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Motivation
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¢ Complex physics = complex software!

u

* js this necessary, or just a result of looking at the problem in the wrong way?

¢ Changing from model “A"” to model “B" ...

* may require different transport equations

* may introduce different nonlinear coupling

¢ Spatial discretization frequently permeates software design

* Model developers typically must deal with “mesh loops”
* often resort to “copy/paste/modify” tactics that are highly bug-prone

* Future proofing:
e \What if you want to do OpenMP on these loops?
e \What happens when you learn that OpenMP is not the right tool?

e pthreads, CUDA / OpenCL ... ?

& Questions: Can we write efficient software that...

e ... naturally handles complexity and allows us to easily extend/replace existing models?
¢ ... allows programmers to easily and robustly express intent while not worrying about “details?”

e ... allows us to refactor for different hardware architectures without rewriting the code base?

2
=
-
=
@
@
e~
I
=
Z
"
o=
[
O
=
-4
7%
%)
=
O
Z
¥
o
o
23}
O
(3]
—
—
O
)

DEPARTMENT OF CHEMICAL ENGINEERING

U



Flexible...

¢ Register all expressions [ =T(T,p,v:)

® Fach “expression” calculates one or more field quantities.
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u

e EFach expression advertises its direct dependencies.

¢ Set a “root” expression; construct a graph

e All dependencies are discovered/resolved automatically. Direct (expressed)

e Highly localized influence of changes in models. dependencies.

e Not all expressions in the registry may be relevant/used. \
Indirect (discovered)

¢ From the graph:

. ; 5 . dependencies.
e Deduce storage requirements & allocate memory (externally ¥ : Y

to each expression). v

e Automatically schedule evaluation, ensuring proper ordering.

e Asynchronous execution is critical! (overlap communication &
computation)

* Robust scheduling algorithms are key.

Expression
Registry
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*Notz, Pawlowski, & Sutherland (2012). ACM

Transactions on Mathematical Software, 39(1).

U



S
S
s
L
—
Ll
Ll
(-
—
()
1
7]
=2
—
<<
=
=L
Ll
|
-]

