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Reproducibility failure of one industrial simulation code

open TELEMAC-MASCARET :

The mathematically superior suite of solvers

@ Simulation of free-surface flows in 1D-2D-3D hydrodynamic
o Integrated set of open source Fortran 90 modules, 300 000 loc.

o LNHE (EDF R&D) + international consortium, 20 years, 4000 reg. users

Telemac 2D [5]
@ 2D hydrodynamic: Saint Venant equations

o Finite element method, triangular element mesh, sub-domain
decomposition for parallel resolution

@ Mesh node unknowns: water depth (H) and velocity (U,V)
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The Malpasset dam break: a reproducible simulation?

The Malpasset dam break (1959)
@ A five year old dam break: 433 dead people and huge damage
@ Simulation mesh: 26000 elements and 53000 nodes

@ Simulation: 2200 seconds with a 2 sec. time step

Profondeur d'eau obtenue pour t=2200s
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The Malpasset dam break: a reproducible simulation?

The Malpasset dam break (1959)
@ A five year old dam break: 433 dead people and huge damage
o Simulation mesh: 26000 elements and 53000 nodes [ —

@ Simulation: 2200 seconds with a 2 sec. time step '\\*

A reproducible simulation?
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The Malpasset dam break: a reproducible simulation?

The Malpasset dam break (1959)
@ A five year old dam break: 433 dead people and huge damage
@ Simulation mesh: 26000 elements and 53000 nodes

@ Simulation: 2200 seconds with a 2 sec. time step ’\‘%

A reproducible simulation?

velocity U velocity V depth H
The sequential run  0.4029747E-02 0.7570773E-02 0.3500122E-01
one 64 procs run 0.4935279E-02 0.3422730E-02 0.2748817E-01
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The Malpasset dam break: a reproducible simulation?

The Malpasset dam break (1959)
@ A five year old dam break: 433 dead people and huge damage
o Simulation mesh: 26000 elements and 53000 nodes p—— e g

@ Simulation: 2200 seconds with a 2 sec. time step : M -

A reproducible simulation?

velocity U velocity V depth H
The sequential run  0.4029747E-02 0.7570773E-02  0.3500122E-01
one 64 procs run 0.4935279E-02 0.3422730E-02 0.2748817E-01
one 128 procs run  0.4512116E-02 0.7545233E-02 0.1327634E-01
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The Malpasset dam break: a reproducible simulation?

The Malpasset dam break (1959)
@ A five year old dam break: 433 dead people and huge damage

o Simulation mesh: 26000 elements and 53000 nodes

o Simulation: 2200 seconds with a 2 sec. time step M

A reproducible simulation?

velocity U velocity V depth H
The sequential run  0.4029747E-02 0.7570773E-02 0.3500122E-01
one 64 procs run 0.4935279E-02 0.3422730E-02 0.2748817E-01
one 128 procs run  0.4512116E-02 0.7545233E-02 0.1327634E-01

The privileged sequential run? uncertainty: up to x 2.5
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Telemac2D: the simplest gouttedo simulation

Expected numerical reproducibility

timestep =1, 2, ...

Version original: Unknown, H
Time step: 1, number of processors: 0

20 3.64297136
3.39437709
15
3.14578281
10,
2.89718854
2.64859427
2.40000000

Sequential

Version original: Unknown, H
Time step: 1, number of processors: 0

20

Parallel p =2

3.64297136

3.39437709

3.14578281

2.89718854

2.64859427

2.40000000
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Telemac2D: gouttedo

Numerical reproducibility?

time step =1

Version original: Unknown, H
Time step: 1, number of processors: 0

20 3.64297136
3.39437709
15
3.14578281
10|
2.89718854
2.64859427
2.40000000

Sequential

Version original: Unknown, H
Time step: 1, number of processors: 2

20

Parallel p =2

3.64297136

3.39437709

3.14578281

2.89718854

2.64859427

2.40000000
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Telemac2D: gouttedo

Numerical reproducibility?

time step = 2

Version original: Unknown, H
Time step: 2, number of processors: 0

20 2.95255614
2.84204492
15
273153370
10|
2.62102248
251051126
2.40000005

Sequential

Version original: Unknown, H
Time step: 2, number of processors: 2
- e T

2%
o @ o Pbo

20

Parallel p =2

2.95255614

2.84204492

2.73153370

2.62102248

251051126

2.40000005
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Telemac2D: gouttedo

Numerical reproducibility?

time step = 3

Version original: Unknown, H
Time step: 3, number of processors: 0

Version original: Unknown, H

5 dduTass - Time ste 3, umber of processors: 5 aduTess
55 5
269811485 269811485
253575418 2553575418
b
237339351 237339351
221103284 221103284
204867217 2.04867217

Sequential Parallel p =2
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Telemac2D: gouttedo

Numerical reproducibility?

