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Simulation of massive multibody system: a challenge

- large number of parts
- large number of constraints
- large number of frictional contacts

The 1600 forklifts benchmark
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Applications

Some examples

Granular flow in hopper

50’000 spheres

+ CPU time: 20 s / frame with our
software Chrono::Engine

« Still acceptable on a single CPU

Example: hopper simulated with Chrono::Engine
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Applications

Some examples

Granular flows in silos, mixers, etc.

180°000 spheres

* CPU time: 120 s / frame

« Still feasible on a single CPU, but slow
* Multicore CPU can help a bit..

* better with GPU multiprocessor

» Almost 2GB RAM needed

Example: refueling cycle of a PBR nuclear reactor
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Applications

Some examples

Other examples, with massive number of particles:

< Interaction between buldozzer blade and sand,
debris and pebbles,

+ Powder compaction and blending in
pharmaceutical engineering,

« etc.

> 1°000°000 particles
* Not practical on a single CPU,
* better with a cluster of computers

 Possibly, each computer fitted with
one or more GPU boards
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Different possible approaches to parallelism:

» Multi-core processors (dual-core CPU, etc.)

» Stream processors (GP-GPU & CUDA)

* MPI and cluster of computers
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Multibody solver on multi-core multithreaded
parallelism
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Trend in CPU: add multi-core. Today, 2/4 cores. Tomorrow: 4,8,16, ..

Multi-cores allow at least n, threads (or fibers) to run in parallel:

Threadi _ Thread3 _Thread1 _ _Thread3 N

CORE 1 Thread 1

CORE 2

Thread 2 Thread 1 Thread 2 Thread 2 Thread 1

Thread 2
CPU time

With n, cores, maximum nx expected speedup (ex. <2x speedup in dual core)

In Win/Posix/Linux, multithreading C++ API is done in similar ways.

Thread switching is almost instant (unlike process multitask switching)

All RAM memory can be shared among threads
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Problems caused by memory sharing in multithreading:

+  RAM latency & cache misses: not a big problem, modern caches can
hide this.

» Race conditions: since OS can switch threads ‘randomly’, the order of
execution of parallel instructions can be non-deterministic
- need of synchronization tricks (ex. semaphores)

» Resource locking: double write access to the same address of shared
RAM must be avoided! (even writing a 4-byte ‘float’ could be tomic and be
- need of mutexes, or spinlocks, or semaphores

Thread 1 Thread 1 Thread 3 Thread 1 Thread 3
*—e

CORE 1 ° — °
CORE 2 ot hre‘ad P ‘T‘hvead 2 Thread 1 H = . Thread 2 - Thread 2 - Thread 1
e Y CPU time
OK « "\ DANGER!
- RAM
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* Luckily enough, a basic multi-threaded variant of our iterative
solver can be easily implemented on multi-core CPU systems

« At each iteration, the loop over all constraints (the expensive
part) is subdivided to multiple task: each task process a ‘batch’
of constraints in parallel

» Each update of constraint multiplier requires the update of the
speed vector v (only for 6+6 elements relative to the two
connected bodies), so there is the risk that two threads want to
update the speed of the same body...

* This ‘conflict’ risk is very low if number of bodies is n, >> n,

* Problem can be solved using spinlocks or mutexes

* Anyway the update of constraint multipliers can be ‘nondeterministic’
because the pace of thread execution is decided by OS...
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Multithreaded version of the algorithm
PHASE 1.a:

(1) _// Pre-compute some data for friction constraints
(2) v fori:=1tony '
(3 1 si=MlDf
@ 1 a=DTs,
! T _ 3 i
(5) Na Trace(al) E

.

All contacts are divided among
n, threads

Very simple: computations
never overlap write addresses!

i-th contact H "H = - H:H:H:‘ m:H:H- )

v-§ v-f 7-° D"- EEEEEE

[m}

T = Hﬁﬂmﬁ VarAO Var.BO
]

O o o
O o o o
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[ [0 0 [ [ 0 0 0
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Y
Thread 1

Y
Thread 2
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PHASE 1.b:

.