THE UNIVERSITY OF UTAH

rho_HOCN_RHS tho_CN_RHS tho_NCO_RHS rho_CH20_RHS rho_C3H8_RHS tho_C2H3_RHS rho_HO2_RHS rho_02_RHS tho_C2H2_RHS ’}‘{’,—,L‘ﬁ.’:;ﬁ‘;f
s (1 post-procs) (1 post-procs) (1 post-procs) (1 post-procs) (1 post-procs) (1 post-pr post-p P (1 post-procs)
(-] tho_NO2_RHS
Y tho_CO_RHS tho_N_RHS tho_OH_RHS tho_HCNN_RHS tho_CH2_RHS tho_HCCO_RHS tho_CH2CHO_RHS tho_N2_RHS ’{'f—”g_z-r:;f (1 post-procs)
(-] (1 post-procs) post-pr 1 post-procs) post-pr post-pr post-pr (1 post-procs) (1 post-procs) BostD)
. — tho_H_RHS
- tho_CO2_RHS tho_N20_RHS tho_C3H7_RHS tho_HCO_RHS tho_CH3_RHS rho_HNO_RHS tho_CH3O_RHS tho_O_RHS tho_CH2CO_RHS o)
L (1 post-procs) (1 post-procs) (1 post-pr (1 post-pr (1 post-p (1 post-pr (1 post-procs) (1 post-procs) (1 post-procs)
-
u tho_H2CN_RHS tho_CH3OH_RHS tho_HCCOH_RHS tho_H202_RHS tho_H20_RHS tho_C2H_RHS tho_C_RHS mﬁ’"@ﬁ"rﬂ;s ::‘0—0*_'—2:':) ::":;:;El;m
= (1 post-procs) (1 post-procs) (1 post-procs) (1 postpr (1 post-pr (1 post-procs) (1 postp PostP! (e
—
tho_HNCO_RHS tho_CH2(S)_RHS tho_C2HE_RHS tho_CH2OH_RHS tho_NNH_RHS tho_C2H4_RHS tho_H2_RHS tho_C2H5_RHS. tho_CH4_RHS ’:“LNOJ‘”S ’{?’;;‘;.‘i-;,‘;f
(1 post-procs) (1 post-p 1 post-pr 1 post-procs) 1 post-pr 1 post-procs) 1 post-pt 1 post-pr (1 post-p (1 post-procs)
ISpeciesDiffusionFlux_0 SpeciesSourceTerm_0
‘SpeciesDiffusionFlux_1 SpeciesSourceTerm_1
enthalpy_0 SpeciesDiffusionFlux_2 SpeciesSourceTerm 2
enthalpy_1 SpeciesDiffusionFlux_3 SpeciesSourceTerm_3
enthalpy_2 SpeciesDiffusionFlux_4 SpeciesSourceTerm_4
enthalpy_3 SpeciesDiffusionFlux_5 SpeciesSourceTerm_5
enthalpy_4 SpeciesDiffusionFlux_6 SpeciesSourceTerm_6
enthalpy_5 SpeciesDiffusionFlux_7 SpeciesSourceTerm_7
enthalpy_6 SpeciesDiffusionFlux_8 SpeciesSourceTerm_8
enthalpy_7 SpeciesDiffusionFlux_9 SpeciesSourceTerm 9
enthalpy 8 SpeciesDiffusionFlux_10 SpeciesSourceTerm_10
enthalpy_9 SpeciesDiffusionFlux_11 SpeciesSourceTerm_11
enthalpy_10 SpeciesDiffusionFlux_12 SpeciesSourceTerm_12
enthalpy_11 SpeciesDiffusionFlux_13 SpeciesSourceTerm_13
enthalpy_12 Spec!esD!“us!onFluxJ 4 Spec!essouroeTermJ 4
enthalpy_13 SpeciesDiffusionFlux_15 SpeciesSourceTerm_15
enthalpy_14 SpeciesDiffusionFlux_16 SpeciesSourceTerm_16
enthalpy_15 SpeciesDiffusionFlux_17 SpeciesSourceTerm 17
enthalpy_16 SpeciesDiffusionFlux_18 SpeciesSourceTerm 18
enthalpy_17 SpeciesDiffusionFlux_19 SpeciesSourceTerm 19
enthalpy_18 SpeciesDiffusionFlux_20 SpeciesSourceTerm 20
enthalpy_19 SpeciesDiffusionFlux_21 SpeciesSourceTerm_21
enthalpy_20 SpeciesDiffusionFlux_22 SpeciesSourceTerm_22
enthalpy_21 SpeciesDiffusionFlux_23 SpeciesSourceTerm_23