time step

Version original.
ber

2.79880948

2.63361644

2.46842340

2.30323036

2.13803732

1.97284429

Sequential

Version original: Unknown, H
f

Parallel p =2

2.79880948

2.63361644

2.46842340

2.30323036

2.13803732

1.97284429
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H

Sequential

time step = 5

274888220

2.60507808

2.46127396

2.31746984

217366572

2.02986161

Version original: Unknown, H

Parallel p =2

2.74888220

2.60507808

2.46127396

2.31746984

2.17366572

2.02986161
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H

Sequential

time step = 6

270921956

2.59690007

2.48458059

2.37226110

2.25994161

214762212

Parallel p =2

2.70921956

2.59690007

2.48458059

2.37226110

2.25094161

214762212
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H
e number of pro

Sequential

time step =7

2.68669468

™ 258052864

2.49236260

2.39519655

2.29803051

2.20086447

20

Version original: Unknown, H
., number of processol

2.68669468

"2 58952864

2.49236260

239519655

!

2.29803051

2.20086447

5 10 15 20

Parallel p =2
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H
Time step: 8, number of processor:

Sequential

time step = 8

275888470

™ 2.65252443

254616417

2.43980390

2.33344363

2.22708336

20

Version original: Unknown, H
Time step: 8, number of processors:

Parallel p =2

2.75888470

2 65252443

!

2.54616417

2.43980390

2.33344363

2.22708336
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Telemac2D: gouttedo

Version original: Unknown, H
Time step: 9, number of processor:

Sequential

Numerical reproducibility?

time step = 9

2.83806000

271975409

2.60144818

2.48314227

2.36483636

2.24653045

Version original: Unknown, H
Time step: 9, number of processors:

20

5 10 15 2

Parallel p =2

2.83806000

2.71975409

2.60144818

2.48314227

2.36483636

2.24653045
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H
Time step: 10, number of processors: 0

Sequential

time step = 10

2.80999626

2.59396788

2.48595370

2.37793051

2.26992533

Version original: Unknown, H
Time step: 10, number of processol

2.80999626

]

"42.70198207

2.59306788

2.48595370

2.37793951

= o o e 2.26992533

Parallel p =2
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Telemac2D: gouttedo

Numerical reproducibility?

time step = 11

Version original: Unknown, H
11

Time ste
20

2.80177117

"H2.70363319

2.60549520

250735722

2.40921924

o b 2.31108125

Sequential

20

Version original: Unknown, H

Time st 1, number of processors:

5 10 15 2

Parallel p =2

2.80177117

2.70363319

2.60549520

2.50735722

2.40921924

2.31108125
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H
Time step: 12, number of processors:

20

Sequential

time step =

2.93919137

2.81840066

2.69760994

257681923

2.45602852

2.33523781

Version original: Unknown, H
Time st 2, number of processors:

2.93919137

2.81840066

2.69760994

2.57681923

2.45602852

2.33523781

5 10 15 2

Parallel p =2

6/47



Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H
e step: 13, number of processol

Sequential

time step = 13

3.05061098

2.88657322

272253546

255849770

2.39445994

223042218

207

Time ste|

Version original: Unknown, H
: 13, number of processol

Parallel p =2

3.05061098

2.88657322

2.72253546

2.55849770

2.39445994

2.23042218
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Telemac2D: gouttedo

Numerical reproducibility?

Version original: Unknown, H
e step: 14, number of processol

Sequential

time step = 14

293253317

278651163

2.64049009

2.49446855

2.34844701

2.20242547

Version original: Unknown, H

Parallel p =2

293253317

2.78651163

2.64049009

2.49446855

2.34844701

2.20242547
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Telemac2D: gouttedo

NO numerical reproducibility!

Version original: Unknown, H
Time step: 15, number of processoi
7

Sequential

time step = 15

2.66629260

257807827

2.48986394

2.40164961

2.31343528

2.22522004

Version original: Unknown, H
Time step: 15, number of processors: 2
5 g s

Parallel p =2

2.66629260

2.57807827

2.48986394

2.40164961

2.31343528

2.22522004
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Telemac2D: gouttedo

NO numerical reproducibility!

Version original: Unknown, H
Time step: 15, number of processors: 0

20

Sequential

2.66629260

257807827

2.48986394

2.40164961

2.31343528

2.22522094

Version original: Unknown, H
Time ste 5, number of pi

2.66629260
257807827
2.48986394
2.40164961
2.31343528

2.22522004

Parallel p =2
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Numerical Reproducibility

o Motivations

© Basic ingredients

© Recovering reproducibility in a finite element resolution
@ Efficient and reproducible BLAS 1

© Conclusion and work in progress
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Motivations

Exascale HPC and numerical simulation
@ Moore's rule — 108 flop/sec in 2020

@ Massive and heterogeneous parallelism : 1 million of computing units

@ Numerical simulation of complex and sensitive physical phenomena
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Motivations

