A DSL for
Physical Simulation on
GPUs and CPUs

Gilbert Bernstein
Chinmayee Shah
Crystal Lemire
Zach DeVito
Matthew Fisher
Philip Levis

Pat Hanrahan

CPU

GPU




CPU GPU Cluster

Porting Code is Expensive

Simulation

CPU GPU Cluster




Porting Code is Expensive

[ Simulation }

{ CPU

o | [ sme

Porting Code is Repetitive




anguages Abstract Hardware

Sim 1 Sim 2 Sim 3 Sim 4

“Domain-Specific” Language

CPU GPU Cluster
Existing ®
Languages GLSL
. RenderMan
1N

Graphics Halide Darkroom




What's tricky about designing
languages for Simulation?

Simu
of Di

images © Ron Fedkiw, Doug James, Chris \Wojtan,

Rahul Narain, Andrew Selle




Simulations
Couple
Phenomena

images © Ron Fedkiw, Doug James, Chris Wojtan,

Rahul Narain, Andrew Selle

Simulations
use Diverse
Geometric
Structures

images © Ron Fedkiw, Doug James, Chris \Wojtan,

Rahul Narain, Andrew Selle




Diverse
Geometric
Structures

Diverse
Geomeltric
Structures

2d Grid

Particles

Triangle Mesh

Linked Chains




Diverse 24 Grid
Geo m etrlc Particles
Structures 34 Gric

Triangle Mesh

Linked Chains

EXiSting {Filter? J\[ Filteer [TransformJ
Languages | o | v |

Rely on the alide Darkroom

Jata Model / ‘
{@Uﬁg] { FPGA}




J

2d Grid
Particles CPU
3d Grid GPU
Triangle Mesh Cluster
Linked Chains
2d Grid
Particles \ ) CPU
~_ | /\ )
3d Grid @) GPU
— | Relational Model |
Triangle Mesh /\ J Cluster
g “A relational model of data I
Linked Chains for large shared data banks”
| [Codd 1970]




-

Linked Chains

J

) Geometric Domain
2d Grid .
g Modeling
Particles \r ) CPU
J\ | /%}
3d Grid @) GPU
— Relational Model |
Triangle Mesh /; J Cluster
Linked Chains
2d Grid Implementation
I i
Particles \ ) CPU
3d Grid @) GPU
L Relational Model \:I:
Triangle Mesh /; J Cluster
- /I,J D




Example

Code

import "ebb"
local L = require "ebblib"

Import the language
into a Lua Script




import "ebb"
local L = require "ebblib"

local Tetlib = require 'ebb.domains.TetLib'
local dragon = Tetlib.LoadTetmesh('dragon.veg")

Load the dragon mesh

using the Tetrahedra
Mesh Library

import "ebb"
local L = require "ebblib"

local TetlLib = require 'ebb.domains.TetLib'
local dragon = TetLib.LoadTetmesh('dragon.veg')

local dt L.Constant(L.double, 0.0002)  =etupSimulation
local K L.Constant(L.double, 4.0) Constant VValues
local maxvel L.Global(L.double, @)

& Global Values




import "ebb"
local L = require "ebblib"

local TetLib
local dragon

require 'ebb.domains.TetLib'
TetLib.LoadTetmesh('dragon.veg')

local dt
local K
local maxvel

dragon.vertices:NewField('vel', L.vec3d):Load({0,0,0})
dragon.vertices:NewField('nxt_vel', L.vec3d):Load(...)
dragon.vertices:NewField('nxt_pos', L.vec3d):Load(...)
dragon.edges:NewField('rest_len', L.double):Load(@)

L.Constant(L.double, 0.0002)
L.Constant(L.double, 4.0)
L.Global(L.double, @)

Declare & Initialize
Fields of data

import "ebb"
local L = require "ebblib"

local TetLib
local dragon

require 'ebb.domains.TetLib'
TetLib.LoadTetmesh('dragon.veg')

local dt
local K
local maxvel

L.Constant(L.double, 0.0002)
L.Constant(L.double, 4.0)
L.Global(L.double, @)

dragon.vertices:NewField('vel', L.vec3d):Load({0,0,0})
dragon.vertices:NewField('nxt_vel', L.vec3d):Load(...)
dragon.vertices:NewField('nxt_pos', L.vec3d):Load(...)
dragon.edges:NewField('rest_len', L.double):Load(®@)

local ebb init_rest_len ( e : dragon.edges ) Ebb functions

var diff = e.head.pos - e.tail.pos

e.rest_len = L.length(diff) ,
end computations

define per-element




import "ebb"
local L = require "ebblib"

local TetLib
local dragon

= require 'ebb.domains.TetLib'
= TetlLib.LoadTetmesh('dragon.veg')
local dt
local K
local maxvel

