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The Message Passing Interfag€ommunicating Processes
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The Message Passing Interfac€ommunicatingcDAGS

Process 0 Process 2 Process 4

Rrocess 1 Process 3
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The Message Passing Interfag®istributed/CutcDAGS
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One step back how to conquer the complexity oEDAGS

start

Work: 5= 4|
Depth: 4|

J
Parallel efficiency #
q

Treewidth: usually small (2 for series parallel graphs)

The generating program has an O(1) description

end
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Side note: AnalyzingDAGgenerated by programsg hard but doable!
for (J =1, ] <=n; j=2 )

for (k =j; k <=n; k = k++)
operation (X,y)

while(ciz < g1) {

Affine | del
ine loop mode r = Azt by

t e while(ciz < ¢2) { e s
S RS L 2 A YT T H -
n—-i--'-- _i,__'__k<_n T =Ap 17+ bp_1;
. ’ ) while(ciz < gx) {
IR T = Apx + by;
29t 4 while (ci 17 < gky1) {... 3}
T4 P k=1 r = Ugx + vg; 3 _ _
A r=Uwaz+u-1;  Automatic work-depth analysis for
c.e o}
o ok o r=Ure 410} MPI (and other) programs!
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Process 0

Process 4

UIUC/NCSA Blue Waters in 2012
Total TCO ~$500M
49,000 AMD Bulldozer CPd9.5 EB storage .

Where do these processes go?

Understand supercomputer network architecture!
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A BRIEFHISTORODFNETWORKOPOLOGIES

copper cables, small radix switches

Y

fiber, highradix switches
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A BRIEHISTOROFNETWORROPOLOGIES
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A BRIEHISTOROFNETWORROPOLOGIES
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An In-Depth Analysis of the Slingshot Interconnect

Daniele De Sensi
Department of Computer Science
ETH Zurich
ddesensi @ethz.ch

Duncan Roweth
Hewlett Packard Enterprise
duncan roweth@hpe.com

Abstract—The interconnect is one of the most critical compo-
nents in large scale computing systems, and its impact on the per-
formance of applications is going to increase with the system size.
In this paper, we will describe SLINGSHOT, an interconnection
network for large scale computing systems. SLINGSHOT is based
on high-radix switches, which allow building exascale and hyper-
scale datacenters networks with at most three switch-to-switch
hops. Moreover, SLINGSHOT provides efficient adaptive routing
and congestion control algorithms, and highly tunable traffic
classes. SLINGSHOT uses an optimized Ethernet protocol, which
allows it to be interoperable with standard Ethernet devices while
providing high performance to HPC applications. We analyze the
extent to which SLINGSHOT provides these features, evaluating
it on microbenchmarks and on several applications from the
datacenter and Al worlds, as well as on HPC applications. We
find that applications running on SLINGSHOT are less affected
by congestion compared to previous generation networks.

Index Terms—interconnection network, dragonfly, exascale,
datacenters, congestion

Salvatore Di Girolamo
Department of Computer Science
ETH Zurich
salvatore.digirolamo@inf.ethz.ch

Kim H. McMahon
Hewlett Packard Enterprise
kim.mcmahon@hpe.com

Torsten Hoefler
Department of Computer Science
ETH Zurich
torsten.hoefler @inf.ethz.ch

world. Due to the wide adoption of Ethernet in datacenters,
interconnection networks should be compatible with standard
Ethernet, so that they can be efficiently integrated with stan-
dard devices and storage systems. Moreover, many data center
workloads are latency-sensitive. For such applications, rail
latency is much more relevant than the best case or average
latency. For example, web search nodes must provide 99'"
percentile latencies of a few milliseconds [#]. This is also
a relevant problem for HPC applications, whose performance
may strongly depend on messages latency, especially when us-
ing many global or small messages synchronizations. Despite
the efforts in improving the performance of interconnection
networks, tail latency still severely affect large HPC and data
center systems [&]-[7].

