spcl.inf.ethz.ch

ETH zirich DS e TS W @spol eth

Fault Tolerance for Remote Memory Access
Programming Models

MACIEJ BESTA, TORSTEN HOEFLER




spcl.inf.ethz.ch

ETH:zurich ' X S /Y 7 _A\x o @spcl_eth

REMOTE MEMORY ACCESS (RMA) PROGRAMMING



ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p

Memory



ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p Process q

Memory Memory

B



ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p Process q

Memory Memory

B

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p \ Process q

Memory ‘ Memory

‘ B
\

Cray
BlueWaters




spcl.inf.ethz.ch

ETHzurich e PR -y @spcl_eth

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p \ ! Process q

Memory ‘ / Memory

' /
‘ :

e - RB-=--=-—----

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p Process q

Memory Memory

B

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p Process q
Memory Memory
out
—
B

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p Process q
Memory Memory
out
_ %
get B
......... — %_E
Fe—

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p rocess g
Memory Memory

out

_
get B

......... — =T

[e—

| flush
--------------------------- >

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

Process p rrocess g
Memory Memory
put m
_
_get —)
_____ flush
.......................... >

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

A One-sided communication

Process p rrocess g
Memory Memory
put m
_
_get —)
_____ flush
-------------------------- >

Cray
BlueWaters




ETH:zurich

REMOTE MEMORY ACCESS (RMA) PROGRAMMING

A One-sided communication

no active
Process p participation Process q

Cray
BlueWaters




spcl.inf.ethz.ch

ETH:zurich e Sal / 7 _Ax 9 @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Implemented in hardware in NICs in the majority of HPC
networks support RDMA '




spcl.inf.ethz.ch

ETH:zurich ' Sl /Y 7 _A\x o @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Implemented in hardware in NICs in the majority of HPC
networks support RDMA .




spcl.inf.ethz.ch

ETHzurich g : e Sk ' / 9 @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Implemented in hardware in NICs in the majority of HPC
networks support RDMA

& v ‘-,l‘ L L]
£ ! = :‘h f vfil'"
o> : [ B
> A =% ' B K
) < . o
- ‘f,_,. 5 @5,&( {
””’ ' Y e
Uil | 4 S E ) b
I ‘ q ‘ ! {
| | ¢ .
5 1

A
.




. By T S e e TR spcl.inf.ethz.ch
ETH:zurich / Z\/iﬁz W @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Implemented in hardware in NICs in the majority of HPC
networks support RDMA

. P ¥
‘ (
| Gl -
_— i i




spcl.inf.ethz.ch

ETHzurich AT 3 @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Implemented in hardware in NICs in the majority of HPC
networks support RDMA




spcl.inf.ethz.ch

ETH:zurich ! e Sal /Y 7 _A\x o @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Supported by many HPC libraries and languages



spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Supported by many HPC libraries and languages




spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Supported by many HPC libraries and languages




spcl.inf.ethz.ch

ETH:zurich - /Y 7 _A\x o @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Supported by many HPC libraries and languages




o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

REMOTE MEMORY ACCESS PROGRAMMING

A Enables significant speedups over message passing in
many types of applications, e.g.:

[1] R. Gerstenberger, M. Besta, T. Hoefler, Enabling Highly-Scalable Remote Memory Access Programming with MPI-3 One-Sided.
ACMI/IEEE Supercomputing 2013, SC13, Best Paper Award

[2] D. Petrovic et al., High-performance RMA-based broadcast on the Intel SCC.SPAAG 1 2




spcl.inf.ethz.ch

ETHzurich g ) o sk ' 9 @spcl_eth

REMOTE MEMORY ACCESS PROGRAMMING

A Enables significant speedups over message passing in

many types of applications, e.g.:
A Speedup of ~1.5 for communication patterns in graph analytics

[1] R. Gerstenberger, M. Besta, T. Hoefler, Enabling Highly-Scalable Remote Memory Access Programming with MPI-3 One-Sided.
ACMI/IEEE Supercomputing 2013, SC13, Best Paper Award

[2] D. Petrovic et al., High-performance RMA-based broadcast on the Intel SCC.SPAAG 1 2




spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich

REMOTE MEMORY ACCESS PROGRAMMING

A Enables significant speedups over message passing in

many types of applications, e.g.:
A Speedup of ~1.5 for communication patterns in graph analytics

A Speedup of ~1.4-2 in physics computations

[1] R. Gerstenberger, M. Besta, T. Hoefler, Enabling Highly-Scalable Remote Memory Access Programming with MPI-3 One-Sided.

ACMI/IEEE Supercomputing 2013, SC13, Best Paper Award
[2] D. Petrovic et al., High-performance RMA-based broadcast on the Intel SCC.SPAAG 1 2




spcl.inf.ethz.ch

9 @spcl_eth

/3 ;} % 0 :;_% :__

:: :. A 9

-
-t~.u...m ... \:‘wm.% fv.—rﬂ /
AR ey -r N a AT ey :J\.,)J wafs %

\ i s T Kﬂ ._ ...... ././.J_% ww,:

. 2 y
m".n m... .....
M-u ..‘.‘.m .v~. ) Gl n.\x%t\ '

L R ABAL BASH B

T VRV
P‘QJ’.QN. “WQQQ. -

LAV

l..”l"..q\ ’ﬂ“'

v
|

ETH:zurich



spcl.inf.ethz.ch

3y @spcl_eth

FAULT TOLERANCE + RMA

ETH:zurich

S; ... Ei
\x._:ﬂ.._ ..:_

-t
- —

.l1¢|lﬂ oiT

c:ﬁ i

\\ . -/ v Y
e o%®s ohohoou >, o.
i

m,.é%

“r”.. “
NMIINY - N o, ....\\\. .

ouuuccuui.v.vﬂc

15.8h of MTBF (for nodes) for the TSUBAME?2



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

FAULT TOLERANCE + RMA



spcl.inf.ethz.ch

ETH:zurich ' XS /Y 7 _A\x o @spcl_eth

FAULT TOLERANCE + RMA

A Fault tolerance is well studied for message passing



o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

FAULT TOLERANCE + RMA

A Fault tolerance is well studied for message passing

Message Passing



. . — P (T spcl.inf.ethz.ch
ETH:zurich e /&&,- W @spcl_eth

FAULT TOLERANCE + RMA

A Fault tolerance is well studied for message passing

Message Passing

Coordinated
Checkpointing (CC)



_ .y ST > g spcl.inf.ethz.ch
ETH:zurich e s /&&, W @spcl_eth

FAULT TOLERANCE + RMA

A Fault tolerance is well studied for message passing

Message Passing

Coordinated
Checkpointing (CC)

uncoordinated
checkpointing
and message

logging (UC)



spcl.inf.ethz.ch

ETH:zurich ' 7 /Y 7 _A\x o @spcl_eth

FAULT TOLERANCE + RMA

A Fault tolerance is well studied for message passing

Message Passing

Coordinated [
“heckpointing (CC)