L.Constant(L.double, 0.0002)
L.Constant(L.double, 4.0)
L.Global(L.double, @)

dragon.vertices:NewField('vel', L.vec3d):Load({0,0,0})
dragon.vertices:NewField('nxt_vel', L.vec3d):Load(...)
dragon.vertices:NewField('nxt_pos', L.vec3d):Load(...)
dragon.edges:NewField('rest_len', L.double):Load(@)

local ebb init_rest_len ( e : dragon.edges ) Ebbunderstands
var diff = e.head.pos - e.tail.pos

e.rest_len = L.length(diff) Raaq

end Write accessed

how fields are

import "ebb"
local L = require "ebblib"

local TetLib
local dragon

require 'ebb.domains.TetLib'
TetLib.LoadTetmesh('dragon.veg')

local dt
local K
local maxvel

L.Constant(L.double, 0.0002)
L.Constant(L.double, 4.0)
L.Global(L.double, @)

dragon.vertices:NewField('vel', L.vec3d):Load({0,0,0})
dragon.vertices:NewField('nxt_vel', L.vec3d):Load(...)

dragon.vertices:NewField('nxt_pos', L.vec3d):Load(...)
dragon.edges:NewField('rest_len', L.double):Load(®@)

local ebb init_rest_len ( e : dragon.edges )
var diff = e.head.pos - e.tail.pos
e.rest_len = L.length(diff)

end

dragon.edges: foreach(init_rest_len) Functions launch over

-- initialize vel and acc -- sets of elements




import "ebb"

local L = require "ebblib"

local TetLib = require 'ebb.domains.TetLib"'
local dragon = TetlLib.LoadTetmesh('dragon.veg')
local dt = L.Constant(L.double, 0.0002)
local K = L.Constant(L.double, 4.0)

local maxvel = L.Global(L.double, @)

dragon.vertices:NewField('vel', L.vec3d):Load({0,0,0})
dragon.vertices:NewField('nxt_vel', L.vec3d):Load(...)
dragon.vertices:NewField('nxt_pos', L.vec3d):Load(...)
dragon.edges:NewField('rest_len', L.double):Load(@)

local ebb init_rest_len ( e : dragon.edges )
var diff = e.head.pos - e.tail.pos
e.rest_len = L.length(diff)

end

dragon.edges:foreach(init_rest_len)

-- initialize vel and acc --

local ebb compute_max_vel ( v
maxvel max= L.length(v.vel)
end

dragon.vertices ,
9 ) Functions can reduce

global values

dragon.vertices )
{ 0.0, 0.0, 0.0 }

e.head.pos - v.pos
(e.rest_len / L.length(diff)) - 1.0

-= K * scale * diff

* v.vel
+ 0.5*dt*dt * force/mass

import "ebb” local ebb compute_acc ( v
local L = req
var force =
local TetLib
local dragon = Tet .
-- Spring Force

local dt L.C
local K L.C var mass = 0.0
Local maxvel = L. for e in v.edges do
dragon.vertices:Ne var diff =
dragon.vertices:Ne _
dragon.vertices:Ne var scale -
dragon.edges :NewF mass += e, r-es-t_]_en
local ebb init_res force

var diff = e.hec

e.rest_len L.1 end
end
d .edges:f
S Y eoe vel. v.nxt_pos = v.pos + dt
1 1 ebb te_

Pnaxvel moe L 12 v.nxt_vel = v.vel + dt

end

end

* force/mass




o e local ebb compute_acc ( v : dragon.vertices )
var force = { 0.0, 0.0, 0.0 }

local TetLib
local dragon = Tet

-- Spring Force
local dt L.C
local K LC var mass = 0.0
Local maxvel = L.G for e in v.edges do

dragon.vertices:Ne var diff e.head.pos - V.pOoS

jxiﬂxiﬂﬁiﬁi var scale = (e.rest_len / L.length(diff)) - 1.0
dragon.edges:NewFi mass 4= e.rest_]_en
local ebb init_res force -= K * scale * diff
var diff = e.hea
e.rest_len L.1 end
end
dragon. edges forea v.nxt_pos = v.pos + dt * v.vel
Locol oo . + @.5*dt*dt * force/mass
maxvel mome L. le v.nxt_vel = v.vel + dt * force/mass