To address these issues, Cray{| recently designed the SLING-
SHOT interconnection network. SLINGSHOT will power all
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A BRIEHISTOROFNETWORROPOLOGIES

fiber, highradix switches

9" Keyinsight
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Lower diameter:

A Fewer cables traversed
A Fewer cables needed
A Fewer routers needed

Cost and energy savings:
A Up to 50% over Fat Tree
A Up to 33% over Dragonfly
*?
Bandwidth ~ % N &% W
Latency =2 -1 L1
Radix =

MaciejBesta TH: Slim Fly: A Cost Effective {oiameter Network Topology, ACM/IEEE SC14 Best Student Paper
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copper cables, small radix switches
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Topology mapping is NP halrd

Chapter 5

An Overview of Topology Mapping Algorithms and Techniques in

- Peformance

High-Performance Computing

Compls Enwrenmih

Torsten Hoefler, Emmanuel Jeannot, Guillaume Mercier

TH and MarSnir. Generic Topology Mapping Strategies for Latg@ - £ S t F N» £ £ St | NOKAGSOGdzZNB&a X !/ a L/ {Qmwm
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A new topology mapping heuristic minimize bandwidth of both graphs

Application Graph $pM\V) Network Graph (8x8x8 torus)

RCM Permutation RCM Permutation

TH and MarSnir. Generic Topology Mapping Strategies for Latg@ - £ S t F N» £ £ St | NOKAGSOGdzZNB&a X !/ a L/ {Qmwm
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Still a lot to be explored e.g., parametric graphs!
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Assume processes are mapped nicelgtructured communication

Process 0 Process 1
Process 3
Process 4

Process 2

The generating program has an O(1) descript@nit has a lot of structure!

Bulk synchronous (single global state) thinking model works great for humans like me.
Communications there can often be described algorithmically as collective opergtiR$ does so!

MPI_Allgather MPI_Allgatherv MPI Allreduce MP1_Alltoall MP1_Alltoallv
MPI_Alltoallw MPI_Barrier MPI_Bcast MPI_Gather MPI1_Gatherv
MPI_Reduce MPI _Scatter  MPI_Scatterv MPI_Exscan  MPI_Reduce_local
MPI_Reduce scatter MPI_Scan MPI1_Neighbor_allgatherMPI_Neighbor_alltoall

TH, D. Moor: Energy, Memory, and Runtime Tradeoffs for Implementing Collective Communication Operations



o oac o ETHzUirich

A new parallel machine model reflects the critical technology

Pingpong in simplifiedLogP(g<o, P=2)

4 PracTICcAL MODEL of Source |—, -
ParRaLLEL COMPUTATION 0 L L

Dest

FindingLogGOPBarameters Large scalé.ogGOPSimulation

Netgaug€ 2], model from first principles, fit to data using LogGOPSIfi], simulated.ogGOP®ith 10

f—————— PRTT(1,05) —————— -II- MPI k
special oo [o] 5 o] 5 o o miliion ranks . -
e (It & gp *
% 375
kernels % glalae, o aseal o alalala P17 £ e :
RO A KG \a YAV g = 7
Network VN N AN VNN A HAYA SRR HIAN VAV VAN Y 0 é jz IS
R NN 'R SN R WY i g
N XY AN <5% error g« Y ©
N S N [ SN ‘
R A s (—[G—(—(—/ g * 2 a5
AR IR TRV VIR A AL VR VY G % ag @
Server R T g 34 Simulated —— % 3 o
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CPU (s-1)'G L ‘ ¢} (s-1)'G L 0 (s-1)'G L o1o° (s-1)'G L ® T 4w e s 100 12 1 345 Bendimarked,
T N Number of Processes = 4immbereijmceasUses o e

[1]: TH, T. Schneider andlAimsdaineLogGOPSiaSSimulating Larg&cale Applications in tHeogGOPBlodel, LSAP 2010itps://spcl.inf.ethz.ch/Research/Performance/LogGOPSIim/
[2]: TH, TMehlan, A.Lumsdaine@nd W.Rehm Netgauge A Network Performance Measurement Framework, HPCC 200%;//spcl.inf.ethz.ch/Research/Performance/Netgauge/



https://spcl.inf.ethz.ch/Research/Performance/LogGOPSim/
https://spcl.inf.ethz.ch/Research/Performance/Netgauge/

o oac o ETHzUirich

Designing an optimal smathessage broadcast algorithm ioogP

80 . . : .
70 -
60 B I b]
I
@« 50} 0 -
£ 40%
o 40 -
£ S ; B
— 30 i -
20 -
binary tree
10 binomial tree |
9 | . optimal tree
0 10000 20000 30000 40000 50000

Numbers of Processes (P)

TH, D. Moor: Energy, Memory, and Runtime Tradeoffs for Implementing Collective Communication Operations, JSFI 2015
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What happens if processes/nodes fail?