Y

uncoordinated
checkpointing
and message
] logging (UC)




o , G : spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

FAULT TOLERANCE + RMA

Fault tolerance is well studied for message passing

A
A Scarce research exists for fault tolerance for RMA

Message Passing ——

Coordinated
Checkpointing (CC

S
J) "‘

uncoordinated
checkpointing
and message
] logging (UC)




ETH:zurich

LT

spcl.inf.ethz.ch
3y @spcl_eth

FAULT TOLERANCE + RMA

A
A

Message Passing —

b\ £
NE

Coordinated
Checkpointing (CC

uncoordinated
checkpointing
and message
] logging (UC)

Fault tolerance is well studied for message passing
Scarce research exists for fault tolerance for RMA

RMA




o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

2

FAULT TOLERANCE + RMA

Fault tolerance is well studied for message passing

A
A Scarce research exists for fault tolerance for RMA

Message Passing g

Coordinated
Checkpointing (CC

St
E

uncoordinated
checkpointing
and message
] logging (UC)




. . — P (T spcl.inf.ethz.ch
ETH:zurich e /&&,- W @spcl_eth

2

FAULT TOLERANCE + RMA

Fault tolerance is well studied for message passing

A
A Scarce research exists for fault tolerance for RMA

Message Passing P—— RMA

Coordinated [
Checkpointing (CC)

logging memory
accesses Vs. messages

uncoordinated
checkpointing
and message
] logging (UC)




_ .y ST > g spcl.inf.ethz.ch
ETH:zurich e s /&&, W @spcl_eth

2

FAULT TOLERANCE + RMA

Fault tolerance is well studied for message passing

A
A Scarce research exists for fault tolerance for RMA

Message Passing RMA

Coordinated [
Checkpointing (CC)

logging memory
accesses Vs. messages

checkpointing in RMA-
based applications

uncoordinated
checkpointing
and message
] logging (UC)




ETH:zurich

spcl.inf.ethz.ch
/ "y @spcl_eth

&

FAULT TOLERANCE + RMA

A
A

Message Passi

Coordinated
Checkpointing (CC

ng

b\ £
NE

uncoordinated
checkpointing
and message

logging (UC)

Fault tolerance is well studied for message passing
Scarce research exists for fault tolerance for RMA

RMA

logging memory
accesses Vs. messages

checkpointing in RMA-
based applications

fault tolerance
mechanisms and
schemes




ETH:zurich

spcl.inf.ethz.ch
/ "y @spcl_eth

&

FAULT TOLERANCE + RMA

A
A

Message Passi

Coordinated
Checkpointing (CC

ng

b\ £
NE

uncoordinated
checkpointing
and message

logging (UC)

Fault tolerance is well studied for message passing
Scarce research exists for fault tolerance for RMA

RMA

logging memory
accesses Vs. messages

checkpointing in RMA-
based applications

fault tolerance
mechanisms and
schemes

performance




spcl.inf.ethz.ch

ETH:zurich (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH



spcl.inf.ethz.ch

ETH:zurich s (Y 7T Ax ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model



spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy




spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy

PUT(p = q)
CET(p 5 q)




spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy

PUT(p = q)

CET(p 5 q) _




spcl.inf.ethz.ch

ETH:zurich ' 7 (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

D= (P.£,8,25 55 b <oy

PUT(p = q)

CET(p 5 q) _




spcl.inf.ethz.ch

ETH:zurich ' 7 (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

D= (P,£,55%, 2% 20 5,

PUT(p = q) ;‘r T\q T

CET(p 5 q) _




spcl.inf.ethz.ch

ETH:zurich ' X S 7 Ax ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

Pe so hb  co

D= (P,£,52%, 2% 1, <o) — =

= 5 = y\i T T 77
M0 | | LT s
CET(p = 4) MP vs. RMA  Schemes



o : G spcl.inf.ethz.ch
ETH:lrich o s 34 ) T A7 W @speleth

2

OVERVIEW OF OUR RESEARCH UC in RMA

Generic model CCin RMA

D= (P.£,8,25 55 b <oy

; m-»T '-T T T sl = - Y S
= = — )
PUT(p = q)

e | st SR I | S

MP vs. RMA Schemes




spcl.inf.ethz.ch

ETH:zurich R 7 _\x 9 @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

D= (P.£,8,25 55 b <oy

; ww»T '-T T T s s [l = I = e
= >
PUT(p = q)

e | st SR I | S

MP vs. RMA Schemes




ETHzlrich

OVERVIEW OF OUR RESEARCH

Generic model

D- (P52 2% 1 =)

PUT(p = q)
GET(p S q)

lipGas

CC in RMA

- =

MP vs. RMA

Schemes

UC in RMA
....... ;:'\:“:gT’ir
i IL’/C
MP vs. RM

spcl.inf.ethz.ch
9 @spcl_eth

Checkpointing
schemes



ETH:zurich

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy

PUT(p = q)
CET(p 5 q)

llircas

CCin RMA

- =

MP vs. RMA

Schemes

spcl.inf.ethz.ch
3y @spcl_eth

A

reply actions

MP vs. RM

Checkpointing
schemes

Logging accesses



ETH:zurich

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy

PUT(p = q) G2

GET(p & q) h

CCin RMA

Recovery in RMA

- =

MP vs. RMA

Schemes

spcl.inf.ethz.ch
3y @spcl_eth

A

reply actions

MP vs. RM

Checkpointing
schemes

Logging accesses



ETH:zurich

spcl.inf.ethz.ch
3y @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CC in RMA |
D= (P,£,825,2% 2 oy 1 [ o e e TS|
‘H“ TT I — MP vs. RM
% ==l P B8 B-B 2.
=0 | | (LT JLLL ~=w
GET(p £ ¢ = o
2= 9) MPvs. RMA  Schemes Checkpointing
schemes
Recovery in RMA
Logging accesses
= T
--T =&
¥ =

Basic scheme



- . : o : spcl.inf.ethz.ch
ETHzurich - i 7 9 @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA —] ||

o
D= (:’P,S,S. P : iy hb Lo }! uuuuuuuuuuuuuuuuuuuuuu wa) COOROMATED CHEGHPONTI I RMA: T4 GG SHHE
e T T R s

MP vs. RM
@'M’W m;;:T T\ T T B8 B-B 2.
PUT(p = q) ‘ ‘ ‘ Ny ‘

GET(p & q) h

A

reply actions

- =

Checkpointing
schemes

MP vs. RMA Schemes

Recovery in RMA
Extended RMA Logging accesses
semantics

E - P— >
= EE T

» = —arar
i = R
. [a 5 Ta AN

Basic scheme oy

RMA: RECOVER)