end
end Write Read

V.nxt_pos




import. * local ebb compute_acc ( v : dragon.vertices )
var force = { 0.0, 0.0, 0.0 }
local TetLib
local dragon )
-- Spring Force
local dt
local K var mass = 0.0
e for e 1n v.edges do
dragon.vertic var diff = e.head.pos - V.poS
SR var scale = (e.rest_len / L.length(diff)) - 1.0
dragon. edges: mass += e.rest_len
local ebb ini force -= K * scale * diff
var diff
e.rest_len end
end
?r_‘a?on.edges: - = V.pos + dt * v.vel
) + 0.5*dt*dt * force/mass
m
e v.nxt_vel = v.vel + dt * force/mass
end
end :
Write Read
B local ebb compute_acc ( v : dragon.vertices )
var force = { 0.0, 0.0, 0.0 }
local TetLib
local dragon )
N -- Spring Force
oca
local K var mass = 0.0
local maxvel 'FOI" e -i_n V.edﬂnr da
dragon.vertic var diff = _ - V.poOsS
jgggzggg var scale =\<emrese=erl / L.length(diff)) - 1.0
dragon. edges: mass += e.rest_len
local ebb ini force -= K * scale * diff
var diff
e.rest_len end
end
dragon. edges: V.pos = V.pos + dt * v.vel
) + 0.5*dt*dt * force/mass
ocC e com
e v.nxt_vel = v.vel + dt * force/mass
end end !
Write Read




import "ebb"
local L = require "ebblib"

local TetLib = require 'ebb.domains.TetLib"'
local dragon = TetlLib.LoadTetmesh('dragon.veg')

local dt = L.Constant(L.double, 0.0002)
local K = L.Constant(L.double, 4.0)

local maxvel = L.Global(L.double, @)
dragon.vertices:NewField('vel', L.vec3d):Load({0,0,0})
dragon.vertices:NewField('nxt_vel', L.vec3d):Load(...)
dragon.vertices:NewField('nxt_pos', L.vec3d):Load(...)
dragon.edges:NewField('rest_len', L.double):Load(@)

local ebb init_rest_len
var diff = e.head.pos
e.rest_len = L.length

end -- Sim Loop

for 1=1,40000 do
dragon.vertices:foreach(compute_acc)
dragon.vertices:swap('pos', 'nxt_pos')
dragon.vertices:swap('vel', "'nxt_vel')

dragon.edges:foreach(in
-- initialize ve

local ebb compute_max_v

maxvel max= L.length(
end

end

local ebb compute_acc ( v : dragon.vertices )
var force = { 0.0, 0.0, 0.0 }

-- Spring Force
var mass = 0.0
for e in v.edges do
var diff = e.head.pos - v.pos
var scale = (e.rest_len / L.length(diff)) - 1.0

mass += e.rest_len
force -= K * scale * diff
end
v.nxt_pos = v.pos + dt * v.vel

+ 0.5*dt*dt * force/mass
v.nxt_vel = v.vel + dt * force/mass
end




local particles = L.NewRelation {
name = 'particles', size = M,

}

particles:NewField('d_cell',grid.dual_cells):Load(...)
particles:NewField('pos', L.vec3f):Load(...)
particles:NewField('vel', L.vec3f):Load(:*+)

local ebb update_ icle_vel : icl '
et B reay 1 5 Pl More examples at:
var yl = fmod( p.pos[1] - 0.5f )
var x@ = 1.0f - x1

var y@ = 1.0f - yl

p.vel = x@ * y@ * p.dual_cell.cell(0,0).vel

+ x1 * y@ * p.dual_cell.cell(1,0).vel
+x0 * yL * p.dual_cell.cell(0,1).vel http;// .
+ x1 * yl * p.dual_cell.cell(1,1).vel

end

for i=1,10000 do
update_particle_vel(particles)
update_particle_pos(particles)

grid.dual_cells:point_locate(particles.dual_cell,
particles.pos)

end

| Geometric Domain
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import "ebb"
local L = require "ebblib"

local TetLib

lrequire 'ebb.domains.TetLib'|

local dragon = TetLib.LoadTetmesh('dragon.veg")

How was the
Tetrahedral Mesh

Library Implemented?

