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What 1s EAGLE?

Our motivation for SWIFT: EAGLE-
XL

What i1s SWIFT?

Performance enhancements and
where to find them

Current status of the project

Gas in the EAGLE simulation (McAlpine 2017)



What is (was) EAGLE?

R

Cosmological simulation

Mass resolution 106 solar masses .

Spatial resolution ~kpc - 4 AL _

Allows us to study how galaxies A o | ok
form and evolve L &Y

Dynamic,range present in EAGLE M’



What is (was) EAGLE? -

* |nclude sub-grid physics:
* Cooling
o Star formation and feedback

 Black holes and AGN
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e Same resolution as original EAGLE

* Baryonic particles with mass 106 solar
masses

e 33 times the volume

* ~91 billion gas particles.
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 For me? Statistics!

0.5}

0.0}

_}Ioglo(R.—;o / kpc)

| — Active
- —— Passive
-=- z=0

o 27x larger volume, 27x more
objects.

. Shen+ 03, active (x1.4) | B VanDerWel+ 14, active |
Shen+ 03, passive ( x1.4) | B VanDerWel+ 14, passive

|
o
U

0 e |
10<z<15 ° ¢ | 15<z<2.0 e’
o v 1 . @ o

e 10 SMGs in EAGLE-100

log,(R;, / kpc) S i Ze

* ~300 SMGs in EAGLE-XL!

5 - T - T - B . 5 - T - T - B .

Mass-Size relation in EAGLE, Furlong+, 2016
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* Original EAGLE took 2 months on 4096 cores
 GADGET-3 does not scale further
* MPI requires too much memory overhead

 Imbalance of communication

* This 1s impossible with the GADGET-based code
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 SWIFT 1s a new cosmological simulation
code

 Particle-based hydrodynamics (SPH,
GIZMO)

—_
-
-

e Fast Multipole Method (FMM) for gravity
(O(N) v.s. O(NlogN) for Barnes-Hut)

Specific Internal Energy (J kg_l)

—_
-
@)

e Streamingi/o

The highest resolution planetary impacts simulation
ever performed, made possible with SWIFT
Kegerreis+, 2019



Start again

* Throw out everything and start from
scratch

e 6 years ago, Matthieu Schaller (ICC) &

Pedro Gonnet (CS) started work on
SWIFT

* New algorithms, new data structures,
and new Interface

-o--?eu--??-ﬁ)}--coo»

Sorted cell interaction in SWIFT
Gonnet+, SPHERIC, 2013
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GADGET: hydro added onto gravity

code '
* Hydrodynamics typically takes up the ‘
majority of computation time

* Particle-based code - Smoothed
Particle Hydrodyamics (SPH) |

» Allows fluid elements to be tracked PN

over time

Kelvin-Helmholtz Instability
SWIFT v0.8.0, ANARCHY++ Scheme




- 0.20

0.15

Density

0.10

0.05




- 0.35

* What if we change the volume
we consider for each particle?

- 0.30

0.25

* Set R such that our volume
encloses 30 particles.

* Density for each particle is then

0.10

Sompart
1_p3
S T IR

Pi =

0.05




» We can do better! We care less -
about particles that are further 04-
away.

O
W

Kernel Wj
-
N

* Weight the contribution from
each particle with a “kernel”.

0.1 -

o Size kernel to enclose 30 00
pa I‘th'GS Wlthln CUt-Off rad|us Ratio of interparticle separation to smoothing length, rjj/h;




* Density for each particle now
given by:

30
Pi — Z mpartw(rijp hz)

7=1

Density

* Density (+ temperature, tracked
by particles) gives pressure,
which gives dynamics




What do we need to know? -

* Need to know the neighbours of all
particles at each time-step

* Need to be able to compute the
Interactions between particles

Density

* Need to be able to effectively load-
balance such an operation




 Enter the pseudo-verlet list

* Construct an oct-tree, as In other codes

* This time, though, group particles into
cells

* Cells contain up to 400 particles

 Refine the tree until this criterion is
satisfied

* We now know “everything” - no “tree walk” Top Level Cel

Cell mesh construction in SWIFT

Borrow+, SPHERIC 2018, 2018




" Spliting work into discrete chunks

Drift

o SWIFT uses task-based parallelism

Sort
_—\ /T~

Pair Sub-Self Sub-Pair

T~/

Ghost in

* Each thread runs something different

* Computation is put onto a queue that Shel
IS picked up by threads that are free Ghost out
. . elf air ub-Self ub-Pair
» Dependencies and conflicts are : P“SS' el
Imposed to ensure tasks are end Force
performed globally in the correct order Kick 2
Hydrodynamics
Timestep tasks in SWIFT