. . <y patl B | ey spcl.inf.ethz.ch
ETHzurich WV i 9 @spcl_eth

OVERVIEW OF OUR RESEARCH

. . " a
Generic model CCin RMA g | P
for logs’ get gs
from mory
D — (’P! S! S.. E} , E"-_ E}-_ E})! nnnnnnnnnnnnnnnnnnnn (RMA) COORDINATED CHEGKPOMNTING i RMA: THE GSYHC SCHENE r=plvm1v§

W 'w M":.:T T\ T T 50 680 EEw MP vs. RM
PUT(p = q) Et ‘ ‘ N ‘

GET(p & q) ‘“

h -

Checkpointing

MP vs. RMA Schemes

schemes
Recovery in RMA
— Extended RMA Logging accesses
- - semantics
P T »>

.!T - = A, Topology-awareness

q-t v_;q y.X S

- | o ; :.........: L L:
Basic scheme <oy




spcl.inf.ethz.ch

ETHzurich - A -y @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CC in RMA ||| -
pe  so hb co - m...ym.:?

D= (:P,S,S._—*,—}._—}._—}),

MP vs. RM

PUT(p = q) 'EEM'JI%@
GET(p & “ . ..
25 9) MPvs. RMA  Schemes Checkpointing
schemes
Recovery in RMA
— Extended RMA Logging accesses
- - semantics
.!T == Vi Topology-awareness
q-Y vﬂ o
. ! = r :.........:' L Ln po so hb co
Basic scheme g (P.E,8,H,G,—,—,—,—, M)

Model extensions



spcl.inf.ethz.ch

ETHzurich ‘A 9 @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA [P

A

reply actions

MP vs. RM

pe  so hb co

D= (:P,S,S._—*,—}._—}._—}),

PUT(p = q) "
GET(p & ‘“ . ..
25 9) MPvs. RMA  Schemes Checkpointing
schemes
Recovery in RMA
— Extended RMA Logging accesses
- - semantics
.!T == Vi Topology-awareness
A, q-Y vﬂ o
. ! = r :.........:' L Ln po so hb co
Basic scheme g (P.E,8,H,G,—,—,—,—, M)

Model extensions

[l e e I e ]

Distribution of
processes




spcl.inf.ethz.ch

ETHzurich R e ¥1 ' 9 @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA e 11 -
D = (pJS]SEE}:E}!E}HE})] cwwm&mﬂfcmwmmmm e - Targets progrns l syacho :: ?:;: & m...yﬁ
T'T TT - MP vs. RM
EMP25 = TR
gy == N
GET(p S ¢q = ° -
2= 9) MPvs. RMA  Schemes Checkpointing
schemes
Recovery in RMA
e Extended RMA Logging accesses
- - semantics
P T >
.!T - £ AN Topology-awareness
». at v.“ ar>
: ! mer i et L L: 2o 80 hb oo
Basic scheme o (P.E, S, H,G,—,—,—>,—>, )

Model extensions

Distribution of  Decreasing
processes failure prob.




spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich
OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

pe  so hb co

D= (P,£,8,25 2% 15 <9

PUT(p = q) ‘ i
GET(p & HIPGAS
2= 9) MPvs. RMA  Schemes Checkpointing
schemes
Recovery in RMA
— Extended RMA Logging accesses
- - semantics
..T - VL Topology-awareness
gt Ve
._l e i L [“ e
Basic scheme =X (P.E,S,H,G,—,—,—, —, )

Model extensions

Holistic fault-tolerance library

Dlstrlbutlon of  Decreasing
processes failure prob.



spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich
OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

Po 50 hb co 0 CHECKPOINTING (RMA)

S| ([T 7T
EM2m =

PUT(p = q) - ‘ ‘ i ‘

; <~

crrp = ) | | IS MPvs. RMA  Schemes Checﬁpo'”t'”g

schemes

Recovery in RMA

S Extended RMA Logging accesses

- - semantics

..T - pv v\_} . Topology-awareness

‘.':.l'l fr ? 4]‘ 4[ >
Basic scheme s (P,E,8,H,G. 25 25 0 =% )

Model extensions

Holistic fault-tolerance library

HouisTic ResiLENCE PROTOCOL FOR RMA
THE OVERVIEW

* Implemented as FTRMA: a portable fault-tolerance libra
= Based on G and foMP1. an vailstie MPI-3 RMA -

The layered protocot

ta---—-m

Dlstrlbutlon of  Decreasing
processes failure prob.




spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich
OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

Po 50 hb co 0 CHECKPOINTING (RMA)

D=(P,£,8,55 22 10 <oy
e || iieeas | l | ‘
CET(p S ¢q
2= 9) MPvs. RMA  Schemes Checkpointing
schemes
Recovery in RMA
S Extended RMA Logging accesses
- - semantics
P r >
..T - B L\ b Topology-awareness
» o q 4]\ 4 f >
_l - A -~ oy po so hb co
Basic scheme EX (P.E,S,H,G,—,—,—,— .#)
Model extensions
Holistic fault-tolerance library
:,;::;.; e Checkpoints
ol on demand : R g
Ao —— — Dlstrlbutlon of  Decreasing
Design Optimizations processes failure prob.



ETH:zurich

spcl.inf.ethz.ch

e . "y @spcl_eth
OVERVIEW OF OUR RESEARCH

Generic model CCin RMA

D= (P.£,8,25 55 b <oy

E:Q]R '9!2@ -»T T\ T T
PUT(p = q) '

~ mhial =it
CET(p S q) lﬂ_ | =

Coor

A

reply actions

MP vs. RM

MPvs. RMA  Schemes g Checkpointin
schemes
Recovery in RMA
S Extended RMA Logging accesses
- - semantics
P r >
.!T - £ e, Topology-awareness
T
.'l mer i et L L: vo =0 hb co
BaSIC SCheme e (‘Pfgvsfl}{!gf_ﬁv_-_)?_-_)?___}!“ﬁ>
Model extensions
Holistic fault-tolerance library
A Checkpoints
R — on demand
S — Distribution of
Design Optimizations Performance

Decreasing

processes failure prob.



- . gt S G e AT spcl.inf.ethz.ch
ETHzurich : 9 @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA || | S—

Po 50 hb ca COORDINATED CHECKPOINTING (RMA) COORDIMATED CHECKPOINTING i RMA: THE GSYHC SCHEME
D=(P,£,S8,—,—,—,—), ‘ :

= T T QJ T o MP vs. RM

A

reply actions

5

PUT(p = q)
GET(p 5 q) m

h o

Checkpointin
schemes

MP vs. RMA Schemes

Recovery in RMA

Extended RMA Proofs Logging accesses
semantics

: RecoveRy
o sy .
. . - P E 3 -
L - E
St ot .