Modeling a

TetMes
wit

A

N

Relations

Tets Faces Edges

\Vertices




Mode
Tet

INg 3

Mes

wik

N

N

Relations

Tets

Faces

Edges

\ertices

Mode
Tet

INg 3

Mes
wit

A

N

Relations

a field
e.g pos




Modeling a
TetMesn
with
Relations

a field
e.g. pos

Topology:
Connecting
Flements




Topology:

head F\

Connecting .
Flements o
]
example
pos : double[3]
3 p e nG I— \ertices
Pipeline

Input

vert : Vertices[3]

Triangles




example

JpenGL
. . \ertices
Pipeline
Input
Triangles

pos : double[3]

tex_coord : double[2]
color : uint8[4]

vert : Vertices[3]
normal : double[3]

Triangles vert : Vertices[3]




| n d | CeS ? Triangles.vert : GLuint[3]
PO | N te rS ? Triangles.vert : Vert*[3]
Keys ? Triangles.vert : Vertices[3]

ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos




ebb foo( e : edges )

Key-Fields var diff = e.head.pos - e.tail.pos
edges:NewField('head', vertices)
.pos
edges:NewField('head', vertices)
Triangles Vertices

Edges

head‘




.pos

v[3] edges:NewField('head', vertices)
Triangles ——— \Vertices

head‘ tail

Edges

ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos

ebb bar( v : vertices )
for e in l/.WHges(ddges.tail, v) do

Query-Loops v.sum_t += e.head.t




ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos

ebb bar( v : vertices )
for e in L.Where(edges.tail, v) do

Query-Loops v.sum_t += e.head.t

[jedges:GroupBy('tail')

5 - .pos

. v[3] .
Triangles Vertices )
il, v) do

-

head tail

Edges [jedges:GroupBy( tail')




- .pos

. v([3] .
Triangles ——— \Vertices

head‘ ;taH

group-by: tail

, V) do

edges:GroupBy('tail")

ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos

ebb bar( v : vertices )
for e in v.edges do

Query-Loops v.sum_t += e.head.t

ebb baz( c : cells )
S c.sum_p = t(Af®Inp(eetls1,0).p
Affine-Indices + c(0,1).p £{t(0,11).p
e {0,1,0}}, o.p +




ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos

ebb bar( v : vertices )
for e in v.edges do
v.sum_t += e.head.t

10 [|cX 1
ebb baz( c : cells ) 01|lcy * 0

o c.sum_p = L.Affine(cells,
Affine-Indices {{1,0,1},

{0,1,0}}, o.p +

Query-Loops

ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos

ebb bar( v : vertig~=
for e in v.edges| cells = L.NewRelation {
v.sum_t += e.h grid_dims = {...},

,

Query-Loops

ebb baz( c : cells )

SRR c.sum_p = L.Affine(cells,
Affine-Indices £41,0.1},

10,1,03}, <).p +




.pos

c(xy)
Cells
cells = L.NewRelation {
grid_dims = {...},
ks
D -+
cxy) .pos
Vv
Cells | \Verts .
C cells = L.NewRelation {
ldua|I ldualI gr'ld_dlms = { . .},
& ) ...
Dual Verts || Dual Cells
Vv

ﬁ, o[l




ebb foo( e : edges )
Key-Fields var diff = e.head.pos - e.tail.pos

ebb bar( v : vertices )
for e in v.edges do

Query-Loops v.sum_t += e.head.t

ebb baz( c : cells )
. . c.sum_p = c(1,0).p + c(-1,0).p
Affine-Indices + cC0.1).p + c(0,-1).p

Key-Fields 1 memory read

per-access

Query-Loops 2 memory reads

per-loop

Affine-Indices 0 memory reads




maore

structure

less

Key-Fields

Query-Loops

Affine-Indices

FEM TetMesh

v[4] .
Tetrahedra \ertices

e[4][4]

head tail

— Edges (_
group-by: tail

Key-Fields

Query-Loops

Affine-Indices




Embedding in a Gri
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L ) ” Key-Fields

[ ]_)[ ] Query-Loops

] Affine-Indices
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Linked Chains
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local ebb compute_acc ( v : dragon.vertices )
var force = { 0.0, 0.0, 0.0 }

-~ Spring F
Phase  srina rorce

for e 1n v.edges do

/0\ | : var diff = e.head.pos - v.pos
IA]E) )/SS'ES var scale = (e.rest_len / L.length(diff)) - 1.0
mass += e.rest_len
force -= K * scale * diff
end
v.nxt_pos = v.pos + dt * v.vel
+ 0.5*dt*dt * force/mass
v.nxt_vel = v.vel + dt * force/mass
end

dragon.vertices:foreach(compute_acc)

|—OO p for i=0,vertices.size do CUDA_Launch(

n_vertices/block_size,
1, 1,

Generation . block_size, 1, 1,

kernel_code, ...

