
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

CPU GPU Cluster

Simulation



Porting Code is Expensive

Porting Code is Repetitive

Sim 2 Sim 3 Sim 4

CPU GPU Cluster

Simulation

Sim 2 Sim 3 Sim 4

CPU GPU Cluster

Sim 1



Languages Abstract Hardware
Sim 2 Sim 3 Sim 4

CPU GPU Cluster

Sim 1

“Domain-Specific” Language

Existing 
Languages 

in 
Graphics

GLSL

Halide Darkroom



What’s tricky about designing 
languages for Simulation?
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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 Tetrahedral 
Mesh Library

import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)

Setup Simulation 
Constant Values 
& Global Values



import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)

Declare & Initialize 
Fields of data

import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


local	 ebb	 init_rest_len	 (	 e	 :	 dragon.edges	 )

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

	 	 e.rest_len	 =	 L.length(diff)

end

Ebb functions 
define per-element 
computations



import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


local	 ebb	 init_rest_len	 (	 e	 :	 dragon.edges	 )

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

	 	 e.rest_len	 =	 L.length(diff)

end

Ebb understands 
how fields are 
accessedRead

Write

import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 --


Functions launch over 
sets of elements



import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

end

Functions can reduce 
global values

import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

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




import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

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
 ReadWrite

import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

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
 ReadWrite

v.nxt_pos



import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

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
 ReadWrite

v.pos

import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

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
 ReadWrite

v.pos

e.head.pos



import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

local	 dragon	 =	 TetLib.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,	 0)


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(0)


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	 :	 dragon.vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

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

--	 Sim	 Loop

for	 i=1,40000	 do

	 	 dragon.vertices:foreach(compute_acc)

	 	 dragon.vertices:swap('pos',	 'nxt_pos')

	 	 dragon.vertices:swap('vel',	 'nxt_vel')

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_particle_vel	 (	 p	 :	 particles	 )

	 	 var	 x1	 =	 fmod(	 p.pos[0]	 -	 0.5f	 )

	 	 var	 y1	 =	 fmod(	 p.pos[1]	 -	 0.5f	 )

	 	 var	 x0	 =	 1.0f	 -	 x1

	 	 var	 y0	 =	 1.0f	 -	 y1


	 	 p.vel	 =	 x0	 *	 y0	 *	 p.dual_cell.cell(0,0).vel

	 	 	 	 	 	 	 	 +	 x1	 *	 y0	 *	 p.dual_cell.cell(1,0).vel

	 	 	 	 	 	 	 	 +	 x0	 *	 y1	 *	 p.dual_cell.cell(0,1).vel

	 	 	 	 	 	 	 	 +	 x1	 *	 y1	 *	 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

More examples at:

http:// ebblang.org

2d Grid
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3d Grid
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Modeling



import	 "ebb"

local	 L	 =	 require	 "ebblib"


local	 TetLib	 =	 require	 'ebb.domains.TetLib'

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

How was the 
Tetrahedral Mesh 
Library Implemented?

Modeling a 
TetMesh 

with 
Relations

Tets Faces Edges Vertices



Modeling a 
TetMesh 

with 
Relations

Tets Faces Edges Vertices

Modeling a 
TetMesh 

with 
Relations

a field
e.g. pos



Modeling a 
TetMesh 

with 
Relations

a field
e.g. pos

an element
e.g. a vertex

Topology: 
Connecting 

Elements



head

tail

Topology: 
Connecting 

Elements

OpenGL 
Pipeline 

Input

Triangles

Vertices

vert : Vertices[3]

pos : double[3]

example



OpenGL 
Pipeline 

Input

Triangles

Vertices

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

tex_coord : double[2]
pos : double[3]

color : uint8[4]

example

Triangles vert : Vertices[3]



Indices ? 
Pointers ? 

Keys ? Triangles vert : Vertices[3].

Triangles.vert : Vert*[3]

Triangles.vert : GLuint[3]

Key-Fields
ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...



Key-Fields
ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

edges:NewField('head',	 vertices)

Key-Fields
ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

Triangles
edges:NewField('head',	 vertices)

head

Vertices

Edges



Key-Fields
ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

Triangles
edges:NewField('head',	 vertices)

head

Vertices

Edges

tail

v[3]

Key-Fields

Query-Loops

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 L.Where(edges.tail,	 v)	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...



