8 » W uid s Js
Lo n) wm 1 mesh
| mesh.uid ss primitive union
» ® uid r m mesh
S = prim| pUnion S » s x primitive type
r primitive union
| c.from ss wmg &1
x ®a connectivity c
| ec.to ss wg &
x ®a  connectivity c
c = connectivity(cid, 51,9 , k) x e
mm cid rwmé
r k
"W hoell
| b.cid ss e
mmocidrm 5 p
h = scene|mesh|d » s » X ow s

a = data(aid, o, h) x x
» ®m aid
MRS WO
we o s h
constant(aid, o, h) X ®S WX
®» w aid
RS WO
we o s h
| attr(aid, e, h) x wap x
®» w aid
® prss me
we o s h
Attribute Expressions
e = wveR fl u s
| h.aid row ss
| le1,...,en] xx NS XU W
| eli] xx ss
| op(er....en) prox o
| JOIN.(e) JOIN r w roug
| UNION(es, ..., en) UNION r w
op = +|-|x|/
| sn| s| p| s rRs Wmow
| select |>]|<] .- s »r  ws
| reshape rs g M WS W
| row | col X wvam ss
| cross | dot | norm rpr  ws
| inv | det | transpose M X pr  wms
Declarations
d = scene|mesh|d|c
| a
D = d rm
| D.d roomos

Fig. 35. Core YASPS syntax. The left grammar defines declarations for scenes, meshes, primitives, connectivity relations. The right grammars define attribute

initialization, symbolic attribute expressions and declarations in YASPS. Here d denotes a declaration and D a sequence of declarations, while e denotes an
expression. The tuple o = (n,, nc) denotes the per-instance shape of an attribute. The symbol § denotes a primitive domain, which is either a primitive type p

or a primitive union u, and h denotes an attribute host (a scene, mesh, primitive, or primitive union). Thus h.aid refers to an attribute stored on h with the

name aid.

» » S T 4 rw » X sw & x X sw » ®m-r ng S mp xr m
P wwx Pr xwn S sS®m™ S X prsm nS 4 » S wfla ® X 4 = w S X

ng B MM SS M SZ X nowm spu s

G Comparison of Tet4 and Hex8 » »r ox S ®wr sx fl

x s s s s r S W RS mmigl X oug m wmwwa  SPSwawmar wmrx wT
T swan S NS W W Wg . X P PX Ss S «x » » SPSgmrx ssp z m s r ffrw
S S XS »wT T pr ™a®m s s » o wg g 8§ msSzsSs S§ wWs«x wig 11 ms x
wap ®»owx ™S W newa x ™os r e R R s mpx x s ne
s wmaT T swu wrsw r1 s ms(l  m wew PR oRg W mw g r s
s ps) ss nmTg » WSS r ) X SW Wg wapr ss SS MSZS

rer S s s r© s wmp s T Prsms m B 4 X4 4 X4 4 X4 X x 4X 4 x sp
X W S x » & weR S Ww "p
Tr ns Gr 4 4 r 14 Pu Ju
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Table 4. A one to one correspondence for some entries in our core syntax in Table 5. Statistics for the simulation scene, meshes and their material prop-
Fig. 35 to the PyTHON API. On the right column, we use 3 different typography erties shown in Fig. 16.

for 3 different purposes. A mono-spaced font means function call. A bold

font indicates an object (as opposed to a class). Math mode for string values

5

numeric values or an attribute expression. S » R S
x S 11
scene(sid) addScene (sid) T x
mesh(mid, scene) scene addMesh (mid) Ser T owg S
primitive(pid, mesh, i) mesh addPrimitive(pid, i) gs 14
primitiveUnion(uid, mesh, mesh.addPrimitiveUnion( Sux TS 14
. wegsw was(S ) 1T x1 P
[61,....6n]) uid,
. . P sswmr (S )
[prim_1,...,prim_n] ss(s ) g
) wng swa s ( ) X1 P
connectivity(cid, 61,6 , k) prim_1.addConnectivity( P osswr ) 4
uid, prim_2, ss ( ) -
[...1, k
) r 11
data(aid, (ny, ne), h) h.addAttribute (aid ros
Tr wg s
r s np, SN gs
) Sr s fim ss x1 P
constant(aid, (ny, n¢), h) h.addConstant (aid S rs ffe ss 1 x1 P
X S Ny, S N » wgs ffm ss
) T » SS .o 1m
attr(aid, e, h) h.addAttribute(aid ss 1. &
pu _r wu 4 é R
) ) . . r s 1
attr(aid, JOIN,(e), h) h.addAttribute(aid Tr wg s 1 4
X ug C gs 1 1
s wur e ss ]
N . § s
attr(aid, UNION(e; ...e,), pUnion) pUnion addAttribute (aid)
r s
wex g s 41
we x r rwr g

wwa r G auss weaw r wr P MSPr g
wvgswm was(S ) a1 P
P sswmr (S )