D)

CPU GPU




’ ©)
Instruction -
Generation ~Terra

r\/:/JLLVM

"
=~

x86 PIX

local ebb compute_max_vel ( v : vertices )

Red UChonS enrélaxvel max= L.length(v.vel)

for i=0,vertices.size do

end

trivial, given sequential access

CPU GPU




- automated data movement
More

and layout

Implementation
Details

data indexing for fast-access

- code-path specialization

- subset representation

See paper & code for more details...
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LULESH

Hydrodynamic

4 A

3d Hex-Mesh

(. J

Shockwave
FluidsGL 2d Grid
Stable Fluids Se s . CPU
VEGA GPU
St. Venant-Kirchhoff
Elasticity
3d Tet-Mesh
FreeFEM
Neo-Hookean ;?
Elasticity
FreeFEM
il — 3d Tet-Mesh CPU
Neo-Hookean g

Elasticity

FreeFEM

Ebb

Throu g h put iterations / second

0.024

166.6

on 2.4K tetrahedra




LULESH

Hydrodynamic —{ 3d Hex-Mesh ] GPU

Shockwave

Throu g h p ut iterations / second

Serial C Ref I 0.5

LULESH
. — 3d Hex-Mesh GPU

Hydrodynamic
Shockwave

Throu gh put iterations / second

Serial C Ref 0.5 1.25x%
Ebb 13.2
CUDA (Kepler-tuned) 16.6

all GPU code run on Kepler cards




LULESH

Hydrodynamic —{ 3d Hex-Mesh ] GPU

Shockwave

Throughput iterations / second Lines of Code

Serial C Ref 0.5
3.5K

Ebb 13.2

CUDA (Kepler-tuned) 16.6 .

CUDA  Ebb

all GPU code run on Kepler cards

LULESH
, —— 3d Hex-Mesh GPU
Hydrodynamic 'ﬁ::
Shockwave
Throughput iterations / second Lines of Code
Serial C Ref 0.5 1.9x
3.5K
Ebb 13.2
CUDA (Kepler-tuned) 16.6
CUDA (Fermi-tuned) 6.8 .
| CUDA Ebb

all GPU code run on Kepler cards




VEGA il
St. Venant-Kirchhoff % 3d Tet-Mesh GPU

Elasticity

Throughput time steps / minute Lines of Code

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)

VEGA T
3d Tet-Mesh GPU
St. Venant-Kirchhoff ‘%

Elasticity

Throughput time steps / minute Lines of Code

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)

VEGA




VEGA @
St. Venant-Kirchhoff % 3d Tet-Mesh GPU

Elasticity

Throughput time steps / minute Lines of Code

lo7

Dragon (1.3M tets)

M 2

Hose (1.3M tets)

M 2
Turtle (0.9M tets)

VEGA

VEGA Tl

3d Tet-Mesh GPU
St. Venant-Kirchhoff
Elasticity %

Throughput time steps / minute Lines of Code

107
Dragon (1.3M tets) multi
= 0.8K core
2
Hose (1.3M tets)
M 2
Turtle (0.9M tets)
VEGA




VEGA @
St. Venant-Kirchhoff % 3d Tet-Mesh GPU

Elasticity

Throughput time steps / minute Lines of Code

107
Dragon (1.3M tets) 1.6 multi
& 0.8K core
A
Hose (1.3M tets) 3.6
21
Turtle (0.9M tets) 2.1
VEGA

VEGA Tl
{ 3d Tet-Mesh } GPU
St. Venant-Kirchhoff
Elasticity %
Th roughput time steps / minute Lines of Code

o7

Dragon (1.3M tets) 1.6 0.8K multi
O™ core

A

Hose (1.3M tets) 3.6

M 21 .

Turtle (0.9M tets) 2.1
VEGA Ebb




VEGA @
St. Venant-Kirchhoff %— 3d Tet-Mesh GPU

Elasticity

Throughput time steps / minute Lines of Code

o7

Dragon (1.3M tets) 16 3.8x 0.8K rc?#(leti

2.1

Hose (1.3M tets)

Turtle (0.9M tets)
VEGA Ebb

http:/ ebblang.org

|
(@ ) GETTING STARTED  TUTORIALS ~ MANUAL  PUBLICATIONS  CONTACT  DOWNLOAD

e

is a programming language for writing physical simulations. Ebb programs
a part of the Liszt project and are performance portable: they can be efficiently executed on both CPUs
PSAAP II center at Stanford and GPUs. Ebb is embedded in the Lua programming language using Terra.