All constraints are divided
among n, threads

Very simple: computations

oo

E(;g // Pre-compute some data for bilateral constraints never overlap write addresses!
(8)
9)
(10)
o o u] o o T u] o )
i-th constraint [m} o [m} [nennss|ssssns| oo [m} o
y=0 V=0 y=0 D= comomm ¢ = COOOoTd VarAD Var.8O
o o 8] oo oo 8] o \ S
[u] o o [usnnss[ssssnn] [smsssn(sssnan] o o N
o o o anannalennmns] lannannlaansnnl o o g
o o u] mnnnna(mmmms] oo 8] o
o _D_ [m} o rrrrrnr_r_rrm [m} . |m] J
[u] o o [usnnss[ssssnn] [smsssn(sssnan] o o
o o o [mnnnna(anmnms] [mnnna (anmmms] 5] o
o o 5] [Ennnna(mmmms] [mnnnsammmms] 8] o 3
o o o oo™ oo™ o o pE
o o u] mannss]asnsss] annzsslannzxzs] u] o &
[u] o o [usnnss[ssssnn] [smsssn(sssnan] o o
o o [m] [m] [m]

[emssas/asssss]




« All contacts are divided among n,
threads
PHASE 2.a: « The results are 6+6 block-stores in
(18) ,_// Initialize speeds speed vector, so there is the risk of
(19) | w=3YTA s L+ SUE s+ M WRITE CONFLICT!
FH v EEE o
v-§ v-f /-0 07- EEEEE o7-EE
B8 ° == B " ly
- B — e e N
8B ¢ EE3 = ° °
[m] T E TTTT T [m] [m]
HHE T e J
E E O e HE o O
BB ° =i E——o 7 3 ‘
»« B B ° EEE3 e Mt
e B B ° EEE BEEe ¢ |t '
=
§ B B °© = EHEE " 0 F
..... )
I J
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« All constraints are divided among n,
threads

PHASE 2.b:

(18)
(19) v=3""4 s

« The results are 6+6 block-
increments in speed vector, so there
is the risk of WRITE CONFLICT!

[similar to PHASE 2.a — do not show graphs]
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PHASE 2.c:

(15)
(19)

// Initialize speeds oo
n, 0 n 0
vl sy N s D

Here just remember that

B = a0+ hf, (1", q" v

(BTW: k can be pre-computed at the beginning,
or simplify adding ..+ v+ h M f)

2015

slide ’rg“

.

« All variables (bodies) are divided
among n, threads

« Very simple: computations never
overlap write addresses!

T E
R
i body E s > Thread 1
2] ag w ]
£ ?
- ’
3 ; E > Thread 2
I

Developmen
A.Ta:

PHASE 3 (to be repeated for r=1..

T may iterations):

« All contacts are divided among n,
threads

(23) // Loop on frictional constraints
(24) fori:=1tony _ )
(25) 5 = (va" — wnj (D"To" +8,)):i This first sub-step is easy:
(26) A= ATy (87) + (1= AT computations never overlap
(27) AmirHl o il i write addresses
(28) vi=v+ s Ay //_\
Y EmE EEEE v YT
v=§ v=f =0 07=-EEHE ST=EEEE 0 T | L
BB ° —— R " Ly
N
BB ° == e e N
8B " EE3 s A
BB ° EEE = R
B B °© e HHEEE 2 ° )
B B °© == EHEE " ¢
e @ 8 ° EHEER == ° °
= 8 B ° EEEE = ° °

Y
Thread 2
K]
I
{ansnnn/ssnnnn/annnns]
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PHASE 3 (to be repeated for r=1...r,,,, iterations):  « All contacts are divided among n,

(23) // Loop on frictional constraints threads

(24) fori:=1tony

. i i i W i)

(25) S = (2" - omy (DVTo" 4 8L): This second sub-step is easy: it is
(26) e = ATy (857) (1 Ay the projection onto friction cone
(27) Ay T =y

(28) v:=v+5,‘,l Ayt
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PHASE 3 (to be repeated for r=1...r,,,, iterations):  « All contacts are divided among n,

(23) // Loop on frictional constraints threads
(24) for i:=1tony

(25) 8" = (va" —wni (DT +8,));

(26 yu = ATy (8,7) + (1= M)y

)
(27) Ty fy,’;"“ R This third sub-step is easy
)

(28 _t;:=u+5,'x' AnyEr T
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PHASE 3 (to be repeated for r=1...r,,,, iterations):  « All contacts are divided among n,
(23) // Loop on frictional constraints threads

(24) fori:=1tong This fourth sub-step is similar to phases 2.a/2.b
« i, i i i, T ' . U ul ub- K imi - 1K
(25) 8.7 = (7" —wni (D' To" 1) ); Its are 6+6 bl e' 1 insp,;ed tor, so
- . el i Lo, ’
(26) Fa = ATy (857) + (1) there is the risk of WRITE CONFLICT!