Key-Fields

Query-Loops

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 L.Where(edges.tail,	 v)	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

edges:GroupBy('tail')

Key-Fields

Query-Loops

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 L.Where(edges.tail,	 v)	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

Triangles

head

Vertices

Edges

v[3]

tail

edges:GroupBy('tail')



Key-Fields

Query-Loops

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 L.Where(edges.tail,	 v)	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

Triangles

head

Vertices

Edges

tail

v[3]

group-by: tail

edges:GroupBy('tail')

Key-Fields

Query-Loops

Affine-Indices

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 c(1,0).p	 +	 c(-1,0).p

	 	 	 	 	 	 	 	 	 	 +	 c(0,1).p	 +	 c(0,-1).p

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 L.Affine(cells,

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {{1,0,1},

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {0,1,0}},	 c).p	 +



Key-Fields

Query-Loops

Affine-Indices

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 L.Affine(cells,

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {{1,0,1},

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {0,1,0}},	 c).p	 +

c.x 
c.y

1 
0

1  0 
0  1

+

Key-Fields

Query-Loops

Affine-Indices

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 L.Affine(cells,

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {{1,0,1},

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {0,1,0}},	 c).p	 +

cells	 =	 L.NewRelation	 {

	 	 grid_dims	 =	 {...},

	 	 ...

}



Key-Fields

Query-Loops

Affine-Indices

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 L.Affine(cells,

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {{1,0,1},

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {0,1,0}},	 c).p	 +

cells	 =	 L.NewRelation	 {

	 	 grid_dims	 =	 {...},

	 	 ...

}

Cells

c(x,y)

Key-Fields

Query-Loops

Affine-Indices

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 L.Affine(cells,

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {{1,0,1},

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 {0,1,0}},	 c).p	 +

cells	 =	 L.NewRelation	 {

	 	 grid_dims	 =	 {...},

	 	 ...

}

Cells

Dual Verts Dual Cells

Verts

c(x,y)

dualdual

v

c

c

v



Key-Fields

Query-Loops

Affine-Indices

ebb	 foo(	 e	 :	 edges	 )

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

	 	 ...

ebb	 bar(	 v	 :	 vertices	 )

	 	 for	 e	 in	 v.edges	 do

	 	 	 	 v.sum_t	 +=	 e.head.t

	 	 	 	 ...

ebb	 baz(	 c	 :	 cells	 )

	 	 c.sum_p	 =	 c(1,0).p	 +	 c(-1,0).p

	 	 	 	 	 	 	 	 	 	 +	 c(0,1).p	 +	 c(0,-1).p

	 	 	 	 ...

1 memory read 

   per-access

2 memory reads 

   per-loop

0 memory reads

Key-Fields

Query-Loops

Affine-Indices



Key-Fields

Query-Loops

Affine-Indices

structure

more

less

Key-Fields

Query-Loops

Affine-Indices

Tetrahedra

head

Vertices

Edges

tail

v[4]

group-by: tail

e[4][4]

FEM TetMesh



Key-Fields

Query-Loops

Affine-Indices

Tetrahedra

head

Vertices

Edges

tail

v[4]

group-by: tail

e[4][4]

Embedding in a Grid

Cells

c(x,y)

cell

Query-Loops

Key-Fields

Affine-Indices



2d Grid

Particles

Triangle Mesh

Linked Chains

3d Grid

CPU

GPU

Cluster
Relational Model

Geometric Domain 
Modeling

2d Grid

Particles

Triangle Mesh

Linked Chains

3d Grid

CPU

GPU

Cluster
Relational Model

Implementation



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


Phase 
Analysis

Loop 
Generation

dragon.vertices:foreach(compute_acc)

CPU GPU

for	 i=0,vertices.size	 do

	 	 ...

end

CUDA_Launch(

	 	 n_vertices/block_size,

	 	 1,	 1,

	 	 block_size,	 1,	 1,

	 	 kernel_code,	 ...