Exascale HPC and numerical simulation
@ Moore's rule — 108 flop/sec in 2020

@ Massive and heterogeneous parallelism : 1 million of computing units

@ Numerical simulation of complex and sensitive physical phenomena

Numerical reproductibility failure of finite precision computations
@ Non associative floating-point addition
@ Computed value depends on the operation order

o Reproducibility failures reported in numerical simulations for energy [12],
dynamical weather science [4], dynamical molecular [11], dynamical fluid [8]
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When? why?
@ Operation order uncertainty for consecutive executions of a given binary file

@ Appears both in parallel and “sequential4+-SIMD” environments
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Reproducibility failure (1)

When? why?
@ Operation order uncertainty for consecutive executions of a given binary file

@ Appears both in parallel and “sequential4+-SIMD” environments

Parallel reduction: SIMD, openMP, MPI, GPU

o Let p be the number of computing units

@ When p varies, the partial computed values before the reduction also vary

o For a given p > 2, the computed reduced value depends on
the dynamic scheduling of the reduction: omp, mpi, gpu

10 /47



Reproducibility failure (2)

Reproducibility # Portability
o Portability : one source — different binaries
@ Parameters: compilers and their options, librairies, OS, comput. units

o Reproducibility may fail for a given set of portability parameters
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Reproducibility failure (2)

Reproducibility # Portability
o Portability : one source — different binaries
@ Parameters: compilers and their options, librairies, OS, comput. units

o Reproducibility may fail for a given set of portability parameters

Reproducibility # Accuracy
@ Reproducibility: bitwise identical results for every p-parallel run, p > 1
@ Full accuracy = unit roundoff accuracy = bitwise exact result

@ Improving accuracy up to correct rounding = reproducibility
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Reproducibility failure (2)

Reproducibility # Portability
o Portability : one source — different binaries
@ Parameters: compilers and their options, librairies, OS, comput. units

o Reproducibility may fail for a given set of portability parameters

Reproducibility # Accuracy
@ Reproducibility: bitwise identical results for every p-parallel run, p > 1
@ Full accuracy = unit roundoff accuracy = bitwise exact result

@ Improving accuracy up to correct rounding = reproducibility

Reproducibility
@ Pros: numerical debug, validation, legal agreements

@ Cons: numerical debug, stochastic arithmetic

11 /47



Today's issues

Feasibility
@ Do existing techniques easily provide reproducibility to large scale
(industrial) scientific software?

Efficiency

@ Do correctly rounded summation algorithms provide efficient
implementations of reproducible parallel BLAS routines?

12 /47



Today's issues

Feasibility
@ Do existing techniques easily provide reproducibility to large scale
(industrial) scientific software?

o openTelemac-Mascaret: Tomawak, Telemac2D
o finite element assembly, domain decomposition, linear system solving

Efficiency

@ Do correctly rounded summation algorithms provide efficient
implementations of reproducible parallel BLAS routines?
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Today's issues

Feasibility
@ Do existing techniques easily provide reproducibility to large scale
(industrial) scientific software?

o openTelemac-Mascaret: Tomawak, Telemac2D
o finite element assembly, domain decomposition, linear system solving

Efficiency
@ Do correctly rounded summation algorithms provide efficient
implementations of reproducible parallel BLAS routines?

o BLAS 1: asum, dot, nrm2
e overcost vs. Intel MKL
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Today's issues

Feasibility
@ Do existing techniques easily provide reproducibility to large scale
(industrial) scientific software?

o openTelemac-Mascaret: Tomawak, Telemac2D
o finite element assembly, domain decomposition, linear system solving

e Compensation yields reproducibility here!

Efficiency

@ Do correctly rounded summation algorithms provide efficient
implementations of reproducible parallel BLAS routines?
o BLAS 1: asum, dot, nrm2
e overcost vs. Intel MKL

e Convincing rtn-BLAS 1 but ...

12 /47



© Basic ingredients
o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
o Compensation

@ Reproducible parallel FE assembly
o Reproducible conjugate gradient
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© Basic ingredients
o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
o Compensation

@ Reproducible parallel FE assembly
o Reproducible conjugate gradient
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Sequential finite element assembly

Assembly step principle: V(i) =>" We(i)

elements
@ compute the inner node values

o accumulate W, for every ielem that contains i

Profondeur d'eau obtenue pour t=2200s

The assembly loop
for idp = 1, ndp //idp: triangular local numbering (ndp=3)
for ielem = 1, nelem
i = IKLE(ielem, idp)
V(i) = V(i) + W(ielem, idp) //i: domain global numbering
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Sequential finite element assembly

Assembly step principle: V(i) =>" We(i)

elements
@ compute the inner node values

o accumulate W, for every ielem that contains i

Profondeur d'eau obtenue pour t=2200s

The assembly loop
for idp = 1, ndp //idp: triangular local numbering (ndp=3)
for ielem = 1, nelem
i = IKLE(ielem, idp) <-- LOOP INDEX INDIRECTION
V(i) = V(i) + W(ielem, idp) //i: domain global numbering
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Parallel FE: subdomain decomposition

Solution Dy - = = = = = = = - - — -Solution Dp
System equation Dy - — — — — — System equation Dp

Interface point assembly

FE assembly FE assembly

iscretizatio]