(27)

(28)

("~ CONTACTS

[m}

H H [m] [m] [

E B [m] [m] o :
H H o o o >§
H H o o o ~
H H [m] [m] o
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PHASE 3 (to be repeated for r=1...r,,, iterations): - All constraints are divided among
n, threads

(29) // Loop on bilateral constraints

(30) for i :=1tong

(31) "= (" —wn (VT +0,));
(32) )T AT {87 1 A3 s
(33)

(34)

raen

(we do not discuss the loop on bilateral
constraints because it is the same as the four
steps detailed before)
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How to avoid the possible write-conflicts in shared memory, introduced in
Phases 2.a, 2.b and 3 (fourth step) ?

SOLUTION O

Do nothing, and just do (atomic) updates of floating point values (atomic operations
have very small overhead). Depends on processor architectures.

SOLUTION 1
Introduce a shared single mutex (called ‘critical section’ in Windows API) to be
raised each time the v vector is written by some thread.

+ simple implementation
-- each single thread will halts all threads even when not needed

SOLUTION 2

Allocate n, mutexes, each per body.

+ simple implementation, good performance

-- will waste RAM when dealing with thousands of bodies

Note: all those are not deterministic in SOR-like loops
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How to avoid the possible write-conflicts in shared memory, introduced in
Phases 2.a, 2.b and 3 (fourth step) ?

SOLUTION 3

Rewrite the algorithm so that performs the critical step using parallel reduction for
each buffer of summation terms for each constraint (see later, in GPU section)

+ does not waste RAM il Bttt
++ maximizes the use of parallelism e an > EEEL o [
X X
+ deterministic, in GJ-like loops -y o & —
-- difficult to implement in general =ol s =
+ easy to implement if each body o P — —
has on average the same number we[ Ly B - L |:,..,.M
3 a0 Aw |0 am [0
of contacts " o & [ T
o [y An [0 ]% T I
swad A i A ! &
2 = |’ a8 ¥ ]
st | 2 ar ar / &
o A |7 Aa
raad & | Ar Il %
w e |0 a0 |"'M‘"fm’
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Equivalent K matrix: A = Nl (7 BT (N e+ KT () + (L=

Remember that ‘unknowns’ are triplets of
multipliers, in case of contacts — see zoom detail.

Thread 1
Thiead 2
Thread 3
Thread 1
Thread 2
Thiead 3
Thread 1
N Thiead2
Thread 3
™ -
N
N
N
™, i‘\
Single thread Jacobi Single thread (basic SOR) Multi-threaded block-SOR
Slow convergence — do not Better convergence — use (Ex. 3 threads, with shared variables, and
exploit the knowledge of new immediately the computed assuming immediate and synchronized
multipliers until next iteration. multipliers within the same update of variables at each impulse update)
iteration. Not so bad... Similar to the plain SOR.

On N-core processors, each NxN block is like a small Jacobi problem

- —
Development of high performance software for multibody mechanical simulations L &
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A benchmark for PBR reactor
refueling cycle

100’000 Uranium-Graphite spheres

Dual-core system

Almost 2x speedup in CCP solver,
using a 2-core Pentium (it scales
linearly).

12
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Part B

Multibody solver on GPU parallel architecture
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» GPU, Graphical Processor Units = “stream processors
already used in hi-end gfx boards for pixel
hading in realtime OpenGL 3D views.

Once known as “fragment processors”.

* One GPU = cluster of N “stream processors”

» Recent GPU have floating-point stream processors..
Why not using them for physics?

- Can be used for general purpose
arallel computation!
?GP-GPU = General Purpose GPU)

Note: multiple GPU? Maybe..
(ex: 4x128=512 stream processors)

13
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GPU parallel computing o=

Exploit GPU parallel processing

*  Current NVIDIA GPU boards (Fermi, Tesla) feature hundreds of multiprocessors
(cores), allowing more than 4 TFlop on a cheap desktop system.

*  Anyway, RAM on the GPU is not unlimited: ex. < 1°000°000 bodies on a 2GB GPU.

Example: a complex real time simulation, HAVOK tech demo (2006) on ATl X1950 GPU

14
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4500 GoForco GTXTITAN. |00 o1y 5
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GoForco GTX 580

Theoretical peak (GFLOP/s)
R
]
3

A single GeForce™ GPU board is as
powerful as four ASCI-RED 1996 supercomputers!

o
g

KX NVIDIA GPU DP

Bloomfield  Sandy. vy Bridge
i Pl

1000 GeForce GTX 280

GeForce 8800 GTX

500 GeForce 7800 GTX
GeForce 6800 Ultra

Force FX 5800

Intel DP

Proscott rest Harpertow,

2000 2002 2004 2006 2008 2010 2012 2014
Release date
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«  SIMT (non-VonNeumann) architecture:
Single Instruction (“kernel’) on..