enthalpy_22 SpeciesDiffusionFlux_24 SpeciesSourceTerm_24
enthalpy_23 SpeciesDiffusionFlux_25 SpeciesSourceTerm_25
enthalpy_24 SpeciesDiffusionFlux_26 SpeciesSourceTerm_26
F— enthalpy_25 o ] SpeciesDiffusionFlux_27 SpeciesSourceTerm_27
SICEEO enthalpy_26 SpeciesDiffusionFlux_28 mixturoMW SpeciesSourceTerm_28 r—
enthalpy_27 SpeciesDiffusionFlux_29 SpeciesSourceTerm_29
enthalpy_28 SpeciesDiffusionFlux_30 SpeciesSourceTerm_30
enthalpy_29 SpeciesDiffusionFlux_31 SpeciesSourceTerm_31
enthalpy_30 SpeciesDiffusionFlux_32 SpeciesSourceTerm_32
enthalpy_31 SpeciesDiffusionFlux_33 ‘SpeciesSourceTerm_33
enthalpy_32 SpeciesDiffusionFlux_34 SpeciesSourceTerm 34
enthalpy_33 SpeciesDiffusionFlux_35 SpeciesSourceTerm 35
enthalpy_34 SpeciesDiffusionFlux_36 SpeciesSourceTerm_36
enthalpy_35 Spec!esD!“us!onFlux,w Spec!essouveeTermj7
enthalpy_36 SpeciesDiffusionFlux_38 SpeciesSourceTerm_38
enthalpy_37 SpeciesDiffusionFlux_39 SpeciesSourceTerm_39
enthalpy_38 SpeciesDiffusionFlux_40 SpeciesSourceTerm_40
enthalpy_39 SpeciesDiffusionFlux_41 SpeciesSourceTerm_41
enthalpy_40 SpeciesDiffusionFlux_42 SpeciesSourceTerm_42
enthalpy_41 SpeciesDiffusionFlux_43 SpeciesSourceTerm 43
enthalpy_42 SpeciesDiffusionFlux_44 SpeciesSourceTerm_44
enthalpy_43 SpeciesDiffusionFlux_45 SpeciesSourceTerm 45
enthalpy_44 SpeciesDiffusionFlux_46 SpeciesSourceTerm_46
enthalpy_45 SpeciesDiffusionFlux_47 SpeciesSourceTerm_47
enthalpy_46 SpeciesDiffusionFlux_48 SpeciesSourceTerm_48
enthalpy_47 SpeciesDiffusionFlux_49 SpeciesSourceTerm_49
enthalpy_48 SpeciesDiffusionFlux_50 SpeciesSourceTerm_50|
enthalpy_49 peciesDiffusionFlux_51) peciesSourceTerm_51
enthalpy_50 peciesDiffusionFlux_5: peciesSourceTerm_5:
enthalpy_51
lenthalpy_52|
— S
[« 18
Z
Ul
— E
-
Viz
M |
s species_0 i i i ; i ies 19 4 species 22 i i - i es. 37 es 40
o X species_3 species 7 W species 10 J species 13 species 16 Jfy_Species_ pecies species 25 J species 28 species_31 species_34 JK_species_ species
z species_1 species_5 species 8 JX_species_11 species_14 J{_ species 17 species_20 species 23 I species_26 species 29 X species 32 species 35 L species_38
w 7% species_2 species_4 )< species_6 |<_ species_9 species_12 species 15 _J{_species 18 ){_species 21 J{_ species 24 ) species 27 )_species 30 J{__species 33 species_36 species_39
=5
&€|5
<L | =
Q.-
w5
y rhov1 e ho¥.5 [ thov 7 J thoY.9 | rhov_11 p MOY-13 y OY.1S oy 17 | rhoY_19 oY_21 3 thoY_23 | rhoY.25 ez i D7E) \r (DL v GED7ES G AIEET L T
thoY_0 thoY_2 oY 4 pove
2 - thoY.8 oY 10  rhoy_ 12  rthoY_14  rhoY_16 thoY_18  rhoY_20 thoY 22 rhoY_24 thoY 26 rthoY_28  rhoY.80  thoY.32  thoY.34  rhoy 36