Continuous domain

IP assembly =
communications and reductions

Exact arithmetic

sequential parallel

o8

V(i) =a V(in)=b V(b)) =c

Interface point assembly

V(i) = Sp, V(i)
subdomains Dy, k =1...p
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Parallel FE: subdomain decomposition

Solution Dy - = = = = = = = - - — -Solution Dp

0 A

System equation Dy System equation Dp

Interface point assembly

FE assembly

FE assembly

iscretizatio]

Continuous domain

IP assembly =
communications and reductions

Floating point arithmetic

sequential parallel
45‘ '\
V(ii)=3 V(ih)=b V(kb)=¢

Interface point assembly

V(i)=b®c+3

V(i) = o, V(i)
subdomains Dy, k =1...p
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Assembly step: example of reproducibility failure

Sequential vs. p-parallel results differ for p = 2,4,8,16
o Assembly with the classical floating-point accumulation
@ sequential FPAss vs. p-parallel FPAss,

max |FPAss, — FPAss|/|FPAss|

10

®—e FPAss P=2
®-® FPAss P=4
@ FPAss P=8
@@ FPAss P=16

10 20 30 40 50 60 70
Time step

Maximum Relative Error vs. Sequential Computation

Mean frequency wave, Nice test case, Tomawac
17 /47



© Motivations

© Basic ingredients
o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
@ Compensation

© Recovering reproducibility in a finite element resolution

@ Reproducible parallel FE assembly
o Reproducible conjugate gradient

© Efficient and reproducible BLAS 1

© Conclusion and work in progress
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Sources of non reproducibility in Telemac2D

Culprits: theory
@ Building step: interface point assembly

@ Resolution with conjugate gradient: matrix-vector and dot products

Culprits: practice = optimizations
o Element-by-element storage of FE matrix and second member
@ Wave equation and associated algebraic transformations

@ Interface point assembly and system solving are merged

19 /47



Sources of non reproducibility in Telemac2D

Telemac2D finite element method (FE)

Solution U,V

wave equation
Solution H

conjugate gradient
System equation Ay = b
AM1 o o H cvi
o AM2 o U| =|[cv2
o o AM3, \Z cvs,

algebraic transformation

Abh Ahu A (M Bp
Ay Auu o Ul =By
Aun ° Aw) \V. By
FE assembly +
algebraic computation

Mesh (elements, nodes)

Discretization

CV2 =B, — AuH,
CV3 =B, — AuH.

Interface node assembly:

Cv2,Ccv3

1

=

Interface node assembly:
AM1 in each iteration

AM2,AM3

AM1,CV1

AM?2, AM3 : diagonal matrices,

AM1L = App — AnsAM27 Ay — An AM3 1A,
CV1= B — ApAM27 B, — Ay, AM371B,,

Interface node assembly:

AM2,AM3, CV1
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Sources of non reproducibility in Telemac2D
Telemac2D finite element method (FE)

Solution U,V

Solution H
conjugate gradient

AM1 o o H cvi
o AM2 o U| =|cv2
o o AM3, \Z cvs,

CV2 =B, — AuH,
CV3 =B, — AuH.
Interface node assembly:J H AM2,AM3

Cv2,Ccv3

Interface node assembly:
AM1 in each iteration
AM?2, AM3 : diagonal matrices,

AM1 = App — ApyAM27 Ay — Ap, AM3 71 Ay,
CV1 = Bj, — A AM27'B, — Ap, AM371B,,

AM1,CV1

Anh A Interface node assembly:
(2.,;. Auu AM2, AM3, CV1
vh ©
FE assembly + Obi .
jective

algebraic computation —
[ Correct sources of non-reproducibility ]
t S

o compute reproducible system and solution

Mesh (elements, nodes)

Discretization

20 /47



. Motivations

© Basic ingredients
o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
e Compensation

. Recovering reproducibility in a finite element resolution
@ Reproducible parallel FE assembly
o Reproducible conjugate gradient

. Efficient and reproducible BLAS 1

. Conclusion and work in progress
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Reproducibility failure of the parallel reduction

22 /47



Parallel reduction and compensation techniques

Compensation principle

((a®b)®(cd)) @ ((e1 @ ) @ e3) = (((a®b)®c)Dd) ©((f © F) D f)

22 /47



IEEE binary64 (double): x; =25 — 1, x, = 2% and x3 = — (2% - 2).
Exact sum: x; + x0 + x3 = 1.

Classic summation
2% 1

953 45%_1

254

—(2%4 —2) =P

Relative error = 1

23 /47



Compensated summation: one example

IEEE binary64 (double): x; =253 — 1, xp = 253 and x3 = —(2%* — 2).
Exact sum: x; + x0 + x3 = 1.

Classic summation Compensation of the rounding errors

253 _ 1 9253 _ 1
-1
253 —={p-"\ =] 253
954 954
54 54 0
(@ —2) =0 (2% ~2)
-1
2

Relative error = 1 The exact result is computed

23 /47



Rounding errors are computed with EFT

2Sum (Knuth, 65), Fast2Sum (Dekker, 71) for base < 2 and RTN.

a+b=x+y, witha b,x,y €cFand x=a@ b.