Multiple Threads (“stream”)

« High internal memory bandwidth,
(but CPU <->GPU bottleneck)

* Hundreds of stream processors at low cost

» Our iterative method for multibody can fit well into a
parallel SIMD implementation...

15
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GPU parallel computing s

LN

The CUDA solution by NVIDIA, on G80 + multiprocessors.

ALU ALU

DELNOND

CPU GPU
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GPU parallel computing

The CUDA solution by NVIDIA, on G80 + multiprocessors.

Grid
Block (0, 0) Block (1, 0)

e
N | - | ——

| Thread (0, 0) || Thread (1, 0) |'I'||lud(ﬂ.0) || Thread (1, 0)

16
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r-th contact

Goal: parallelize the main iteration of the CCP
complementarity solver:

W =AMy, (7 —wm (DIv7 4+1,)) + (1= )y
AT =Tt — g7

Av; = MDA~

We adopt the CUDA SDK to develop C++ code which can easily
exploit the capabilities of the G80 boards from NVIDIA.

¢ With CUDA, one can write ‘kernels’ (functions executed in parallel) in
C-like language.

¢ Kernels are executed in ‘blocks’ of parallel threads.
¢ Multiple blocks can be arranged in ‘grids’

Host (PC) Device (GPU) Block (2,0)
: - = L Thread | Thread | Thread
>| Grid =
keie] o Il ©0 | (1.0 | 20
Block | | Block | | Block Thread | Thread | Thread
(0,0) (1,0) @0) | 01 | 1,0 | @1)
i Th Th Th
Block | | Block | | Block .| - ((;e;;d (1r§d (zre;;d
(0,1) (1,1) (2,1) : d :

17
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Memory issues..

Not all memory write/reads are cost-less

On G80 boards :

- Global memory: >1Gb of DRAM (but >100 clock cycles of write/read latency)
- Shared memory: few kBytes per multiprocessor, but no latency

Use it as much Multiprocessor Multiprocessor
as possible! 0
o] S e o 0

(o] a]o]a]

Shared memory has limitations:
» A shared memory cache per thread block - blocks cannot communicate
» Shared memory cache is limited in size (16kBytes on G8o boards)

Development of high performance software for multibody mechanical simulations
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Relevant design constraints

* How many threads per thread block? Max 512 (hardware limit)
Too many threads: waste the shared memory cache.
Too few threads: multiprocessors cannot hide global memory latency.
Suggested: 128 threads per block or more.

* How many thread blocks per grid?
At least as many as available multiprocessors (ex. 12 on 8800 GT)
Suggested: 100 blocks per grid or more.

18
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Data structures in GPU‘

The buffer of rigid bodies

GPU hodies buffer
Thread grid J-th body data
Velocity
ears Position in reduction buffer
= e ‘/ Angular velocity
Thread : )2 D)y @ 10— ] Position

' Thread block,  Thread block

NF N Xt Rotation (quaternion)
b LR —

1 T s P
S VM Jiy i my

J inertia and mass

1 e ¢ |BiFy Bl e b— Applied force
il it | Appli
i : Lt [FAreRronms pplied torque

The contact buffer

GPU contacts buffer ith contact data
Thread grid floats
Ef - X Residual (penetration)
o 1 bin
i T 4 .
1 Diyyp [br Body A index
3 b“
! B,
N ‘ A==
Thread block Thread block D""A N Body B index
A
B.s Friction
e
Doy _/ -
i " Multipliers (contact force)
|
| ot 2 | N
| R,_.lR“,|u,. na) — (auxiliary data)

Jacobian (translation)
Jacobian (rotation)
Jacobian (rotation)

19



T
B 2 Dy, 5 |bin
3 3 by
4 84 Bia + B4
T
: — D,
s
Siz  |Big 7 Bi5
S
9 ”i
Yon Yiu Yin| i | B Yiu Vs
Rid|Riz|1is |5 R Rr,s|n.,a %]

« Vectorsn, s, s, and indexes B,, B, are feed from
from collision detection engine

« Jacobian computation is an embarassingly-parallel
operation

The buffer of bilateral constraints

GPU constraints buffer
Thread grid
Jacobian (translation, A)

Jacobian (translation, B)

Jacobian (rotation, A)
Jacobian (rotation, B)
Thread

Thread block Thread block

Residual (violation)

) Example:

. 1 Revolute joint > 5 scalar bilateral constraints

J-th constraint data

floatd

P Body A index
Body B index
AN V‘l',i B, /
N r
VY, Bs|
3 \J¥ ‘T
@,
1 vy’ Multiplier (reaction force)
L oy /
A
o AR |0 (auxiliary data)

20
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The reduction buffer

=m,

_ J;ilDWAA.}rH

=mp

=I5'D, A

1
Dy

~ Tl
Ay
i

1 1
lD.‘l-ﬁ.ﬁ'yﬂr

i

%

Al a,
3 = Ay, (3 —wni (DIV +by)) + (1 A)yf Auwy,
A~ L Ain
Av, = MDA~ T, '
[ =0 ] Awp,
» Primal (velocities) update may cause
write-conflicts when done in parallel! GFU reduction bulfer
Constraint floatd
vy, [0 —_—

A reduction buffer avoids that N
constraints might write to the same
body data during constraint-parallel
GPU code.

Av

(el A |1
» Multiple updates to the same body are 01210 |0 |
stored in the reduction buffer, then a me
. P N PR Constraint Aw 0
following “reduction kernel” will sum v 0 .
them efficiently. kL Av

Note: same scheme for contact-
parallel code.

|| <
\i“_i,i
N
P
b
B
4 n

1)

H

Aw [0
Av

Po Prr Pr2 Py
ox iy x|y

Vix Vi Viz| 0 | Body 0

;%) Dy

X yx Xyy Xz

_/ ﬂ‘iu Viy Yiz 2 Body 1
J

éwj RO
X5 X1y %14

F ), @50 4

Xjx Xy Xy

Fix Fiy B
Cix Gy G

speed updaic

Kernel:

) 5
T’VJ.: Viy ¥yz|3 | Bodv 2
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Reduction

Can reduction be performed efficiently in parallel?

» Reduction roughly means ‘sum all the values in a vector’

Reduction on parallel architecture is
not as easy as in serial architectures

To keep all stream processors busy, an
efficient parallel implementation must exploit +
the ‘binary tree’ concept at the right:

+
- | o Lo g
» Avoiding / gned B}
access (otherwise performance might be 2
memory-bandwidth limited) 3 +
S
+
+
” «
z z
g g
Z E
- o g
SE §E
7z 7 7

>—O Y result

n

Step 3

21
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Reduction

The parallel reduction, in case of many bodies

For each body there could be a single
parallel-reduction problem!

Better perform all reduction problems

at once, to keep all processors busy. ::-l"iv- kernel m«in-w
_— A Ar ar
+ RMVLA: Reduction of Multiple Variable ™ x Ao [0 Am [0
Length Arrays - our custom algorithm Thrasd | & j As \ A
An |1 Ao P Am
» Some parallel reductions could take Treod { : 3 :'. 3 / :m
more steps than others. Reason: some : = N D - =
body might touch 8 other bodies, but Tirsad - =T i ;‘w =
another body might touch 100 other = e e
bodies, etc. This issue is automatically ™ =3 =8 =i
managed by the hardware thread = = =
scheduler, at a cost of few divergence. i B v = = B
Threod Av /,+ As '\ Ar
An |1 Ao Am
Threod A Ar / Av
a0 |2 a0 |2 )
Twead | v A Ar Av
it | e a0 0 s |0

Ilmmafbm\—l

I updates of body 2

L updates of body 3

Ilwafbw-
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For each time step do:

1

(Host, serial) Perform collision detection between bodies, obtaining n 4 possible contact points within a distance
4. as contact positions s; 4. s; g on the two touching surfaces. and normals n;. If warm start is used. then fetch
last reactions in contact point 4" (obtained in previous frame, if the contact is persistent) and set v, = 42
otherwise set v, =

(Host, serial) Copy contact and body data structures from host memory to GPU buffers. Copy also constraint

data (residuals b; and jacobians) into the constraint buffer. Note: also compute and store R; 1., Ri B, n; .4 and!
n; p in contact and constraint structures.

3

(GPU. body-parallel) Force kernel. For each body, compute forces f (f(“ qif, V(i)). if any. Store these forces
and torques into F; and C';. For example, apply the gravitational and gyroscopic forces.

22



4

(GPU. contact-parallel) Contact preprocessing kernel. For each contact. given contact normal and posi-
tion. compute in-place the matrices DZ—U e DZW , and D;frwa. then compute 17; and the contact residual b; =
{+2i(q),0,0}7.

5

- N X fmnigiac. w1 _ -1
(GPU. body-parallel) CCP force kernel. For each body j. initialize body velocities: T} = hm;°F; and

(i+1) _ —1
w; _hJJ C;.