rho_AR_RHS
(1 post-procs)

species_41 species_44

rhoY_40

heat_capacity

species_46

species_45

rhoY_41

species_47

rhoY_45

rhoY_42

HeatFlux

pressure

species_52
species_50

species_51

rhoY_46

rhoY_47

rhoY_48

Example: coal combustion

e 55 PDEs
e ~35 ODEs per
e Complex interphase coupling

particle

densityRHS X_momentumRHS
thoEORHS - y_momentumRHS
1 post-procs) 1 post-procs) - mom_RHS xmom_RHS mass_RHS
(1 post-procs) (peioesy D) (1 post-procs) p-ymom-| (oo e p_temperature_RHS
dev_volatile_RHS
e0src
p_Xmomdragterm
P2CconvenergyStc
tauyx
pressure_xmomrhs
F2CMomSicY char_mass_RHS
tauxc
positionRHS
coal_Temperature._rhs
P2CmassSrc
P2CMomSre_X
p_tau }(p_drag_coef
[
P2CenergySrc
ptempconv
x_velocity_advect
wall_temp
p_x_RHS
pressure._face
p_density
heat_released_to_gas
int_species_5
parSc
char_02_RHS dev_char_production
p_xvel
Heat_Capacity_of_Coal
p_yvel
P2CSpeciesSic_CO P2CSpeciesSic_CO2 P2CSpeciessic_H20 -
p.Re
thermal _conductivity AR O P2CSpeciesSrc_HON evaporation_rhs
P2CSpeciesSro_H2 P2CSpeciesSre_H P2CSpeciesSrc_02
P2CSpeciesSic_NH3 P2CSpeciesSic_CH4 p_mass
v moisture_mass.
(1 post-procs)
char_H2_ths
char_H20_ths
C02_Gasification_reaction
char_CO2_RHS
char_CO_RHS
cpd_Delta_RHS_0
cpd_Delta_RHS_1
cpd_Delta_RHS_2
cpd_dy_1 cpd_Delta_RHS_3
H20_Gasification_reaction KT cpd_Delta_RHS_4
s cpd_Delta RHS_5
o pd*dy* A cpd_Delta_RHS_6
e cpd_Delta_RHS_7 ¥
2 cpd_dy_5 TSR Volatile_Mass
idati cpd_dy_6 cpd_Delta_RHS_8
char_oxidation_RHS L cpd_G_RHS_0 Cpd_Delta_RHS_9
char_Mole_CO/CO2 copd_ dy—; cpd_Delta_RHS 10
int_species_15 T pd_Delta_RHS_11
= = cpd_Delta_RHS_12
cpd_Delta_RHS_13
cpd_Delta_RHS_14
char_mass (cpd_Delta_RHS_15
) (1 post-procs)
o
cpd_L_RHS cpd_G_RHS 10
int_pressure cpd_G_RHS_11
cpd_G_RHS_12
cpd_G_RHS_13
pd_G_RHS_14
(cPd_G_RHS_15
y_velocity
cpd_kg_0
1
int_species_3 =
cpd_kg_3
xcoord cpd_kg_4
cpd_kg_5
int_temperature cpd_kg_6
s cpd_kb
cpd_kg_8
- cpd kg 9
(5 int_mixtureMW cpd_kg_10
cpd_kg_11
opd_kg_12
cpd_kg_13
cpd_kg_14
cpd_kg_15
x_velocity
Initial_p_mass
p_temperature
opd_g.1 3
= He opd_g 7 cpd_g 9 cpdl cpd_delta_0 cpd_deta_2 "\ cpd_defta_14 cpd_delta_5 cpd_delta_7 o cpd_delta_12 cpd_defta_13
cpd g 4 ; (1 post-procs) (1 post-p (1 post-p post: (1 post-procs) (1 post-procs) (1 post-procs) (1 post-procs)
opd_g_15 a6 \ -
cpd_g_13 pd_g.0 cpd_g.5 ) cpd_delta_15 ‘opd.delta 1 i el 3 cpd_delta_4 cpd_delta_6 cpd_delta_8 cpd_delta_10 cpd_delta_11
d_g_10 (1 post-procs) (1 post-procs) pd_delta. (1 post-procs) (1 post-pr (1 post-pr (1 post-p (1 post-procs)
thoY_49 | rhoY_51 D opd_g_8 opd_g_ p—— post-p post-p (1 post-procs) post-p
density (E=D X_momentum y_momentum B LR CHEE
thoY_50 =



Efficient...
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¢ Expressive syntax (matlab-style array operations)

u

 Programmer expresses intent (problem structure) - not
implementation.
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¢ High performance

® Should match hand-tuned code in performance.