)



Instruction 
Generation

LLVM

x86 PTX

Reductions
local	 ebb	 compute_max_vel	 (	 v	 :	 vertices	 )

	 	 maxvel	 max=	 L.length(v.vel)

end

CPU GPU

for	 i=0,vertices.size	 do

	 	 ...

end

trivial, given sequential access



More 
Implementation 

Details

- automated data movement 

and layout 

- data indexing for fast-access 

- code-path specialization 

- subset representation

See paper & code for more details…

2d Grid

Particles

3d Hex-Mesh

CPU

GPU

3d Tet-Mesh

LULESH

VEGA

FreeFEM

FluidsGL

Hydrodynamic 
Shockwave

Stable Fluids

Neo-Hookean 
Elasticity

Evaluation

St. Venant-Kirchhoff 
Elasticity



St. Venant-Kirchhoff 
Elasticity

2d Grid

Particles

3d Hex-Mesh

CPU

GPU

3d Tet-Mesh

LULESH

VEGA

FreeFEM

FluidsGL

Hydrodynamic 
Shockwave

Stable Fluids

Neo-Hookean 
Elasticity

St. Venant-Kirchhoff 
Elasticity

2d Grid

Particles

3d Hex-Mesh

CPU

GPU

3d Tet-Mesh

LULESH

VEGA

FreeFEM

FluidsGL

Hydrodynamic 
Shockwave

Stable Fluids

Neo-Hookean 
Elasticity



2d Grid

Particles

3d Hex-Mesh

CPU

GPU

3d Tet-Mesh

LULESH

VEGA

FreeFEM

FluidsGL

Hydrodynamic 
Shockwave

Stable Fluids

St. Venant-Kirchhoff 
Elasticity

Neo-Hookean 
Elasticity

FreeFEM

Ebb   166.6

  0.024

3d Tet-Mesh

Throughput     iterations / second

FreeFEM
Neo-Hookean 

Elasticity

CPU

on 2.4K tetrahedra



Serial C Ref

 

  0.5

3d Hex-Mesh GPU
LULESH

Hydrodynamic 
Shockwave

Throughput     iterations / second

Serial C Ref

Ebb

CUDA (Kepler-tuned)

 

  16.6

  13.2

  0.5

3d Hex-Mesh GPU
LULESH

Hydrodynamic 
Shockwave

Throughput     iterations / second

1.25x

all GPU code run on Kepler cards



Serial C Ref

Ebb

CUDA (Kepler-tuned)

 

  16.6

  13.2

  0.5

3d Hex-Mesh GPU
LULESH

Hydrodynamic 
Shockwave

Throughput     iterations / second Lines of Code

all GPU code run on Kepler cards
CUDA Ebb

1.3K

3.5K

Serial C Ref

Ebb

CUDA (Kepler-tuned)

CUDA (Fermi-tuned)   6.8

  16.6

  13.2

  0.5

Throughput     iterations / second

all GPU code run on Kepler cards

3d Hex-Mesh GPU
LULESH

Hydrodynamic 
Shockwave

1.9x
Lines of Code

CUDA Ebb

1.3K

3.5K



GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  24

Throughput  time steps / minute Lines of Code

GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  24

Throughput  time steps / minute

VEGA

2.9K

Lines of Code



GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  24

  2.1

  2.1

  0.7

Throughput  time steps / minute

VEGA

2.9K

Lines of Code

GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  24

  2.1

  2.1

  0.7
Throughput  time steps / minute

VEGA

0.8K
2.9K

Lines of Code

multi 
core



GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  24

  2.1

  3.6

  1.6

  2.1

  2.1

  0.7

Throughput  time steps / minute

VEGA

0.8K
2.9K

Lines of Code

multi 
core

GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Throughput  time steps / minute

VEGA Ebb

0.8K
2.9K

1.4K

Lines of Code

multi 
core

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  24

  2.1

  3.6

  1.6

  2.1

  2.1

  0.7



GPU
VEGA

St. Venant-Kirchhoff 
Elasticity

3d Tet-Mesh

Dragon (1.3M tets)

Hose (1.3M tets)

Turtle (0.9M tets)
  18.2

  22.6

  6.1

  2.1

  3.6

  1.6

  2.1

  2.1

  0.7

Throughput  time steps / minute

3.8 x

6.3 x

8.7 x
VEGA Ebb

0.8K
2.9K

1.4K

Lines of Code

multi 
core

http:// ebblang.org
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Future 
Directions 

in Simulation 
Languages Simit

- Collisions, Remeshing, non-

trivially parallelizable 

algorithms 

- Distributed Machines (cloud, 

cluster, etc.) 

- New Data Layout & Code 

Optimizations 

- Simulation-Specific Debugging 

& Support Tools



2d Grid

Particles

Triangle Mesh

Linked Chains

3d Grid

CPU

GPU

Cluster
Relational Model

A DSL for 
Physical Simulation on 
GPUs and CPUs

http:// ebblang.org
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