Algorithm (Knuth)

function [x,y] = 2Sum(a,b)

b x=adb
z=x60©a

a y=(ae(xez)®(bez)

— TwoSum —— »
7 " Algorithm (|a| > |b|, Dekker)

function [x,y] = Fast2Sum(a,b)
¥y x=a®b
z=x60©a

y=boz

24 /47



Existing techniques to recover numerical reproducibility in summation
@ Accurate compensated summation [6]
o Demmel-Nguyen's reproducible sums [3]

o Integer convertion [7]
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o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
@ Compensation

© Recovering reproducibility in a finite element resolution

@ Reproducible parallel FE assembly
@ Reproducible conjugate gradient

26 /47



Recovering reproducibility in Telemac2D

Culprits
o Building step: interface point assembly
@ Resolution: matrix-vector and dot products
o Element-by-element storage of FE matrix and second member
o Wave equation (decoupling) and associated algebraic transformations

o Interface point (IP) assembly and system solving are merged

Reproducible resolution: principles
o Compensate FE assembly of inner nodes
@ Propagate rounding errors and compensate while assembling the IP
o Compensate the EBE matrix-vector products
o Compensate the MPI parallel dot products
vector V — [V, Ey] = V + Ey

©

27 /47



D1

FE assembly
Contribution Wi(e,) for every node mesh i belonging to element e;...en
Computation and accumulation of rounding errors A

for idp= 1, ndp | X(1) = Wi(eq) ‘I Wi(ez) I:I Wi(en) |
for ielem= 1, nelem | l
i=IKLE(ielem, idp) : Ao B b |
X(i)=X())+W (ielem idp) L EO=btdottdo |

%ﬁ L

Compensation of the FE assembly for every mesh node |

I X(i)=X()+E(i) :

28 /47



D3

D2

D1

for idp=1, ndp

Subdomain FE assembly.

forielem=1, nelem

fanmlwﬁon Wi(ex) for every node mesh i belonging to elem; €

éomputation and accumulation of rounding errors A

i=IKLE (ielem, idp)

X(i)=X(i)+ W(ielem, idp)

X(1) = Wi(eq) + Wi(ez) +....+ Wi(en)
v v v

similar

A1 A2 An

E(i) = A1+ Ao+...+ An

Interface point assembly

i : interface point between D1,D02,D3

Accumulation of errors A and €

> X(1) = X(1) + X(i) + X(i
v X(i) (I)E¢r1 (I)g2 (i)

i : Interface Point

Interface Poipt asser

bly E(i) = ((E(i) + E(i) +E1)+ E(i)+€2)
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Accurate compensated assembly gives reproducibility

Reproducibility in Tomawac

@ Reproducibility and accuracy

14

10
c
S
g
5
2
£
© acc
s ‘\./o/."\'_./o‘._./o\./o—o
210"
GJ
El
=
3
)
@
2
8
b rep
o
210} -9 -0 — 00— 0-—&——8-—@ - -o -
e}
o]
o
5 ®-e CompAss P=2
g @@ CompAss P=4
s @@ CompAss P=8

@-® CompAss P=16
-17
10 10 20 30 20 50 60 70
Time step

Mean frequency wave, Nice test case, Tomawac

A®: sequential, AP: p-parallel
max e/ (A1, A2) = |A1 — Az|/| A2

Accuracy (of FPSum):
acc = max,e(CompAssP, FPAss®)

Reproducibility:
rep = max,el(CompAssP, CompAss®)
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o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
@ Compensation

© Recovering reproducibility in a finite element resolution

@ Reproducible parallel FE assembly
@ Reproducible conjugate gradient

31/47



Towards a reproducible conjugate gradient

(Initialization: R
0 = Ax° — B; a given d°
0 4o
oo P oo
A=[AM1, Epp] (ad®, d0) Sources of non-reproducibility :
Iterations:
Pmoopmel pmelagm L = x=H Matrix-vector product
dm — m (™, ™ gm—1
B=CV1 - (rm—1 pm—1) Dot prOdUCt
(rm, d™)
m
P =
(dm, Adrm)
xm+1l _ xm _ pmdm
N\ J

Last steps to compensate
o Conjugate gradient
@ Matrix-vector product

o Dot product

o ponderated dot product
o MPI reduced dot product
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A=[AM1, Eppy]

B=CV1

Same errors in compensated values for both sequential and parallel executions

-
Initialization:
0 = Ax® — B; a given d°

L xm+1l _ xm _ pmdm

o 4o
00 = . d% s X1 = X0 _ ;040
(AdO, d0)
Iterations:
Fmoo rm—1 _ pm—lAdm—l
dm — ,m (’,mv rm) m—1
=r (rm—1 ,m—1)

- (™)
P dm, adm)

—> X=H



Reproducible Telemac2D!