’

6a

(GPU. contact-parallel) CCP contact iteration kernel. For each contact i, do

At = Al (3 —wn (DI v+ b)) + (1 — A)yr. Note that D7 v is evaluated with sparse data. using
Eq (24). Store A/ T! = 47! — 47 in contact buffer. Compute sparse updates to the velocities of the two
connected bodies A aud B. that is the four vectors of Eq. (26), and store them in the R; 4 and R; p slots of the
reduction buffer. Also copy n; 4 and n; j in the same slots.

6b
(GPU. consrmiur-pamﬂel) CCP constraint iteration kernel. For each constraint ¢, do
W= N (3 —wn (VITV +b )) (1 — A)77. Note that VU7 v is evaluated with sparse data, using
Eq. (27). Store A%] T+ — =77 +1 _ 47 in contact buffer. Compute sparse updates to the velocities of the two
connected bodies A and B, that is the four vectors of Eq. (28), and store them in the R; 4 and R; p slots of the
reduction buffer. Also copy n; 4 and n; g in the same slots.

6¢c

(GPU. reduction-slot-parallel) RMVLA binary reduction kernel. Do an inner loop with this kernel, starting
with k = np and ending with & = 1. At the k-th inner iteration, for each slot of the reduction kernel. if the slot
repetition counter 7z > 21, add slot values to the slot whose index is arretrated 2~ positions, and set counter
to 0.

6d

(GPU. body-parallel) Body velocity updates kernel. For each j body. add the cumulative velocity updates
which can be fetched from the reduction buffer. using the index R;.

Repeat from step until convergence or until number of CCP steps reached r > 7,0,-
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7
(I+1) (

(GPU. body-parallel) Time integration kernel. For each j body, perform time integration as «; = qj!) +
(D4 (1+1)
hL(qj W b

8

(Host. serial) Copy body data structures from GPU memory to host memory. Copy contact multipliers from
GPU memory to host memory.

end

Development of high performance software for multibody mechanical simulations
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The proposed algorithm requires lot of data bookkeeping (upload
to and download from GPU has a limited bandwidth!)

FKT(FHOST(P(E)
Yi:E b g g % %AE Var.BE upLoRo
B H s @
E vj_é f; =E M, =E % = E E‘ V DEVICE (GPU)\
g i R | GPU bodies buffer GPU contacts buffer
] E E EEE | throadgria Tivead grid
1IN EE AT
s8] | [ = T
885 j EE

- OPTIMIZATION!
*leave body data on the GPU — minimal transfer from/to CPU
scompute contacts on directly on GPU (but requires a GPU collision engine)




Development of high performance software for multibody mechanical simulations . 2015

A.Tasora, D iale, Un ; .
slide n. a

Some spare thoughts...

1. Why SOR (immediate update of variables) behaves so better |
than plain Jacobi, when doing multibody? l v
* Anintuitive example: an object with many redundant contacts with ground:

* For Jacobi, the higher the redundancy, the lower the needed ®
relaxation; but low relaxation = slow convergence.

* Looks like that with SOR we can use larger o values..

Ops... a smaller relaxation
JACOBI
value @ was needed... SOR Good! (regardiess of how many

constraints were redundant)
+
a
\ \ \
A [ /\ /ﬁ
-

“ﬂu A £ |1}

1° contact ........2° contact ... 3°contact ... END OF ITERATION 1° contact ........: 2° contact ... 3°contact .... END OF ITERATION

Development of high performance software for multibody mechanical simulations
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2. How to manage more than 1 Million of bodies?
A single GPU with 2GB of RAM is not enough...

* Multiple GPUs: already possible...
¢ ..But at each CCP iteration some data should be moved from GPU to GPU
* Possible bottleneck!

*  Workaround: topological or geometrical partitioning of the problem: data
interdependency is minimized (transfer only data for shared bodies/contacts)

¢ Still, GPU to GPU memory transfer at each CCP iteration would hit too much the
performance.

* Further improvement: transfers less frequent than CCP iteration: ex as in
addictive Shwartz preconditioner.
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3. Bad performance of the solver in case of dense high stacks

* Typical problem of all fixed-point solvers!
* Convergence ‘stalls’ after initial good iterations
* Metaphor: how to propagate an effect over a long chain of bodies?

Solution
Algebraic Multigrid (AMG) for CCP ?

* How to avoid fill-in of jacobians during Galerkin densification?
* How to manage the nonlinearity caused by cone projection?
* How to implement it in a GPU-friendly way?