) Process 3

Process 0 Process 1

/"4 4

Process 2 E Process 4
Things will fail! 2020 il
A2 y 3 SO fT@aDblra/vABRAIGSESTal ‘ | No Replication

A.NAIKGgStEE SG I f P HammY
designed to handle failures without interrupting the
workloads on the system or crippling the efficiency. of 'thg

NB & 2 dzND S d¢
Checkpoint/restart will take longer than MTBF! ul

We need to enable applications to survive fa
A X (2 PetskaldKascale
A Like people did for decades in distributed systems!

S
g
2
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. . T o . . Application-visible System Sockets
Ferreira et al.: Evaluating the Viability of Process Replication ReliabilExdscal&ystems, SC11
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A fast, lowwork, fault-tolerant broadcast

A Gossip?
A If root or message received: send to random other node until some global time expires
A Proven to be very effective
A Not strongly consistent
A Nice theory
needs 1.64 logn rounds to reach all.h.p.
A But for N=1000

o0 B AmEE

MPI_Bcast
1 ¥\ &

MPI_Bcast

O N B B

Compute

MPI_Reduc

B X E

17 rounds only color all nodes 95% of the time
2 KSNB Qa

bcasP

A Very problematic for BSBtyle applications

¥ o s K

A > 4 oA

| 28Ft SNJ S Ft oY G/ 2NNBOGSR D2&&ALI ' fI2NRAGKYE F2NI CHad wStAFo6tS . NRIFROLF&ad 2y ! yNBtAlof S
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But how does MPI (FMPICH) work thenBuntinaQ C¢ o0 NRB I ROI

A Uses a dynamic tree, each message contains information about children at next levels
A Children propagate back to root, relying on local failudetectors

A Complex tree rebuild protocol
A Root failure results irbcastnever delivered
A At least 2 log n depth!

A > 4 oA

| 2SFE SNI SiG FfdY a/ 2NNBOGSR D2aaAl) !'fI2NAGKYaAa F2NI Craid wStAlLoftS . NRFROFad 2y ! yNBtAlLof S
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But how does MPI| (FDpenMP) work then? Binomial graph broadcast!

A Use fixed graph, send along redundant edges
A Binomial graphs: each node sends to and receives from logeighbors

A Can survive up to logn worstcase node failures
A In practice much more (not worsase)

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAFD
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Both are far from optimal from trees to gossip and back!

A The power of randomness: gossip bobt just gossip!
A Combine the probabilistic gossip protocol with@eterministic correction protocol

Corrected gossip turns Monte Carlo style gossiping algorithms into Las Vegas style deterministic algorithms!

A But what is a faulttolerant broadcast? Root failures, arbitrary failures?
Assuming faistop, four criteria need to be fulfilled: (ps).!
Integrity (all received messages have been sent) DG
No duplicates (each sent message is received only once)
Nonfaulty liveness (messages from a live node are received by all live nodes)
4. Faulty liveness (messages sent from a failed node are either received by all or none live node
A We relax 3+4 a bit: three levels of consistency
1. Not consistent (we provide an improvement over normal gossiping)

2. Nearly consistent (assuming no nodes fail during the correction phase, practical assumption)
3. Fully consistent (any failures allowed)

WWILEY

Computing

W N =

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAF©®
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First algorithm: OCG (Opportunistic Corrected Gossip)

A Not consistent, worksv.h.p.-—-f S0 Q&8 FANRUIO O2yaARSNI 2dzad 3I2aaALy

Are all these redundant
messages efficient?

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®&znel 6/ 2 NNBOGSR D24 &ALI ! t 32NAGKYA F2NI CHad wStAlLofS . NBFRONF&G 2y ! yNBEAFD
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First algorithm: OCG (Opportunistic Corrected Gossip)

Optimal deterministic
Fibonacci tree
1024 - ,

opt~/
r /> c(t)
768 - ,
:
© -
o 512
Z
) gossip becomes
256 inefficient
0 I 1 | [ |
0 S} 10 15 20 25 30

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAFD
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First algorithm: OCG (Opportunistic Corrected Gossip)

A OCG main idea: run gossip for a while and then switch to a deterministic-coigection protocol
A Every node that received a message sends it to (rank -niduks

A Each message may be received twice
A But this depends on when we switch! But what is the longest uncolored chain?

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAF®
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The longest uncolored chain K!