S wm
r WS
Twm s psz 1s
S wmaw »s »nwmig 4 » s n flim  wewm w
wmw P S wen s(wm W » IS NS S s
Fig. 36. Results after 1.5 seconds of simulation. Left: each cage is treated as ros o oRow e ») SPSgwmx sl 1 x
a hexahedral element and its energy is evaluated using 8-point Gaussian noSswm » xospom ffrm 88 mSZ
quadrature (Hex8). Right: each cage is decomposed into 6 tetrahedra (Tet4). X ns
H Algorithms
» » i sgwr ( smw ss rx s K s g1 wmsas W sppr
@&m W rS IR S W WS W Y
m TR S) ¥ ST z W4 moror o ox
»s ff x m  wapr ss SS MSZ WP XS WX

Tr ns Gr 4 4 r 14 Pu » Ju
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Table 6. Performance stats for the simulation shown in Fig. 16 under two
settings. For this example we also include total compilation time for the
solver kernel, computation kernels, and index kernels, as well as the total

32 .

number of kernels generated by YASPS during the simulation.

Xuan Tang, Kemeng Huang, Gilbert Bernstein, Minchen Li, and Tzumao Li

Tet4
ffraw » w 14 . s
ff x n rg m . 4 ms
G " 1. 1s
G rg m was
# »oor s 4
# G r ws 11
SPS wa wma x 1 A
Gwmrx i s
wp w 4 . s
Hex8
frm » » 1. s
ffrm » rg ™ . ms
G » 114, s
G rg m © s
# mor  ms
# G r ws 1 411
SPS wa ma r 1 o1
Gwmrx i s ‘
wp " 4 S
Algorithm 1 % » am x P oxs
1 Input:x  w» r
Output: »a ppwg Succ r ma wwm r ®» s e
» g IS
Succ «— wp W pp g
4 visited « 0
procedure “S(v, t)
if v € visited then
return
end if
visited « visited U {0}
1 for w ovdo
11 if » (w)=JOINor 1 (w)=UNION then
1 Succ[t] « Succ[t] U{w}
1 for u wdo
14 7S(u, w)
1 end for
1 elseif p (w) =DATA then
1 Succ[t] « Succ[t] U {w}
1 else
1 7S(w, t)
end if
1 end for
end procedure
Succ[r] «— @
4 S(r,r)

return Succ

Tr »s Gr p 4 4 14 Pu » Ju

Algorithm2 ffr» P rs

1 Input:» g
function ¢ S
s« 0
4 for u odo
if w (u) € {JOIN,UNION, DATA} then
s —sU{u}
else
s—sUG S r
end if
1 end for
11 return s
1 end function
1 for we row 0w
14 if » (v) = JOIN then
1 u « v.children[ ]

xwa pp e Succ r W g 7

x(v)

®Og

w(u)

®(Succ) do

> JOIN s

mpe  then

1 He — > » »r

s v JJH musprm
1 end if
elseif 1 (v) = UNION then
for u odo

hUN ]