A challenge... One should aim at:
Reuse data structures when possible
Avoid divergence
Etc.. (Work in progress...)

Development of high performance software for multibody mechanical simulations
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Conclusion

New algorithm for GPU parallel computation of multibody systems
Performance improvement of more than 20x !
Future improvement: multiple GPUs.

Applications:
* vehicles on granular flows,
* mixers for pharmaceutical industries,
* PBR nuclear reactors,
¢ real-time simulators (VR, games)
* etc.
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Part C

Multibody solver on heterogeneous parallelism

Development of high performance software for multibody mechanical simulations ' \4-:'
A.Tasora, Dipartimento di Universita di Parma, Italy

Supercomputing

Ex: MIRA supercomputer at
Argonne National Labs

* 10-petaFLOPS
+ 786,432 processors
power: 3.9 MW

27
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e —
Heterogeneous parallelism

A solution for very large multibody problems:

» use a cluster of computing nodes = P/ is used to handle the

connected with Infiniband.. node-level parallelism
« ..each computer fitted with one = CUDA is used to handle the
or multiple GPU boards GPU-level parallelism

Development of high performance software for multibody mechanical simulations
A.Tasora, Dipartimento di Ing ia Industriale, Universita di Parma, Italy

Our heterogeneous — —
cluster (at University ey @ User2 ”“”@} L‘“'""::x”""’
of Wisconsin, Madison S S Conechon

SBEL labs) “ e ——
onnec
‘} Compute Node Architecture
Lab @ Ethemnet

Computers
@ Fast Infiniband
Switch
8
Head Node I

Compute Compute Compute Compute Compute Compute

%we 1 Node2 Node3 Node4 Node5 Nodeg  Network-Altached Slorage

Gigabit Ethernet
Switch
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» OS: Scientific Linux 6.2

» Peak Flop Rate [Single Precision]: 86.7 Teraflops (GPU)
» Peak Flop Rate [Double Precision]: 11.5 Teraflops (GPU), 10.0 Teraflops (CPU)
* 1 xHead Node

* 14 x GPU Compute Nodes

* 16 x CPU Compute Nodes

* 40 x NVIDIA GeForce GTX 480 GPUs

» 8 x NVIDIA GeForce GTX 680 GPUs

+ 3 x NVIDIA Tesla C2050 GPUs

+  5x NVIDIA Tesla C2070 GPUs

* Interconnect: Gigabit Ethernet, Infiniband
» Infiniband Switch: QLogic 12200-BS01

Development of high performance software for multibody mechanical simulations '\' \‘
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Problem...

How to implement the iterative CCP solver on a cluster ?

Easy solution: use Schwarz alternating process

» Solve subdomain problems independently
» Broadcast updated boundary values to other domains via MPI
* Repeat

How to handle domain decomposition?

29
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Definitions

A graph: T(V,E)
Order "n = Vi size n = Fn

Vertices V' = {v1.....vp )

Edges E ={e1.....en} e

, Ul

Network topology

Tn(prvla En)

— PClbus GPU GPU L]
—— InfiniBand wires [ GPU |
HAN PCcores [ GPU |
Nodes= computers, PC nloﬁl
switches, etc.
HCA
Edgea= wiring Switched fabric

| Switch |—| Switch | !

Switch |—| Switch

Network topology is
mostly transparent to the
programmer

Anyway, its topology can
affect performance (data starving)
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|
.TC(I/ ] EC‘) o PC node PC node
—H P | — P process
— GPU
Nodes= computing hardware [GPU ] —+ Mt prcess
(CPU cores and/or PC node ! GPU
GPU thread processors) e N Femode
[:l — MPI process
Edges= communication GPU =
(MPI messages, CUDA [GPU |
data flow, etc) —+ MPI process
PC node GPU
— ]
The computing topology ; = MPiprocess
must be implemented GEY E0
via software ’ |
= MPICH2 GPU :
Two options shown here - gf;":"p :
T&4 GPU hardware threads

Example: a mechanical system with bodies and contacts
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Graph Dual hypergraph
T)?L(‘/Dl*. Em) %L(V-m. gm)

Nodes= bodies Nodes= constraints and contacts
Edges= constraints and contacts Edges= bodies

Non-oriented multi-graph (nonsimple) Non-oriented hyper-graph (a clutter)
(Gaifman graph)

v ~,

Development of high performance software for multibody mechanical simulations
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KKT-matrix graph Shur-matrix graph
Ty (Vi, Ex) Ts(Vs. Es)
0