RMA: ReCO)

b, Topology-awareness

» 9 .4]‘ 42~ g
i = PR
: ey ey o so hb  co

Basic scheme > (P.E,8.H,G, =, 5 5 5 )

Model extensions

Holistic fault-tolerance library

HouisTic ResiLENCE PROTOCOL FOR RMA

T OVE PERFORMANCE

* Implemented as FTRMA: a portable fault-tolerance library
« Based on C and f0MPL. an availsble MP1-3 RMA imementatcn (1]

i Checkpoints
: on demand

* Evaluation on CSCS Monte Rosa
nodes

=g

X skemants
o v il tal

" — Distribution of  Decreasing
Design Optimizations Performance processes failure prob.




ETH:zurich

spcl.inf.ethz.ch
3y @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy

CCin RMA

PUT(p = q)
CET(p 5 q)

Recovery in RMA
Extended RMA

RMA: ReCO)

_ 3 semantics
P . >
.!T == T
P ARIR. DN
Basic scheme r= o>

Holistic fault-tolerance library

HouisTic ResiLENCE PROTOCOL FOR RMA

MP vs. RMA Schemes
Proofs

THEOREM 4.2. The recove

. cohb
rithm 2 preserves the — o

ferred to as the gsync order).

. Checkpoints
on demand
Design Optimizations

Deadlock freedom
Correct recovery

PERFORMANCE

* Evaluation on CSCS Monte Rosa
nodes

Performance

A

reply actions

MP vs. RM

Checkpointin
schemes

Logging accesses

Topology-awareness

(P.£,8.H.G,

so hb  co
—_—y — —> Lﬁ}
1 3 3 b

Model extensions

=g

Distribution of
processes

X skemants
o v il tal

Decreasing
failure prob.



. . : G spcl.inf.ethz.ch
ETH:zurich S 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA ER || [

o ]
Pe 80 h’b co COORDINATED CHECKPOINTING (RMA) = COORDIMATED CHECKPOINTING 4 RNA: THE GSYMIC SCHEME :::: <t r::::?e
D=(:p,£,8,—*,—r,—i,—f}, + Trgets programs hat symchronize . MP RM
- 50 680 =
——— [l
PUT(p = q)
GET(p S q) _ =

Checkpointing
schemes

Schemes

Recovery in RMA
Extended RMA  Froofs
SemantICS THEOREM 4.2. The recove

P . > rithm 2 preserves the — o

\' ;'\2> - ferred to as the gsync order). TOpOIOgy-awareneSS

q Ar A7 >
L L Deadlock freedom T Y
< Correct recovery (P.&,SH,G, —,— —,— )

Model extensions

cohb

HouisTic ResiLENCE PROTOCOL FOR RMA
E OVERVIEW

PERFORMANCE

+ Evaluation on CSCS Monte Rosa
+ Implemented as FTRMA: a portable fault-tolerance fibrary + 1,496 computng Cray XES nodes:
+ Baved on C et P, an avaisble MP1-3 RMA imgiementatin 1] « 47,872 scheduiable cores

Checkpoints ey

« 2 appiications

on demand




spcl.inf.ethz.ch

ETH:zurich ' 7 r ’ 7 A7 ¥ @spcl_eth
OVERVIEW OF OUR RESEARCH

CCin RMA

- =

Schemes



spcl.inf.ethz.ch

ETH:zurich (Y 7 A7 ¥ @spcl_eth

COORDINATED CHECKPOINTING (MP)

10



ETH:zurich

spcl.inf.ethz.ch

COORDINATED CHECKPOINTING (MP)

-

Node 1

~

-

Node N

3y @spcl_eth



spcl.inf.ethz.ch

ETHziirich D peme X Sl T N Y Ns o @spel_eth

COORDINATED CHECKPOINTING (MP)

s = Vs =
Node 1

compute
compute

QO
+—
-]
Qo
S
@)
&)

compute
compute
compute




spcl.inf.ethz.ch

ETHzirich TR P / 9 @spcl_eth

COORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1

barrier

compute
compute

compute
compute




spcl.inf.ethz.ch

ETHzurich & o S ke ST -y @spcl_eth

COORDINATED CHECKPOINTING (MP)

' =\ '
Node 1
barrier
¢
\ J \_




spcl.inf.ethz.ch

ETHzurich e St S A T -y @spcl_eth

COORDINATED CHECKPOINTING (MP)

' =\ '
Node 1

barrier

barrier




spcl.inf.ethz.ch

ETHzurich e St S A T -y @spcl_eth

COORDINATED CHECKPOINTING (MP)

' =\ '
Node 1

barrier

barrier




spcl.inf.ethz.ch

ETHzurich e > ~¥ A S T -y @spcl_eth

COORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1 Node N

barrier

barrier

compute




spcl.inf.ethz.ch

ETHzurich e > ~¥ A S T -y @spcl_eth

COORDINATED CHECKPOINTING (MP)

' Y ' Y
Node 1 Node N
barrier
[ .
T
=
barrier =
[ .
R, “‘g
= -
global %'1/\ )
rollback | Nﬁ(




spcl.inf.ethz.ch

ETHzurich e > ~¥ A S T -y @spcl_eth

COORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1 Node N

barrier

barrier

compute




iri e T e o e s spel.inf.ethz.ch
ETHzurich Dot

-y @spcl_eth

COORDINATED CHECKPOINTING (MP)

4 o\ - ~
Node 1 Node N

barrier
¢

compute

barrier
¢




spcl.inf.ethz.ch

ETHzurich e > ~' A S T -y @spcl_eth

barrier

barrier




spcl.inf.ethz.ch

ETHzurich e > ~' A S T -y @spcl_eth

barrier

barrier




spcl.inf.ethz.ch

ETHzirich TR N TN ¥ @spcl_eth

barrier

barrier




ETH:zurich

spcl.inf.ethz.ch

COORDINATED CHECKPOINTING (MP)

-

Node 1

~

-

Node N

3y @spcl_eth



ETH:zurich

spcl.inf.ethz.ch

COORDINATED CHECKPOINTING (MP)

-

Node 1

~

-

Node N

3y @spcl_eth



o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1 Node N
coordinated
checkpoint
¢
\ J \_ J




o gy LG o spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (MP)

N Y N o Y
Node 1 Node N
coordinated %{9@
checkpoint \'29@
[ =
2N
e
Y J \ J




o gy LG o spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (MP)

N Y N o Y
Node 1 Node N
send
coordinated %{9@
checkpoint \'29@
[ =
2N
e
Y J \ J




o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (MP)

N Y N o Y
Node 1 Node N
send
coordinated %{9@
checkpoint \'29@
[ =
2N
e
recv
Y J \ J




o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (MP)