99% probable
longest uncolored
chain

gossip becomes
inefficient

|
0 S 10 15 20 25 30

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBf AFD
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First algorithm: OCG (Opportunistic Corrected Gossip)

A When to switch from gossip to correction?
A Well, when the expected number of correction steps is small and gossip is inefficient

A We can bound the probability of a longest chain of length k

. 0CG _ : —
A In terms of theLogPparameters, T (gossip time), and Mankg I, ~ =ar gjl:nm(T +2L +(2+ K)O)
o
o
. - O
()] . :
e 40 - The optlmal time
— redict to switch
- predicted depends on L, O,
o) and N
= 35- simulated
| i | i I - i
20 25 30 35

B ,Cj‘nqssip Time (T)

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlrofS . NRFROIFIAG 2y ! yNBftAFD®
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OCG Consistency

A OCG is more efficient than gossip but does not guarantee that all nodes are reached (even w/o failures

2 KSNBE Qa
bcasP

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAF©®
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Second algorithm: CCG (Checked Corrected Gossip)

A CCG sends to the next node until it sent to a node it received from (i.e., knows that node was alive!)
A{AYyOS GKS y2RS Al NBOSAOGSR FTNRY |faz2 asSyazx Al aly:

A CCG guarantees that all nodes are reached unless a node dies in the middle of the correction phase!
A And another node assumes it finished its job!

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAlFO
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Second algorithm: CCG (Checked Corrected Gossip)

A When to switch from gossip to correction?

60 -
55- e :
= predicted
— 50 -
% simulated
|_45- /
40 - .

20 25 30 35
Gossip Time (T)

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBf Ao
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Third algorithm: FCG (Failugroof Corrected Gossip)

A FCG can protect from f failuressimilar to CCG but instead of aborting to send when heard from one, it
waits to hear from f+1 other nodes!

A So any f nodes can fail and it will still succeed (keep sending)

A Wait, what if there are less than f+1 nodes reached during gossip and they somehow die in the middle
the protocol?

A So we need to involve the nagossipcolored nodes

A They will wait to hear from a gossiwlored nodes to exit

A If no such exit signal comes within a timeout period, panic!
A In panic mode, send to every other node

A Every node that receives panic messages also panics

A This guarantees consistency (at a high cost)

A Panic mode is extremely unlikely in practice (much less likely than the failing of binomial graphs)
A Likelihood can be reduced arbitrarily with gossiping time!
A So panic is just a theoretical concern (to proof correctness)

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBf AFD
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Case study: TSUBAME 2.0

m algorithm f T lat work incon.
A TiTechmachine, published failure logs GOS [12] | O
A Node MTBF = 18,304 hours GOS [12] 3
A Assume 12 hour run on 4,096 nodes = 2.69 failur - —
A We compare all algorithms and report 0CG 0
1. Expected latency OCG 3 I 1
2. Expected work CCG 0
3. Expected inconsistency CCG 3
For CCG/OCG/FCG, we simulate until the — —
nonparamericCl was within 2% of the median FCG 0
FCG 3
BIG [2] 3
BFB [8] 0

A ¥ 4 oA ~

TH, Amnon Barak, A. Shiloh an®ZezneY G/ 2 NNBEOGSR D2aaAll ! f 32NAGKYa F2NJ CFrad wStAlroftS . NRFROIFIAG 2y ! yNBfAlFD®
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Scalingg Without failures
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Scalingg With failures (expected for 12 hours on TSUBAME 2.0)

60 -

Simulated Latency
I
o

N
o
1

B )e) © Z B el o v B o) ©
© v ) N v (2 ) Q Ne © D
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How to get to optimal? Corrected (optimal) trees!

PizDaintat CSCS
Gossip
tn 100 Binomial (ours)
.
=
J
3
E 50 7 Binomial (Cray, no SMp—
Binomial (Cray)
0 -

1152 2304 4608 9216 18432 36864

Processes

A ¥ 4 oA ~

Martin Kuettler, MaksymPlaneta JarBierbaum CarstenWeinhold HermanrHaertigz: ! Yy 2y . FNF 12 ¢1Y / 2NNBOGSR ¢NBXSa FT2NJ wStAlFo6fS DNRdz
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The future (present) of computing mega datacenterg economy of scale

Kolos datacenter

(mostly in a mineg 0.6 millionT )
1 GW renewable energy by 2027

The village oBallangen 2,600 people access to fjord water and cold climate

north of the polar circle, Norway
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AWS News Blog