p=1

Version comp: Unknown, H
Time step: 1,

number of processors: 0

p=4

Version comp: Unknown, H
Time step: 1,

number of processors: 4

Time step 1

3.64207136

3.39437709

3.14578281

2.89718854

264859427

2.40000000

3.64297136

3.39437709

3.14578281

2.89718854

264859427

2.40000000

Version comp: Unknown, H
Time step: 1, number of processors: 2

p=38

Version comp: Unknown, H
Time step: 1, number of processors: 8

364207136

339437709

3.14578281

2.89718854

264859427

2.40000000

364207136

3.39437709

314578281

2.89718854

2.64859427

2.40000000
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Version comp: Unknown, H
Time step: 2, number of processors: 0

Version comp: Unknown, H
Time step: 2, number of processors: 4

Reproducible Telemac2D!

Time step 2

2.95255614

2.84204492

273153370

2.62102248

251051126

2.40000005

2.95255614

2.84204492

273153370

2.62102248

251051126

2.40000005

Version comp: Unknown, H
Time step: 2, humber of processors: 2

Version comp: Unknown, H
Time step: 2, number of processors: 8

2.95255614

2.84204492

273153370

262102248

251051126

2.40000005

2.95255614

2.84204492

273153370

262102248

2551051126

2.40000005
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Version comp: Unknown, H
Time step: 3, number of processo

20

10

p=4

Version comp: Unknown, H
Time step: 3, number of processors: 4

Reproducible Telemac2D!

Time step 3

2.86047552

2.60811485

253575418

2.37339351

221103284

2.04867217

2.86047552

2.69811485

253575418

2.37339351

221103284

2.04867217

p=2

Version comp: Unknown, H
Time step: 3, number of processor:

20

p=38

Version comp: Unknown, H
Time step: 3, number of processors:

2.86047552

2.60811485

2.53575418

2.37339351

221103284

2.04867217

2.86047552

2.60811485

2.53575418

2.37330351

221103284

2.04867217
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Version comp: Unknown, H
Time step: 4, number of processor:

10
Version comp: Unknown, H

2 Time step: 4, number of processors: 4

Reproducible Telemac2D!

Time step 4

279880948

263361644

2.46842340

2.30323036

213803732

1.97284429

2.79880948

2.63361644

2.46842340

2.30323036

2.13803732

1.97284429

Version comp: Unknown, H
Time step: 4, number of processor:

10 - 20

p=38

Version comp: Unknown, H
rocessol

2.79880048

2.63361644

2.46842340

2.30323036

213803732

1.97284429

2.70880948

2.63361644

2.46842340

2.30323036

2.13803732

197284420
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Reproducible Telemac2D!

20

Version comp: Unknown, H
Time step: 5, number of processor:

Time step 5

274888220

2.60507808

2.46127396

2.317a6984

2.17366572

2.02986161

274888220

2.60507808

2.46127396

2.31746984

2.17366572

2.02986161

Version comp: Unknown, H
Time step: 5, number of processor:

2.74885220

2.60507808

2.46127396

2.31746984

2.17366572

2.02086161

2.74885220

2.60507808

2.46127396

2.31746984

2.17366572

2.02086161
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Reproducible Telemac2D!

Version comp: Unknown, H
Time step: 6, number of processor:

p=4

ion comp: Unknown, H
: mbe ssors: 4

Versi
Time st

Time step 6

270921956

2.59690007

2.48458059

2.37226110

225904161

214762212

270921956

2.59690007

2.48458050

2.37226110

225994161

214762212

Version comp: Unknown, H
Time step: 6, number of processor:

10

p=8

Version comp: Unknown, H
step: ber sor

2.70921056

2.59690007

2.48458059

2.37226110

225994161

2.14762212

2.70921956

2.59690007

248458059

237226110

2.25994161

2.14762212
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Version comp: Unknown, H
Time step: 7, number of processor:
T R 7 7

Version comp: Unknown, H
Time step: 7, number of processors: 4
T g
i

Reproducible Telemac2D!

Time step 7

2.68669468

2.58052864

2.49236260

2.39519655

2.20803051

2.20086447

2.68669465

258952864

2.49236260

2.39510655

2.20803051

220086447

Version comp: Unknown, H
Time step: 7, number of processors: 2

Version comp: Unknown, H
Time s

2.68669468

2.58952864

2.49236260

239519655

2.20803051

2.20086447

2.68669468

258952864

2.49236260

2.39519655

2.20803051

2.20086447
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Reproducible Telemac2D!