N Y N o Y
Node 1 Node N
send
coordinated %{9@
checkpoint \'29@
[ =
2N
e
%
)N 4
recv »f\
Y J \ J




o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1 Node N
coordinated
checkpoint
¢
\ J \_ J




o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (RMA)

' =\ ' =\
Node 1 Node N
coordinated
checkpoint
¢
\ J \_ J




o gy LG o spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (RMA)

' =\ ' =\
Node 1 Node N

)
)

coordinated S
checkpoint o




o gy LG o spcl.inf.ethz.ch
ETH ziirich B TN Y

COORDINATED CHECKPOINTING (RMA)

' =\ ' =\
Node 1 Node N

put

)
)

coordinated S
checkpoint o




spcl.inf.ethz.ch

ETHzurich i, ' / 9 @spcl_eth

COORDINATED CHECKPOINTING (RMA)

' A ' A
Node 1 Node N
put
coordinated ‘31’%
checkpoint Qs*
€ =
Py
%
>
*:
"r\
\ J \ J




spcl.inf.ethz.ch

ETHzurich i, ' / 9 @spcl_eth

COORDINATED CHECKPOINTING (RMA)

' A ' A
Node 1 Node N
put
coordinated flush ‘3?0@
checkpoint Qs*
€ -
Py
%
%
*:
"{*\
\ J \ J




spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich

COORDINATED CHECKPOINTING (RMA)

' Y '
Node 1 Node N
put
coordinated flush | ---_] o T——
checkpoint | } | " °°- .
[ .
4 /) 4




spcl.inf.ethz.ch

ETH:zurich ' 7 r ’ 7 A7 ¥ @spcl_eth
OVERVIEW OF OUR RESEARCH

CCin RMA

- =

Schemes

13



. . : G spcl.inf.ethz.ch
ETH:zurich S 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model CCin RMA ER || [

o ]
Pe 80 hb co COORDINATED CHECKPOINTING (RMA) = COORDNATED CHEGKPOINTING i RMA: THE GEYNE SCHEME :::: <t r::::?e
D=(:p,£,8,—*,—r,—i,—f}, « Torgosprogrars et synctrrics . MP RM
- 50 680 =
——— [
PUT(p = q)
GET(p 5 q) _ = °

Checkpointing
schemes

Schemes

Recovery in RMA
Extended RMA  Froofs
SemantICS THEOREM 4.2. The recove

P . > rithm 2 preserves the — o

\' ;'\2> - ferred to as the gsync order). TOpOIOgy-awareneSS

q Ar A7 >
L L Deadlock freedom T Y
< Correct recovery (P.&,SH,G, —,— —,— )

Model extensions

cohb

HouisTic ResiLENCE PROTOCOL FOR RMA
E OVERVIEW

PERFORMANCE

+ Evaluation on CSCS Monte Rosa
+ Implemented as FTRMA: a portable fault-tolerance fibrary + 1,496 computng Cray XES nodes:
+ Baved on C et P, an avaisble MP1-3 RMA imgiementatin 1] « 47,872 scheduiable cores

Checkpoints ey

« 2 appiications

on demand

13



spcl.inf.ethz.ch

ETH:zurich ! e Sal /Y 7 _A\x o @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model

D= (P.£,8,25 55 b <oy

PUT(p = q)

GET(p & q) P




spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

RMA: EPOCHS

14



spcl.inf.ethz.ch

ETH:zurich e Sal / 7 _Ax 9 @spcl_eth

RMA: EPOCHS

memory memory

AlBJC] BEE




spcl.inf.ethz.ch

ETH:zurich A N R Y T \x o @spcl_eth

RMA: EPOCHS

memory memory

AlBJC] BEE




spcl.inf.ethz.ch

ETH:zurich R T PR Y T \x o @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

AlBJC] BEE




spcl.inf.ethz.ch

ETHziirich D peme X Sl T N Y Ns o @spel_eth

RMA: EPOCHS

actions are
non-blocking

memory 2

Alslc -

data will be valid
upon synchronizing
memories




spcl.inf.ethz.ch

ETHzurich g : P ' / 9 @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory 2

Alslc

data will be valid
upon synchronizing
memories




spcl.inf.ethz.ch

ETHzurich g : P ' / 9 @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

data will be valid
upon synchronizing
memories




spcl.inf.ethz.ch

ETHzurich g : P ' / 9 @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

AlBJC]

data will be valid
upon synchronizing
memories



spcl.inf.ethz.ch

ETHzurich P e ' / 9 @spcl_eth

RMA: EPOCHS

actions are
non-blocking

data will be valid
upon synchronizing
memories



spcl.inf.ethz.ch

ETHzurich P e ' / 9 @spcl_eth

RMA: EPOCHS

actions are
non-blocking

data will be valid
upon synchronizing
memories



spcl.inf.ethz.ch

ETHzurich P e ' / 9 @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

AlBJC]

data will be valid
upon synchronizing
memories



spcl.inf.ethz.ch

ETHzurich o X S -y @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

_____________ data will be valid
™| upon synchronizing
memories




spcl.inf.ethz.ch

ETHzurich P PR -y @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

_____________ data will be valid
™| upon synchronizing
memories




spcl.inf.ethz.ch

ETHzurich P PR -y @spcl_eth

RMA: EPOCHS

actions are
non-blocking

memory memory

AlBJC]

_____________ data will be valid
™| upon synchronizing
memories




spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: EPOCHS

actions are
non-blocking

Epoch O__|

memory memory

AlBJC]