Elastic Network Adapter — High Performance Network Interface for

Amazon EC2
by Jeff Barr | on 28 JUN 2016 | in Amazon EC2 | Perm

/ RDMA will unify the two:
Affordable fast networking and distributed memory

Fast accelerated networking (GPU, network acceleration)

alink | #* Share

Microsoft to Drive RDMA Into Datacenters and
Clouds

New research opportunities RDMA networking offering RMA programming

(actually, we are moving posRDMA with Smart NICsPINg but no time to discuss that now)
OOFd bSEG tflFOF2NNYY aaxzSNIAOIET AYyUSaINIXYGA2Y Aada SFGAY3I (K
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Basics on R(D)MA memory models

PCIe root
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Modeling and Analysis of Remote Memory Access Programming

Andrel Marian Dan

andrei.dan@inf ethz.ch
ETH Zurich, Switzerland

Martin Vechev

martin.vechev @inf.ethz.ch
ETH Zurich, Switzerland

Abstract

Recent advances in networking hardware have led o a new
generation of Remote Memory Access (RMA) networks in
which processors from different machines can communicate
directly, bypassing the operating svstem and allowing higher
performance. Researchers and practitioners have proposed
libraries and programming models for RMA to enable the
development of applications running on these networks,
However, the memory models implied by these RMA -
braries and languages are often loosely specified, poorly un-
derstood, and differ depending on the underlying network
architecture and other factors. Hence, it is difficult to pre-
cisely reason about the semantics of RMA programs or how

Patrick Lam
patrick. lam@uwaterloo.ca
University of Waterloo, Canada

Torsten Hoefler

torsten.hoefler @inf ethz.ch
ETH Zurich, Switzerland

Our work provides an important step towards understand-
ing existing RMA networks, thus influencing the design of
future RMA interfaces and hardware.

1. Introduction
Large-scale paralle]l systems are gaining importance for data
cenier, big data, and scientific computations. The traditional
programming models for such systems are message pass-
ing (e.g.. through the Message Passing Interface—MPT) and
TCP/IP sockets (as used by Hadoop, MapReduce, or Spark).
These models were designed for message-based intercon-
nection networks such as Ethernet. Remote Direct Memory
Access (RDMA) network interfaces, which have been used
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Direct Acces&EplicatioNDAREY, and RDMA consensus protocol

leader election § 3.2 . normal operation § 3.3

3 leader outdated
—_— . - update term

: 1 leader receive commit
- send vote RSM op send
requests replicate reply

timeout
term-4-+

wait for
votes

outdated
update term

wait for
commit

receive votes

Leaderbased replicated state machimgestandard leader election (using RDMA as transport)
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Direct Acces&EplicationNDAREY, RDMA consensus protocol

UD UD {l’ﬂ:—ldi ;..;E
< > 8
QP QP
write R
D | Remote
Client M| server
- (3) configuration -+ (4) control data , A
: heartbeat RCI - RC
P BITMASK | :: '] “hray QPs|[€TT>QPs
p : private data :
P STATE ) .

Log access via RDMA to remote servers, control and reconfiguration via direct RDMA accesses!
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Direct Acces&EplicationNDAREL performance

100 ms .
T PP I A P eted/wr size T3
B 120K =
10 ms __f:')_ size =5 size=5 | i
%) E— | I R R - . 1 1| idecrease
| o = = e = — — — —{— — PaxosSB/wr ‘57"‘3 100K size=7 | . : e | size
| Sndloietios it il el el sl i etcd/rd o i | L server | N : Rl |
g '™ 2o 8 mive [ L e T ]
% S — Rl — e — -T_-Libpaxoslfwr E JUK \/ failure : I :_ ________ _E "\ /" : E !
4 pusfp= = ==l===s======= ZK/rd S add remove add -
write: 35x 3 40K server l ; failed leadsr server leader |
read: 22x : = ' failure |
. __DARE/wr £= =
LS o . . : . ; l:
B I TR e = === "DARE/rd = 20K N B A i E
=
1S OK : )
: : 0 1 2 3 4 5 6 7 8 9 10 11 12 13
8 32 128 512 2048 Time [sec]

Size [bytes]
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RDMA join for distributed databasesalgorithms

Distributed DirectAccess Radix Join Distributed DirectAccess Soiflerge Join
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