Version comp: Unknown, H
, number of pre

p=4

Version comp: Unknown, H
, number of processor:

Time step 8

275888470

2.65252443

2.54616417

2.43980390

2.33344363

222708336

275888470

265252443

254616417

2.43980390

2.33344363

222708336

Version comp: Unknown, H
8, number of pro

p=38

Version comp: Unknown, H
8, number of pro

2.75888470

265252443

2.54616417

2.43980390

2.33344363

2.22708336

2.75888470

2.65252443

254616417

243980390

2.33344363

2.22708336
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ible Telemac2D

Reproduc

Time step 9

2.83806000

i
g
g
g
g
M
g
af
s
g
8
£
5
2

T
4
H
3
€
]
£
S
.
E
s
S
c
2
g
g
>

Time step: 9

2.83806000

number of processors: 0

T
<
H
3
e

£
c

£
.
£
G
M
c
L
a
g
>

Time step: 9

2.71975409

271975409

2.60144818

2.60144818

248314227

2.48314227

2.36483636

2.36483636

2.24653045

2.24653045

2.33806000

number of processors: 8

Version comp: Unknown, H

Time step: 9,

2.83806000

number of processors: 4

Version comp: Unknown, H

Time step: 9

271975409

271975409

2.60144818

2.60144818

2.48314227

2.48314227

2.36483636

2.36483636

2.24653045

224653045

34/47



Reproducible Telemac2D!

Version comp: Unknown, H
Time step: 10, number of processors: 0

p=4

Version comp: Unknown, H
ime step: 10, number of processors: 4

Time step 10

2.80999626

270198207

259396788

2.48595370

2.37793051

226992533

2.80999626

270198207

259396788

2.48595370

2.37793051

226902533

Version comp: Unknown, H
Time step: 10, number of processors: 2

p=38

Version comp: Unknown, H
10, number of processors: 8

2.80999626

2.70195207

2.59396788

248595370

2.37793051

2.26092533

2.30999626

270198207

2.59396788

2.48595370

2.37793051

2.26992533
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Reproducible Telemac2D!

Time step 11

Version comp: Unknown, H

2 Time step: 11, number of processors: 0

280177117
"2.70363310
2.60549520
250735722
2.40921924

231108125

p=4

Version comp: Unknown, H
processors: 4

2.80177117

270363319

2.60549520

250735722

2.40921924

231108125

Version comp: Unknown, H
Time step: 11, number of processors: 2

20
2.80177117
158 270363319
2.60549520

10
‘u 250735722
2.40021024
o 2.31108125

on comp: Unknown, H

20
2.80177117
158 2.70363319
260549520

10
‘U 250735722
2.40021024
2.31108125

34/47



Reproducible Telemac2D!

Version comp: Unknown, H
Time step: 12, number of processors: 0

p=4

Version comp: Unknown, H
Time step:

Time step 12

2.93910137

281840066

2.69760094

2.57681923

2.45602852

2.33523781

2.93910137

281840066

2.60760094

257681023

2.45602852

233523781

Version comp: Unknown, H
e step: 12, number of processors: 2

p=38

Version comp: Unknown, H

2.93919137

281840066

2.69760994

257681923

2.45602852

2.33523781

2.93919137

2.81840066

269760994

257681923

245602852

2.33523781
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Reproducible Telemac2D!

Time step 13

Version comp: Unknown, H

2 Time step: 13, number of processors: 0 ——

® 2 88657322
272253546

1 255849770

2.39445994

223042218

p=4

Version comp: Unknown, H
Time step: 13, number of processo:
2 o
2%

3.05061008

288657322

272253546

255849770

2.39445994

223042218

Version comp: Unknown, H
Time step: 13, number of processors: 2

20

Version comp: Unknown, H

20

3.05061098

288657322

2.72253546

255849770

2.39445094

2.23042218

305061098

2.88657322

2.72253546

2.55849770

2.39445094

2.23042218
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Reproducible Telemac2D!

Version comp: Unknown, H
Time step: 14, number of processors:

p=4

Version comp: Unknown, H

Time step 14

2.93253317

278651163

2.64049009

2.49446855

2.34844701

2.20242547

293253317

278651163

2.64049009

2.49446855

2.34844701

220242547

Version comp: Unknown, H
Time step: 14, number of processors: 2

Version comp: Unknown, H
2 Time step: 14, number of processo:

2.93253317

278651163

2.64049009

2.49446855

2.34844701

2.20242547

2.93253317

2.78651163

2.64049009

2.49446855

2.34844701

2.20242547
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Reproducible Telemac2D!

Time step 15

Version comp: Unknown, H
tep: 15, number of processors: 0

20 266620260
M 257807827

15
2.48986394

1 2.40164961

2.31343528

222522004

p=4

Version comp: Unknown, H

tep: 15, number of :
Time step nurnberof processors: 2.66629260

® 257807827
2.48986394
2.40164961

2.31343528

222522004

Version comp: Unknown, H
tep: 15, number of processors: 2

20

Version comp: Unknown, H
Time step: 15, number of processors:

20

s
i

2.66620260

257807827

2.48986394

2.40164961

2.31343528

2.22522094

2.66620260

2.57807827

2.48986394

2.40164961

2.31343528

2.22522004
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. Motivations

. Basic ingredients
o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
o Compensation

. Recovering reproducibility in a finite element resolution

@ Reproducible parallel FE assembly
o Reproducible conjugate gradient

© Efficient and reproducible BLAS 1

. Conclusion and work in progress
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Numerical reproducibility for the BLAS

BLAS + correctly rounded sums
@ Dot product of length n — sum of length 2n
@ A correctly rounded result is reproducible

@ A large panel of algorithms for faithful or correctly rounded sums

Motivation
@ How to benefit from these CR sums for reproducible BLAS?