_____________ data will be valid
| upon synchronizing
memories

14



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: EPOCHS

actions are
Epoch 0 non-blocking
memory memory

-
~——o
~~‘~
-~
-~
-
-
“~~
~~~~
~—-

BEE

Ef?”ﬂ
//// ________________________ data will be valid

upon synchronizing
memories

14



spcl.inf.ethz.ch

ETH:zurich (Y 7 A7 ¥ @spcl_eth

RMA: EPOCHS

actions are
Epoch O 7non-blockmg
memory memory

-
~——o
S eao
-~
-~
-
e
‘~-§~
T

Alslc
BEE

BEE

data will be valid
upon synchronizing
memories

Epoch 1

Epoch 27 |

14



spcl.inf.ethz.ch

ETH:zurich ' 7 (Y 7 A7 ¥ @spcl_eth

RMA: EPOCHS

15



spcl.inf.ethz.ch

E'HZUf/Ch e : £ f v : , @5pc|_eth

RMA: EPOCHS




spcl.inf.ethz.ch

ETH:zurich (Y 7 A7 ¥ @spcl_eth

RMA: EPOCHS

Epoch O

15



e . spcl.inf.ethz.ch
ETHiirich TN e

RMA: EPOCHS

Epoch O

Epoch 1

15



spcl.inf.ethz.ch

ETH:zurich ' 7 (Y 7 A7 ¥ @spcl_eth

RMA: EPOCHS

15



spcl.inf.ethz.ch

ETHzurich P T TR R -y @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Epoch O

Epoch 1 get

Epoch 27 |




ETH:zurich

Epoch O

Epoch 1

Epoch 27 |

spcl.inf.ethz.ch
3y @spcl_eth




- . e O o ot S e | spcl.inf.ethz.ch
ETHzurich RV o e /@2' 3 @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p

Proc q

Epoch O

—

-
/ e ]
--
~~
-
--
--

Epoch 1 get

Epoch 27 |




- . e O o ot S e | spcl.inf.ethz.ch
ETHzurich RV o e /@2' 3 @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

-
/ e ]
--
~~
-
--
--

Epoch 1 get

Epoch 27 |




oo g e O o ot S e | spcl.inf.ethz.ch
ETHzurich RV o e /\@J 3 @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

Eput <2 [§put

-
/ e ]
--
~~
-
--
--

Epoch 1 get

Epoch 27 |




e . . Sl S S (A spcl.inf.ethz.ch
ETHzurich g /\@J 3 @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

Eput <2 [§put

e

Epoch 1

Epoch 27 |




. . o — } T e T spcl.inf.ethz.ch
ETHzurich TV e /\@J 3 @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

Eput <2 [§put

-
--

ar

Epoch 1

Epoch 27 |




. . ¥ SRR T spcl.inf.ethz.ch
ETHzurich = f@ﬁz W @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

Eput <2 [§put

-
--

ar

Epoch 1

get get

co

Epoch 27 |




. By S S B (AT spcl.inf.ethz.ch
ETH:zurich = Z‘dﬁ’ W @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

Eput =25 [gput
For recovery, a
process has to
replay actions
in the correct
—2 > order!

e

Epoch 1

get get

co

Epoch 27 |




. . N S B TS spcl.inf.ethz.ch
ETH:zurich 7 Z‘dﬁ’ W @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

Eput =25 [gput
For recovery, a
process has to
replay actions
in the correct
—2 > order!

For this,
we use epoch

counters (EC) Epoch 1

get

co

get

Epoch 27 |




. N T S spcl.inf.ethz.ch
ETH:zurich Z\/iﬁz W @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

Eput =25 [gput
For recovery, a memory
process has to

replay actions
in the correct
<2 5 order!

For this,
we use epoch

counters (EC) Epoch 1

get

co

get

Epoch 27 |




o« : T ; spcl.inf.ethz.ch
ETHzurich il e o /‘ﬁ&l W @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc g

Epoch O

—

Eput =25 [gput
For recovery, a memory
process has to

replay actions
in the correct
<2 5 order!

For this,
we use epoch

counters (EC) Epoch 1

get

co

get

Epoch 27 |




spcl.inf.ethz.ch

ETH:zurich X /Y 7 _A\x o @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Proc p Proc q

Epoch O

—

Eput =25 [gput
For recovery, a memory
process has to

replay actions
in the correct
<2 5 order!

For this,
we use epoch

counters (EC) Epoch 1

get

get
0]

Cc

Epoch 27 |

16



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: THE CONSISTENCY ORDER &>

Eput =25 [gput
For recovery, a
process has to
replay actions
in the correct
—2 > order!

For this,
we use epoch
counters (EC)

get

get
(0]

Cc

16



spcl.inf.ethz.ch

ETH:zurich ! e ol (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Generic model

D=(P,£,8,2% 3% Ib oy
ta g
PUT(p = q)

GET(p & q) _




spcl.inf.ethz.ch

ETH:zurich ' X S (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH



ETH:zurich

spcl.inf.ethz.ch
3y @spcl_eth

OVERVIEW OF OUR RESEARCH

A

reply actions

MP vs. RM

e a process

vvvvvvv

Checkpointing
schemes




ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

-

Node 1

~

-

Node N

3y @spcl_eth



ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

y

Node 1

B s

\\

uncoordinated
checkpoint

Node N

3y @spcl_eth



ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

y

N
Node 1

y

\\

\

checkpoint

\\

/

uncoordinated

——

/

Node N

\
_

"y @spcl_eth



ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

y

N
Node 1

y

\\

\

checkpoint

\\

/

uncoordinated

——

/

Node N

\
_

"y @spcl_eth



spcl.inf.ethz.ch

ETHzurich g : P ' / 9 @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1 Node N

\\

uncoordinated
checkpoint

\
_

——

5(//

rollback

\

\




ETHzirich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

y

Node 1

-4____/-—---
T
\ dependency

) -
Node N

~~—

uncoordinated
checkpoint

ollback

-

¥ @spcl_eth



ETHzirich

spcl.inf.ethz.ch

¥ @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

y

Node 1

-4____/-—---
T
\ dependency

) p

~~—

uncoordinated
checkpoint

ollback

-

Node N

\

rollback




spcl.inf.ethz.ch

ETHzurich i, ' / 9 @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

s Y g Y
Node 1 Node N
~—_ \
\ unCOOI‘dInc’.Jlted rollback
checkpoint
= \
__:ﬁ_: ------ dependency
\ dependency
= rollback

- V4 N J




ETH:zurich

spcl.inf.ethz.ch
"y @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

y

Node 1

~

~—

y

ch

-

uncoordinated

eckpoint

dependency
ollback

—o dependency

Node N

\

rollback

N

rollback




ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

y

N
Node 1

y

\\

\

checkpoint

\\

/

uncoordinated

——

/

Node N

\
_

"y @spcl_eth



spcl.inf.ethz.ch

ETHzurich P e ' / 9 @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

s Y g Y
Node 1 Node N
logging a "R
message
\C \\
\ uncoordinated
checkpoint

C——

- —P




spcl.inf.ethz.ch

ETHzurich g : P ' / 9 @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

' =\ ' =\
Node 1 Node N




ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

-

Node 1

~

(I

local
rollback

-

Node N

3y @spcl_eth



ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

-

Node 1

~

msg 10 D

replayed

-

\u,

Node N

3y @spcl_eth



ETH:zurich

spcl.inf.ethz.ch
3y @spcl_eth

UNCOORDINATED CHECKPOINTING (MP)

y

\

Node 1

B s

\u,

almsg to b
«——Treplayed]

cl—

get the log and
replay the message

Node N




ETH:zurich

spcl.inf.ethz.ch

UNCOORDINATED CHECKPOINTING (MP)

-

Node 1

~

-

Node N

3y @spcl_eth