w(u) N Succ|o]
then

s r JJH musprm
end if
end for
1 else

wapu  then

s x J,H mosprm
end if
end if
end for
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Algorithm 3 wapa “m ss W Algorithm 4G » rox
1 Input:®» ¢ rwm ppwgSucc x ma grx walrx r 1 Input:x w r
Output: g ss mnH » gr wm g Output: r xS S wmpr mwm sN
» z S Jo,Hy swuwm fim x we  x sv procedure “S(v, S, N, visited)
4 function  mr J() 4 if v € visited then
if J, s « wape  then return
return (J,, Hy) end if
end if visited « visited U {0}
if » (v) = JOIN then S« SuU{u}
u < v.children[ ] if 1 (v) € {JOIN,UNION} or v.hasName then
1 (Ju Hy) <«  ww J(w) 1 G x 18)(v) > fim m gr m
11 Ja & JOIN(Jy,v.connectivity)»> r JOIN 11 N « N U {v}
s JOIN X SpUSx r xwg 1 else
1 Hp <« JOIN(Hy,v.connectivity) 1 for w ovdo
1 Jo < reorder(Jg ) 14 “S(w, S, N, visited)
14 H, < reorder(Hy ) 1 end for
1 elseif p» (v) = UNION then 1 end if
1 Jg <0 1" end procedure
1 Hy <0 1 function G x (r)
1 for u ovdo 1 S0
1 (Ju, Hy) «—  Mpe J(u) N0
Jo «<Ja UL 1 visited « 0
1 Hy <« Hg UH, “S(r, S, N, visited)
end for return S, N
Jo < reorder(UNION(Jg )) » x UNION s 4 end function
UNION x SPUST & TN P ng W roox
4 H, <« reorder(UNION(Hp ))
else >G » weor om (m
JOIN/UNION X r)
]g,ﬂ —0
Hyg <0
for » g ru € Succlu] do
(JusHy) < waw J(w)
Jg,ﬂ — Jg,ﬂ U Ju
1 Hg,ﬂ — Hg’ﬂ U Hy
end for
Jg < reorder(Jyn ) » wsra g M »nog
4 Hy « reorder(Hyyq )
v .
]f — ™ > ) m fog T W
gr m
Hf « 90 > ss m fog x W
ou
gr m
(Jo, Hy) «— ApplyChainRule(]f, Hf,]g,Hg)
end if
return (J,, Hy)
4 end function
« (JrHr) & J(r)
4 g Ir
4 H«< H,
44 return (H,g)
Tr ms Gr p 4 4 14 Pu » Ju
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Algorithm 6 G » r » wp

Algorithm 5G »

1

4

Input:x = r
function G x 18)(v)
(5,;N) <G xn (v)
Code «— G x(S)
O« wmr ( )
v.0bj < O
return O,N
end function
Objs < 0
(O,N) « G = 1y(r)
Objs « Objs U O
for each v € N do
Objs «— Objs U v.obj
end for
Kernel « mr " x x  (Objs)
return Kernel

Algorithm 7 Sp

1

Input: wasBps wmns mr P wpu X wpe
xy r =BLOCK_ROW_SIZE ¢ =BLOCK_COL_SIZE

id « blockIdx.x -blockDim.x + threadIdx.x

t « threadIdx.x

S X Rx
allResults[ -r], rows[ ], cols[ ]
fori«t rs » do
allResults[i] «
end for

Synchronize threads

if id < Nthen > N =POSITIONS_END — POSITIONS_START
(rows|[t], cols[t]) « P[POSITIONS_START + id]
allResults[t-r (t+1)r] < BJ[id] - x[cols[t]]

else

rows[t] « L > ® S gm m
end if
Synchronize threads
if id < N then
ift= Vv rows[t] # rows[t—1] then »S =« »
X s egmm
s—0eR"
fori«t i< ®» rows[i] = rows|[t] do
for j « r—1do
sj < sj+allResults[i-r+ j]
end for
end for
for j « r—1do
ylrows[t] +j] +=s; » m e r su
end for
end if
end if
if id < N m» rows[t] # cols[t] then
ylcols[t]] +=B[id]” - x[rows[t]] » r msp s
r sw
end if

Tr »s Gr p 4 4 14 Pu » Ju

1 Input: X
Output: g » s
function g T

4 if v € visited then

return intermediates|[v]
end if
te—t+1
tmp « "x_" + toString(t) » r's
S rwg
intermediates[v] « tmp
1 visited « visited U o
11 inputs « ""
1 for u ovdo
1 inputs < inputs+", "+ w T (u)
14 end for
1 if v.hasKernel then
1 returntmp+" = " +ov.kernelName+" (" +inputs+")"
1 else
1 returntmp+" = "+ T S
1 end if
end function

1 function G x(S)

Code « "" >T  fim
visited « 0 > s ®oS

4 intermediates «— wap w pp ng >

s ® s o rorm »

rs Srwm gr w4
s r mg Code
(0, t, visited, intermediates)

® (type(v), inputs)

R o S

=t
2
-
-

t «— > XS
while S # 0 do
v < S.pop()
Code « Code + 8 T
end while
return Code
1 end function

(v, t, visited, intermediates)
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