@ Is the over-cost acceptable in practice for reproducible BLAS?

Current results
@ BLAS 1 : asum, dot, norm?2
@ openMP for shared memory

@ Hybrid openMP-MPI for shared+distributed memory
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Overview |

Our methodology
@ Optimization and choice of the best sequential CR sums
© Deriving parallel CR sums
© Application to reproducible BLAS-1 routines

The starting point: sequential summation algorithms
o Accurate: Sum-K [6]
o Faithful: AccSum [10], FastAccSum [9]

o Correctly rounded (in RtN): iFastSum, HybridSum [14], OnlineExact
sum [15]
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Overview I

Reproducible parallel BLAS-1: algorithmic choice
@ Rasum: parallel Sum K as in [13] with K =2 for n < 107.
o Rdot: FastAccSum (small n) or modified OnLineExact (large n)
@ Rnrm2: Rdot+IEEE sqrt — reproducible only

All details in [1]

Efficiency of Reproducible Level 1 BLAS,

C. Chohra, Ph. L., D. Parello.

SCAN 2014 Post-Conference Proceedings

Lecture Notes of Computer Science (2015).
http://hal-lirmm.ccsd.cnrs.fr/lirmm-01101723
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Parallel BLAS-1: Runtime overcost for reproducibility

Runtime/size of parallel level 1 BLAS, up to 16 threads, cond=1032

I~ asum
[~ FastReprodasum
[—Rasum

4

runtime(cycles) / size
% ©

[~ mkidot

| FastReprodDot
[~ Rdot

4

les) / size

runtime(cycl

S

- norm2

|~ FastReprodNrm2
——Rnrm2

log2 of size

asum

25

5 20
log2 of size

dot

log2 of size

nrm?2

Hardware and software env.

@ socket: Xeon E5-2660 (L3 cache = 20 M).

@ 2 cores, 8 cores on each socket.

@ OpenMP 4.0 (Intra socket parallelism).
o Compare vs. Intel MKL 11
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o OCCIGEN: 26" supercomputer in top500 list.

@ 4212 cores, 12 cores on each socket.

@ OpenMP 4.0 (Intra socket parallelism).

@ OpenMPI (Inter socket communications).
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Parallel BLAS-1: Scalability

Configurations Dataset
@ #sockets =1 .. 128. @ Entry vectors size = 107.
o Ftthreads = 12 per socket. e Condition number = 1032,
3.5e+07
=g?:§:5|?(§tion0m ReSU |tS
3e+07 [ FastReprodDot .
oot @ Good scaling for large datasets.

2.5e+07

[ HybridSumDot

@ Two communications cost
limits ReprodDot and
FastReprodDot.

2e+07

Cycles

1.5e+07

1e+07

@ We need only one
communication for
R N G OneReduction, HybridSum and

Sockets

5e+06

0

OnlineExact.

40/ 47



. Motivations

@ Basic ingredients
o Finite element assembly: sequential and parallel cases
@ Sources of non reproducibility in Telemac2D
o Compensation

. Recovering reproducibility in a finite element resolution
@ Reproducible parallel FE assembly
o Reproducible conjugate gradient

. Efficient and reproducible BLAS 1

© Conclusion and work in progress
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To conclude

Feasibility 7
Do existing techniques easily provide reproducibility
to large scale industrial scientific software?

Efficiency 7
Do correctly rounded summation algorithms provide
efficient implementations of reproducible parallel BLAS routines?
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Conclusion |

Numerical reproducibility

@ How to remain confident facing the complexity of today’'s computational
systems? and tomorrow?

@ Sources: floating-point peculiarities and parallel reduction, data alignment,
operator choices, compiler optimizations

Feasability
o Existing techniques are efficient enough and more or less easy to apply

@ More precision, less errors or even exact computation

Reproducibility at the large scale: the openTelemac case
@ Complex, large and real simulations are tractable

o Difficult to automatize but easier to pass the methodology on to software
developpers

@ Next step for Telemac 2D: more complex physical and numerical issues
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Conclusion I

Efficiency
@ Convincing reproducible BLAS level 1
@ Hybrid openMP+MPI and scalability “in the large”
o Current step: Intel MIC (Xeon Phi)
@ Next steps: BLAS-2, optimistic but BLAS-3, no future!

Numerical reproducibilty: cons/pros
@ Non reproducibility reveals bugs or numerical problems!
@ just return 1 ... it is reproducible indeed!

@ Reproducibility is one factor towards numerical quality ... as theorems,
experiments, tools that yields error bounds, stability conditions, accuracy

@ Reproducibility for the validation steps, not for the actual/operating mode

@ Sequential — parallel implementation: reproducibility = no more bug
... both implementations can be wrong!
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