‘ Borrow+,
SPHERIC 2018, 2018



Interacting particles

(a) o O |(b) O
O Q O O Q O
O O 4 Q ( O (
» New processors have a bunch of N _j}__}_%_& | E‘! ? 0 -%--T'--s--x ol
features | IR ié 1]
- O
u " . © . - ) O o
* These “SIMD" units allow you to do a © 00 ¢ . O
bunch of operations all at once (@) (6)
- . (a)
* Writing code for these is hard: employ S
_ _ "O'O-"O'{DO'O-(t)"@(b{)}ES'OO"O-O"O"O*
computer scientists P} i

SIMD vectorised interaction between two cells
Willis+, ParCo 2017, 2017



© Multiple Timesteps =

* Hydrodynamics in cosmological
simulations 1s highly adaptive

* 10T range In density
* 1045 range In time-step!

* This Is necessary; only very few
particles are on those short time-
steps - updating the whole volume
IS very costly

Particles

Density (g cm™3)

1073t 107%° 10727 107% 10723 1074
| | | | | |
102 4 < 1 x 101!
107 -
10° - —— Timestep
- Density
103 -
10t -
< 3 x 104 >
i | ' L | ' L | L L
103 104 10° 10° 10’

Timestep (years)

Time-step variation in the EAGLE-50 volume. Borrow+, SPHERIC 2018, 2018



 All of that is great, but If you
can't balance it across many,
many cores It's useless

* The multiple time-steps makes
this even harder; | don't want to
do communication for the short
time-steps, but at the same time
| want the big steps (majority of
runtime) to be well balanced.

Wallclock time for step (ms)

-
-
IS

=
o
W

-
-
N

-
-
-

«— METIS Grid -
- °.1g..‘._‘.-
‘*..:;}::c 4
i
AL L L L L L LLLL DL L. DL LLLL B
10 104 10 10 10°> 10° 107 108

Number of updates
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—— recv/gpart
m—— reCV/rho

send/xv

sub self/force

pair/force

= Se|f/force
— Send/tend

= grav_mesh
- end_force

- drift_gpart
= |nit_grav

m— grav_down

s K CK 2
— timestep

= drift_part
m— (NOSt

self/grav
pair/grav

pair/density

send/rho

grav_long range

- sub pair/force

sub pair/density
sub self/densit

recv/xv

send/gpart
recv/tend

grav_mm
sort

y

self/—density

kickl
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* Domain Decomposition

* Other codes use a space-filling curve

* Chop up that curve into equal length
sections

o Stick each section onto a rank

* This achieves memory, not computation,
balance

Peano-Hilbert space-filling curve used by GADGET-2, Springel 2005



'Can we do thls better?

*4f1II“IIIHIﬂ|
of work each top-level cell .‘ '
contains IHIIIIII

* Can figure out how much
communication 1t needs to do
In advance

* Using the tasking system, we
can get a handle on the amount

* Bisect the task graph, not the
spatial distribution of particles!

lllustration of top-level domain decomposition in SWIFT
Borrow+, SPHERIC 2018, 2018
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e Strong-scaling: for a given
problem, throw more cores at It
and see how much faster you go

 SWIFT shows a 37x
improvement over GADGET-2
(hydro-only), and about 20x with
hydro+gravity.

Time to solution (103 s)

10° =
102 E

101 E

128 2560 512

10°

L | ' ' ' |
101 104
Threads

SWIFT strong scaling on the EAGLE-25 z=0.1 box
Borrow+, SPHERIC 2018, 2018



Results: Weak

* Weak-scaling: for a given load,

3.0
copy It again and again and see rooe
w 2.5 - 512
how much speed you lose o 1 . y
—
g 2.0
* SWIFT shows near perfect weak =R
. .. S 7 x 10° 5 x 107 4 x 108 3 x 10° 3 x 1010
scaling (this is extremely rare). o
+J 10 .
)
£
* Shown at the worst-case = 0.5 -
- ® Strong scaling particle load
position: z=0.1 after all structure 00 b
has formed 10° 10° 10° 10°