& Extensible

* Insulate programmer from architecture changes (e.g. multicore
- GPU — ...).

e EDSL “back-end” compiles into code for target architecture.

Expressiveness

¢ "Plays well with others”

e Allow programmer to write in C++ and inter-operate with EDSL.
* Not an “all-or-none” approach: enable incremental adoption.

e Allows concurrent develooment of EDSL and application codes.
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Field Expressions

—

¢=a—+ sin(b)

‘ Manual C++
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Field::const_iterator ia; = aq.begin();
Field::const_iterator ibqy = bi.begin();
for(Field::iterator icqy = cqy.begin();

Thread icy != cqj.end(); Nebo

++icqy, ++iaq, ++ibq) {

c <<= a + sin(b);

x*xicqy = %iaqy + sin(xibq); )
b ® Data parallel handled internally.
Field: :const_iterator ia, = ap.begin(); ® Thread deployment (resizable threadpool).
Field::const_iterator ib, = bp.begin(); P
Th d for(Field::iterator icp = cp.begin(); GPU deployment.
read n icp != cp.end(); ® Compile-time guarantee of field
++icp, ++iap, ++ibp) { N . .
wicp = wiap + sin(xibp); compatibility for given operations.
¥
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Chained Stencil Operations
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E_ ¢ — —V - q phi <<= divX( interpX(lambda) * gradX(temperature) ) ¢
b \ - + divY( 1interpY(lambda) * grad¥Y(temperature) )
=V - ( VT) + divZ( interpZ(lambda) * gradZ(temperature) );

-

// field type inference:

typedef FaceTypes<FieldT>::XFace XFluxT;
typedef FaceTypes<FieldT>::YFace YFluxT;
typedef FaceTypes<FieldT>::ZFace ZF1luxT;

// operator type inference:

typedef OpTypes<FieldT>::DivX DivX;
typedef OpTypes<FieldT>::DivY DivY;
typedef OpTypes<FieldT>::DivZ DivZ;

* One inlined grid loop, no temporaries.
* Better performance & scalability than without chaining.

e Compile-time consistency checking (tield-operator and
field-field compatibility).
e Runtime consistency checks for ghost cell validity.
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Putting it Together: Performance & Scalability
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Speedup using DSL* relative to
other Uintah codes
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Multicore & GPU Performance

Test: mockup of a diffusion-reaction problem.
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u

e Easily dial in the number of equations (30 here). 09, V- -J, + s,

e Diffusion is an inexpensive stencil calculation. ot

Ji = -T'V¢,
si = f(¢i) or s; = f(¢P;)

14 | | | | g R B -

1o, [---"dear| |Coupledsrc =L.-" R - BEREE .

® Reaction is an expensive point-wise calculation.
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Parting Thoughts
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¢ Hierarchical parallelization allows for flexible usage of available resources:

u

 Domain decomposition (SIMD)

e Should allow a process to do computation on “interior” while waiting on communication from neighbors.

* Task decomposition (MIMD)

 Decompose the solution into a DAG that can be scheduled asynchronously.

e Vectorized parallel (SIMD)

® Break grid operations across multicore, GPU, etc.

¢ DAG representation is a scalable abstraction that:
e Handles problem complexity gracefully.

* Provides convenient separation of the problem’s structure from the data.

e Allows sophisticated scheduling algorithms to optimize scalability & performance.

¢ (E)DSLs are very useful

e Future-proofing: separate intent from implementation.
e EDSLs allow seamless transition of a code base and leverage existing compilers.

* Template metaprogramming pushes work from run-time to compile-time for more efficiency.

uI
ZIE
— =
[+« 18
Wio
1T,
S
Wiz
|3
U\
[—
E_
T|Z
Uiz
| 1 7T
O|z
h—
2|2
B
=5
Pl-l-l
o
<=
Q.=
Wwio
Qo

U