spcl.inf.ethz.ch

ETH:zurich ' 7 (Y 7 A7 ¥ @spcl_eth

RMA: LOGGING PuUTS

19



o ; , spcl.inf.ethz.ch
ETH zirich 2 S TN Y

RMA: LOGGING PuUTS

memory




spcl.inf.ethz.ch

ETHzurich g : e Sk ' / 9 @spcl_eth

RMA: LOGGING PUTS G (i ihdoi QG ¢ |«

memory




o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1hooi D)

memory




spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

memory

19



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

memory
D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

memory E

D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

memory E

D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich - {/( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

memory E

D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

e
D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

e
D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

e
D record the put

put

19



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

e
D record the put

19



spcl.inf.ethz.ch

ETH:zurich ! P X 7 _\a 9 @spcl_eth

RMA: LOGGING PUTS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

-
-~-
--
--




spcl.inf.ethz.ch

ETH:zurich ! P X 7 _\a 9 @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

-
-~-
--
--




spcl.inf.ethz.ch

ETHzurich P T T -y @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1hooi D)




spcl.inf.ethz.ch

ETH:zurich ! P X 7 _\a 9 @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)




spcl.inf.ethz.ch
"y @spcl_eth

ETH_iirich Y

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)




spcl.inf.ethz.ch
"y @spcl_eth

ETH_iirich Y

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)




oo g <y, SN S h TS spcl.inf.ethz.ch
ETHzurich RV o e /\@J 3 @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1hooi D)

memory memory m




spcl.inf.ethz.ch

ETHziirich JroAASar 3 mrt

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

memory memory m

21



spcl.inf.ethz.ch

ETH:zurich (/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

memory memory m

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

memory memory m

21



spcl.inf.ethz.ch

ETH:zurich {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

memory m

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

memory - memory m

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

memory - memory m

—
—S—

get 3]

D log(#get + EC)

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

memory - memory m

—
—S—

get 3]

D log(#get + EC)

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

o EC 1 getlﬂ

memory m

—
—S—

D log(#get + EC)

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

memory m

—
—S—

EC 1 get E

D log(#get + EC)

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

memory m

—
—S—

EC 1 get E

D log(#get + EC)

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid \

memory 1 [ 1 memory m

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is not
yet valid

n
1

memory m

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Data is valid

n
1

memory m

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Now this data

may be invalid
memory /

Data is valid

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Now this data

may be invalid
memory /

Data is valid

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Now this data

may be invalid
memory /

Data is valid

21



spcl.inf.ethz.ch

ETH:zurich "5 {/( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Now this data

may be invalid
memory /

Data is valid

delete #get
and EC

21



spcl.inf.ethz.ch

ETH:zurich | {/\( ’ 7 A7 ¥ @spcl_eth

RMA: LOGGING GETS & (i 1hi FERQ & b |
Moo (i 1 hooi HXD)

Now this data

may be invalid
memory /

Data is valid

delete #get
and EC

21



spcl.inf.ethz.ch

ETH:zurich (Y 7T Ax ¥ @spcl_eth

RMA: LOGGING GETS

21



ETH:zurich

spcl.inf.ethz.ch
3y @spcl_eth

OVERVIEW OF OUR RESEARCH

A

reply actions

MP vs. RM

e a process

vvvvvvv

Checkpointing
schemes




spcl.inf.ethz.ch

ETH:zurich ' X S (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH



spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich
OVERVIEW OF OUR RESEARCH

Recovery in RMA
Extended RMA

semantics

P r >
vl g/




spcl.inf.ethz.ch

ETH:zurich ! e Sal /Y 7 _A\x o @spcl_eth

RMA: RECOVERY

memory memory




. : : spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

2

RMA: RECOVERY

memory memory




o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory




. . — P (T spcl.inf.ethz.ch
ETH:zurich e /&&,- W @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory




. . — P (T spcl.inf.ethz.ch
ETH:zurich e /&&,- W @spcl_eth

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory




o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory




o e, ST i spcl.inf.ethz.ch
ETH ziirich B TN Y

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory




o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory




spcl.inf.ethz.ch

ETH:zurich ' X S /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory




spcl.inf.ethz.ch

ETH:zurich ' X S /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
N+ #put + EC( )




spcl.inf.ethz.ch

ETH:zurich ' 7 /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
N+ #put + EC( )

23



o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
N+ #put + EC( )




o iy G , spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )




_ .y ST > g spcl.inf.ethz.ch
ETH:zurich e s /&&, W @spcl_eth

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory

B4+ #put + EC( )
M + #put + EC( )




_ .y ST > g spcl.inf.ethz.ch
ETH:zurich e s /&&, W @spcl_eth

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory

B4+ #put + EC( )
M + #put + EC( )




. . — P (T spcl.inf.ethz.ch
ETH:zurich e /&&,- W @spcl_eth

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )




. . — P (T spcl.inf.ethz.ch
ETH:zurich e /&&,- W @spcl_eth

2

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )




spcl.inf.ethz.ch

ETH:zurich e Sal / 7 _Ax 9 @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )




spcl.inf.ethz.ch

ETH:zurich ' 7 /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )

8] + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )

8] + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

B4+ #put + EC( )
M + #put + EC( )

8] + #get + EC( )

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

B4+ #put + EC( )
M + #put + EC( )

8] + #get + EC( )

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

B4+ #put + EC( )
M + #put + EC( )

8] + #get + EC( )

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

8] + #get + EC( )