University




http:/ ebblang.org

05: Accessing Neighbors Interoperability

Tutorials

How to access data at neighboring eler
heat-diffusion on the surface of the Sta

These tutorials introduce the featur
code, including how to write custon
(familiarity with the introduction tu

Introduction
06: Phases, Reads, Writes, Redu

These tutorials provide a tour througt
sufficient to get started writing your o
domains.

A key feature of Ebb is that all function 10: Data Layom Descrlptors (DU

and show alternative ways of writing tt R . X
DLDs give us raw access to the simulatio

01: Hello, 42! 07: Using Standard Grids

The basics of an Ebb program; print out 42 11: Calling C-code

Some features of the standard grid dorr

id, handling both periodic and normz
grid, s P DLDs can also be used from C code writtc

02: Domain Loading From Files

. unsafe C function into an Ebb simulatior
08: Relations

How to use a domain library to load in a me
statistics and computations on that mesh;

12:File 1/0

Relations are the basic data structure ir

. .. . . builda t f tch and simulat:
03: V|sual|zmg Simulations il & torus from scrateh and simuiate Using DLDs, we can efficiently load data
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Overview

Ebb consists of two parts: an embedded language, and a Lua API. The language
proper is used to define Ebb functions, while the Lua API is used to construct and
interrogate the data structures, as well as launch functions via foreach calls. For
instance, in the hello42 sample program,the printsum() function is written in
the Ebb language, while the rest of the program makes calls to the API.

In addition to these two parts, a set of standard domain and support libraries are
provided, which this documentation will also discuss.

The remainder of the manual will assume a passing familiarity with the structure of
Ebb programs. For a more intuitive introduction to the language, please see the
tutorials.

Additionally this manual assumes a passing familiarity with the Lua language.

Specifically, Ebb is embedded in Lua 5.1, via Terra. You can find a number of good
tutorials, manuals and documentation online, which we will not repeat here.

The Ebb Language

The Ebb language is used to define Ebb functions, which can either be used in other

Ehh functions_or executed for each element of some relation 0000000 |
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Designing programming environments for physical simulation s challeng-
ing because simulations rely on diverse algorithms and geometric domains.
‘These challenges are compounded when we try to run efficiently on hetero-
‘geneous parallel architectures. We present Ebb, a domain-specific language
(DSL) for simulation, that runs efficiently on both CPUs and GPUs. Unlike
previous DSLs, Ebb uses a three-layer architecture to separate (1) simu-
lation code, (2) definition of data structures for geometric domains, and
(3) runtimes supporting parallel architectures. Different geometric domains
are implemented as libraries that use a common, unified, relational data
‘model. By structuring the simulation framework in this way, programmers
implementing simulations can focus on the physics and algorithms for each
simulation without worrying about their implementation on parallel com-
puters. Because the geometric domain libraries are all implemented using a
common runtime based on relations, new geometric domains can be added as
needed, without specifying the details of memory management, mapping to
different parallel architectures, or having to expand the runtime’s interface.

We evaluate Ebb by comparing it to several widely used simulations,

ing comparable to hand-written GPU code where
available, and surpassing existing CPU performance optimizations by up to
9x when no GPU code exists.

‘This paper describes Ebb', a domain-specific language (DSL) for
i ical simulations of fluids and meshes
that is designed to run efficiently on both CPUs and GPUs. Ebb is
motivated by the successes of prior DSL, such as the RenderMan
shading language [Hanrahan and Lawson 1990}, the Halide image
processing language [Ragan-Kelley et al. 2012], and the Liszt [De-
Vito et al. 2011] language for solving partial differential equations
on unstructured meshes. These DSLS use abstractions (lights and
materials for rendering, functional images, and meshes/fields, re-
spectively) that allow simulation programmers to write code at a
higher-level. Even though DSL code is higher-level, the DSLs can
be compiled to a wide range of computer platforms and perform as
well as code written in a low-level language.
Each of these existing DSLs are designed around one geometric
ons oft

domain (e.g. Liszt’s meshes) whereas
need to use a variety of geometric domains (triangle meshes, regular
grids, tetrahedral volumes, etc.). In order to support multiple geo-
metric domains, we propose a three-layer architecture for Ebb. In
the top layer, users write application code, such as a fluid simulator,
FEM library, or multi-physics library, in the Ebb language using
its geometric domain libraries; Similar to shader languages, this
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