RN

30

40

Nodes= dual and primal Nodes= dual variables y (contacts)
variables v and y

AT Tar—1
M D v | _ | =z N=-D"M"'D
DT 0 ¥ |

Note: Ts is the line graph (covering -
graph) of the mechanical graph: Is ﬁ(Tm)
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One Schwarz iteration

Development of high performance software for multibody mechanical simulations
A.Tasora

One Schwarz iteration
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+ There is no need of transmitting shared contact y's via MPI
« Just transmit the summed effect of the y’'s on the shared bodies:

This is a ‘building block’ of

i t] % i i i) .3 inner loops of most
Clb_ E Dll‘b?u+Dl‘]bitl+Dri‘b3u solvers

» This is more efficient from a data-structure point of view...

Development of high performance software for multibody mechanical simulations
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Basic:

Optimized:

[°

£
=
S

: Q L 2 L2 jol L
i ¥V E_ E_ VvV E VvV | V E_ N
Pobs ¢ ¢ b ¢ b, : bs ¢, b,
é by ¢y [ by e E by ¢y
Vb o s b, ¢ b

é bs ¢ C3 i by

: €s :
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Domain partitioning

But... how to obtain optimal graph partitioning?

* minimal graph cut
* in general: optimally balanced between processors

The mechanical topology changes at each time step...

Use k-way partitioning? - impact on CPU time

Use spectral methods? = impact on CPU time

We accept (sub-optimal) Cartesian partitioning.

Development of high performance software for multibody mechanical simulations
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Domain topology

Fast partitioning can be based on 3D Cartesian domain decomposition

— o3 — o

* Not necessarily cubic
(K.lglberger et al.: hexagonal prisms, etc.)

+  Almost optimal for
granular problems

* Just use body’s AABB to build 3
shared body lists

* Note: not optimal for odd
size ratios

Example (in 2D)
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Domain topology

Clo =" Dilsvi + Dilovi + Dl
T4(Va, Eq)
1 2 3/
VvV E V E V E
+ Shared cut bodies: bs s bs ¢4 ) by
transmit impulses on them — by o4
b;
+ Shared outer constraints: -
our iteration does not need them! 2
4 B 6
VvV _E VvV E V E
bs b X 1 by ¢
b, pre by, ¢
> b3 €
Cs
Vi, = {veVnlX¥()ND;#2} j=1,....z2
E,, = {eeVylple)eD;} j=1,...,z

Development of high performance software for multibody mechanical simulations
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Implementation issue

Note: shared bodies have different indexes (and pointers) in two
neighboring domains... How to efficiently serialize-deserialize MPI data
in case of multiple shared bodies?

Q‘1
Clbz.l CIbZ.Z

QZ

2 4 CIbS,l CIbS,Z

QIM.I CIM.Z

3 6 Chs. U2
4 3
C 2

Id est: how to do this mapping efficiently?
5

Clo =" Dilrl + Dilit + Dl
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Trick: in each domain, sort the vectors to be sent via MPI according to
body’s global unique identifiers.

* Index mapping is simply one-to-one after receiving.
» Sorting is very efficient on GPUs.
91

217 8y == 217 &lys,

Q?
401 40 23180y = 231y,
401Chy, === 401},
231 231 @ S08 Chsy s> 508 Chys

217 21

@ 50

Clo =2 Dilovi + Dylovi + Dolevi,
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Domain decomposition resu

Performance improvements thank to better subdomain solvers:
- projected GS / Jacobi
- projected MINRES,
- etc.

Net of 1000 spheres & bilaterals: convergence comparison Net of 1000 spheres & unilateral contacts: convergence comparison
03—~ -"~"~"~"~—"~-" -~~~ ~Z-Z——-—-—-—-—-—— 0.2

Jacobi
— CG
Conj.MINRES

Proj.Jacobi LCP
Proj.MINRES 10/5
Proj.MINRES 5/5

| |~ .=~ Proj.MINRES 2/10

|
|
|
: 0.15[F — — — — — Lo 1
|

0 50 100 150 200
iteration n.

iteration n.
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Example (2 domains, 1 shared body)
Exact subdomain solutions

Vertical chain (Schwarz + MINRES)

reaction [N]

constraint n.

Developmen
A.Ta:

Example (2 domains, 1 shared body)
Incomplete subdomain solutions, warm started

Vertical chain (Schwarz + MINRES)

reaction [N]

constraint n.
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Example (2 domains, 3 shared body)
Incomplete subdomain solution, warm started, larger overlapping

Vertical chain (Schwarz + MINRES)

reaction [N]

constraint n.
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