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

8] + #get + EC( )

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

I3+ #get + EC( )

I3 + #get + EC( )

24



spcl.inf.ethz.ch

ETH:zurich X /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory

updating/
state...

24



spcl.inf.ethz.ch

ETH:zurich X /Y 7 _A\x o @spcl_eth

RMA: RECOVERY
Stage 2: replay actions beyond the checkpoint

memory memory
—
state
restored!

DataP

24



spcl.inf.ethz.ch
3y @spcl_eth

ETH:zurich
OVERVIEW OF OUR RESEARCH

Recovery in RMA
Extended RMA

semantics

P r >
vl g/




spcl.inf.ethz.ch

ETH:zurich ' X S (Y 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH



spcl.inf.ethz.ch

ETH:zurich X ’ 7 A7 ¥ @spcl_eth

OVERVIEW OF OUR RESEARCH

Topology-awareness

sao hb co

(Ip:gﬂszq_{'ﬂg: Ef;a _-_:"'.' _-_>1 —ﬁ,%)

Model extensions




spcl.inf.ethz.ch

ETH:zurich (Y Y A7 o @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

26



spcl.inf.ethz.ch

ETH:zurich ' X S /Y 7 _A\x o @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have



spcl.inf.ethz.ch

ETH:zurich ! e S /Y 7 _A\x o @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have

A Cray XE/XT
supercomputer




spcl.inf.ethz.ch

ETH:zurich e S / 7 _Ax 9 @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have

— A Cray XE/XT

supercomputer
|

4 cabinets: ‘EI E




o : T spcl.inf.ethz.ch
ETH:zurich e Tt /ﬁ&z W @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have

A Cray XE/XT
supercomputer

L]
\

4 cabinets:

3 chassis:




o : T spcl.inf.ethz.ch
ETH:zurich e Tt /ﬁ&z W @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have

A Cray XE/XT
supercomputer

4 cabinets:

3 chassis:

o [V [

8 blades:




. . : T ; spcl.inf.ethz.ch
ETHzurich il e o /‘ﬁ&l W @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have

4 cabinets:

A Cray XE/XT
supercomputer

3 chassis:

8 blades: %
|2

4 nodes: [

g V=




. . : T ; spcl.inf.ethz.ch
ETHzurich il e o /‘ﬁ&l W @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have

4 cabinets:

A Cray XE/XT
supercomputer

3 chassis:

8 blades: %
|2

4 nodes: [

A\

32 cores:




. : : spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have
A A single hardware crash may kill multiple processes

A Cray XE/XT
supercomputer

4 cabinets:

3 chassis:

8 blades: {B

4 nodes: \E

32 cores:




. : : spcl.inf.ethz.ch
ETH ziirich 2 S TN Y

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayds supercomputers have
A A single hardware crash may kill multiple processes

A Cray XE/XT
supercomputer
|
4 cabinets: | (il | ... ‘g
|
3chassiss. @B ... ¢ '
8 blades: {B g g
4 nodes: { 3 {? ‘gi} Up to 128 process
failures (assuming
32 cores: ‘5?1 gﬁ % 1 process per core)



ETH:zurich

spcl.inf.ethz.ch
/ il L "y @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

ATodayos

supercomputers have
A A single hardware crash may kill multiple processes
A Introduced protocols usually cannot handle > 1 process crash

4 cabinets:

3 chassis:

8 blades:

4 nodes:

32 cores:

A Cray XE/XT
supercomputer

Up to 128 process
failures (assuming

1 process per core)

L
=
<
£
*



spcl.inf.ethz.ch

ETH:zurich 7 A7 ¥ @spcl_eth

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

27



3y @spcl_eth

. . ; spcl.inf.ethz.ch
ETH:zurich Y Y N\

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

A Step 1: groups of Processes:.
A Divide processes into groups of size G each

Proc 1 Proc 2 Proc 3 Proc 4 Proc 5 Proc 6

Proc 7 Proc 8 Proc 9 Proc 10 Proc 11 Proc 12

Proc 13 Proc 14 Proc 15 Proc 16 Proc 17 Proc 18

27



=
©
N
=
=]
)
—
o
[3)
o
)

<
=]
e_
©
o3
7
®

ETH:zurich

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

v

A Step 1: groups of processes:

Ve

A Divide processes into groups of size G each

27

1
( \
o° D ED D Gn Gn Gn G G2 €D D Eh G2 G2 @D G G2 ED D @D G2 @2 @3 @2 @2 @D @b @ @ @ @ - N
' __
N oo
H H E “
] 3) 1)
y = S S “
N O o o "
! |
\
N e e e e e e e e e e e e e e e e e e e e e o J!
\ lllllllllllllllllllllllllllllll
/ \
\
)
— N~ |
' M B "
“0 S S )
L - — ]
O o o )
! |
\
N e e e e e e e e e e e e e e e e e e e e e o J!
¢ @5 Eh Gb Gb Gb b Gb GIb Gb G GD G G GD GD Gb GD GD GD GD G D Gb GD D GD D D G e e [
/
\
)
o © !
M O B |
S S S !
= - bt ]
“P o o )
]
\
" llllllllllllllllllllllllllllll \\
¢ @5 Eh Gh Gb Gh b Gb GIb Gb G GD G Gh GD GD Gb GD GD GD Gb G D Gb GD D Gb GD D G e . ~
/
\
)
W » o =% “
“C 1) o )
O o) 3 ]
- S = -
. O al o 0
! )
\
" llllllllllllllllllllllllllllll \\
¢ @5 b Gb Gb Gb b Gb GIb GIb G Gb G Gh GD GD Gb GD GD GD Gb GD D Gb GD D Gb D D G e . ~
/
\
)
)
o~ 0 N "
%) 1) ]
o © o = |
- - bt -
| s ol o |
! )
\
" llllllllllllllllllllllllllllll \\
¢ @5 G Gh Gb Gb G Gb GIb Gb G GID G b GD GD Gb GD GD GD Gb G D Gb GD D Gb D D G e . <~
/
\
)
)
o N~ AL '
N S = O _
o o) ]
& & = !
' aB “
\
/' llllllllllllllllllllllllllllll \\



=
©
N
=
=
)
—
o
[3)
o
)

<
=]
e_
©
o3
7
®

ETH:zurich

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

v

A Step 1: groups of processes:

A Divide processes into groups of size G each

Application data

27

llllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllll

sommEeeeSs

llllllllllllllllllllllllllllllll

sEmmEeeess

llllllllllllllllllllllllllllllll

sEmmEeeee.

cm - ----

4
~

- e an an a» an e &

cmmmomoo
S Seecacacacaas




=
©
N
=
=
)
—
o
[3)
o
)

<
=]
e_
©
o3
7
®

e -
| Y ———

e -
| J I ——

e e—-
S Soeacaaaaas

cmmmee—-
S Soeocaaaaas

cmmmee—-
S Soeocaacacaas

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

A Divide processes into groups of size G each

v

A Step 1: groups of processes:

Application data

ETH:zurich




=
©
N
=
=
)
—
o
[3)
o
)

<
=]
e_
©
o3
7
®

ETH:zurich

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

v

A Step 1: groups of processes:

A Divide processes into groups of size G each

e -
| Y ———

cmmceceea cmmceceea cmmceceea
| Y —— | J I ——

S Soeocaaaaas

cmmmee—-
S Soeocaacacaas

cmmmomoo
S Seecacacacaas

’



=
©
N
=
=
)
—
o
[3)
o
)

<
=]
e_
©
o3
7
®

ETH:zurich

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE

v

A Step 1: groups of processes:

A Divide processes into groups of size G each

A Add m parity processes to each group to store the parity data

e -
| Y ———

cmmceceea cmmceceea cmmceceea
| Y —— | J I ——

S Soeocaaaaas

cmmmee—-
S Soeocaacacaas

cmmmomoo
S Seecacacacaas

’



=
©
N
=
=
)
—
o
[3)
o
)

<
=]
e_
©
o3
7
®

e -
| J R —

cmmceceea cmmceceea cmmceceea
| —— | J R ——

Seoeecacaaaaes

cmmmee—-
A

cm - ----

EXTENDING THE PROTOCOLS FOR MORE RESILIENCE
A Add m parity processes to each group to store the parity data

A Divide processes into groups of size G each

Soeecacaaaaes

’

v

A Step 1: groups of processes:

ETH:zurich