Threads

SWIFT weak scaling on the replicated EAGLE-25 z=0.1 box
Borrow+, SPHERIC 2018, 2018






Dark Matter Only Runs

'z=0.0 " et 4 Sy A e R G . , 15362 patticles,

 Re-run the P-Millennium
simulations (DMO)

We can match the HMF exactly

This includes running halo-finders
on the fly (VELOCIraptor, 6D FoF)

oo Mpe ] AT Kt i e AN S SWIFTRv0.8.0-a



Dark Matter Only

Re-run the P-Millennium (DMO)
simulations

Running ~10x faster than with
GADGET-2

We can match the HMF exactly

This includes running halo-finders
on the fly (VELOCIraptor, 6D FoF)

P
-
-

N

W
1 1 IIIIIII

D
IIIIII 1 1 IIIIIII

=
-

=
-

-

dn/d(logi10M200) [M
o
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3
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32part

:  —. Tinker et al. (2008)

= = P-Millennium - 50403 part.
. == SWIFT - 15363 part.

. == SWIFT - 7683 part.

: == SWIFT - 3843 part.
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santa-Barbara

* Everyone's favourite cluster

* Now simulated with SWIFT!

* A great test of cosmology,
hydrodynamics, and gravity all
working together.

Cluster

Mom=9.7 x 108 M 4

Gadget-2 version of SPH (Springgl 2005)
Santa Barbara Cluster (re-ran frfzam Frenk+ 1999}

n .

SWIF&



On-The-Fly FoF

* Need a faster, simpler FoF than
VELOCIraptor to run on-the-fly

* Used for seeding black holes

 FoF In SWIFT takes the same
time on 56 cores as the
GADGET/EAGLE one took on
2048 cores.

/

Friends-of-Friends algorithm visualised
Willis+, 2019
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* Modified version of the original ANARCHY
SPH scheme implemented

» Uses Pressure-Energy instead of Pressure-
Entropy (makes feedback implementation
much easier)

 Includes the Cullen & Denhen (2010) AV
switch

e Also includes a small amount of energy
diffusion

Sedov-Taylor blastwave in SWIFT



What do we need for EAGLE-XL?

Physics Theory Foundational Work Complete?
Ao
o
Cosmology 90%
Cooling
Stars 25%
Feedback 20%
Black Holes 20%

<
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Did we mention?

® 0O < il oo gitlab.cosma.dur.ac.uk o th O |

Q GitLab  Projects v Groups More v v This project Search

% SWIFT > 3 SWIFTsim > Details

» SWIFT is fully open source and E

&

In open development , SWIFTsim o

SPH With Inter-dependent Fine-grained Tasking

N
. M v Star 4 ¥ Fork 1 SSH~v git@gitlab.cosma.dur.ac.uk:swi I}y @ + -
* You can see all the issues. All | o

the commits. Everything.

Files (56.2 MB) Commits (8,130) Branches (72) Tags (10) Readme Changelog GNU GPLv3 Contribution guide

master swiftsim /| + v History = Q Findfile WebIDE & ~

* SW I ft S I m u C O m J Merge branch 'mpi_ti_end_min' into 'master’

fal02d70 Iy
Matthieu Schaller authored 43 minutes ago
Name Last commit Last update
@8 doc Doc fixes: quick fix for typos and wrong param... 2 days ago
B examples Merge branch 'master' into stars_sort2 19 hours ago

»
B 4 Added more CPUID strings to the ax_gcc_archfl... 1 month ago



http://swiftsim.com

Conclusions

EAGLE-XL i1s only possible with SWIFT

 EAGLE-XL will open up a new era of statistics In
computational cosmology

o SWIFT will allow us to explore other projects that
were previously intractable

* Plans to implement other sub-grid models In
SWIFT to compare directly; EAGLE cooling with

SIMBA black holes?



,ParameterTUning",-f

 Common criticism: “don't you just
tune the parameters to get what you
want"?

* [t's not quite as simple as that

e Some data is “training” (GSMF at
z=0.1), some “validation” (GSMF at
higher z), and some “results” (galaxy
colours).

1.0}

0.8}

0.2}

0.0}

Normalised Weighted Point Density

GAMA Galaxies
Ref-LO100N 1504

O Recal-LO025N0752
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Mass-colour plane, Trayford+ 2015



