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It is crucial to analyze the effect of growing network latency on

the performance of applications
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Communication Latency Tolerance of Different HPC Applications

MILC 128 processes [8 nodes]

£9.5 ﬂ: 22.1 : Network latency tolerance of
£9.01 | HPC applications are different
) 85 '_l | .........o,..ooooc...
2 8.0 -_,:0oooo.ooo.oooo‘.0°1.°°‘........
0 20 40 60 80 100
Evaluate the effect of
LULESH 128 processes [8 nodes]
z 17.0 | | 65.5 | .o p
GE) 6.0 : : /.: 5l WO \ 000%¢ \....' \.'.. /.. ® \.. Network toPOIOgies
g . I//:/\ SO | e.g., Dragonfly vs. Fat Tree
X554 ° | | | — . |
0 20 40 60 80 100
_ICON 128 processes [8 nodes] Collective algorithms
o 151.6 : J01.2 : 676.2 | . sessbseatte e.g., Ring vs. Tree
GE) 9.5 i 1 O 000 .‘.O.ﬁ0....‘.\.......1..0.00‘.‘0'..... o
E Io o 00 ‘ooo.-.\'.".“... R = |
.’...’.......\....] 000> 00 -
£ 9.0 - ! | | . Compared with MILC, ICON can absorb
’ 0 40 L [ps] o0 30x more network latency

The zones correspond to the maximum network latency before observing
a performance degradation of 1%, /7%, and 5% .
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Challenges of Measuring Communication Latency Sensitivity

X
' . Require in-depth understanding
/A Performance MOde"ng of applications’ behaviors

Artificial Communication Latency Injection

o

Difficult to procure

Hardware Modification ) :
and inflexible

Require extensive
parameter sweeps

Execution is often very
time-consuming

@ Simulation
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LLAMP Toolchain

LLAMP: LogGP and Linear Programming based Analyzer for MPI Programs

MPI Program

MPI_Init(NULL, NULL);

Execution Graph
MPI_Comm_size(MPI_COMM_WORLD, &size);

MPI_Irecv(&received, 1, MPI_INT, SENDER, O,
MPI_COMM_WORLD, &request);
liballprof [1] Schedgen [1]
MPI Trace

MPI_Init:0:0
MPI_Comm_size:7:0:256:8
MPI_Irecv:1547003:0:3500:15:1:1:5:6:1547032

Start time Other arguments End time

[1] Torsten Hoefler, Timo Schneider, and Andrew Lumsdaine. 2010. LogGOPSim: simulating large-scale
applications in the LogGOPS model

[2] Torsten Hoefler, Torsten Mehlan, Andrew Lumsdaine, and Wolfgang Rehm. 2007. Netgauge: A Network
Performance Measurement Framework
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Background: The LogGP Model Graph

0: CPU overhead
Network cost of a message transfer:
P: # of processes &

p2e.

receive send

“
L ] 0: CPU overhead
G : Gap per byte (inverse bandwidth) L: Network latency

Diagram taken from: Alexandrov, A., lonescu, M. F., Schauser, K. E., and Scheiman, C. LogGP: incorporating long messages

into the LogP model—one step closer towards a realistic model for parallel computation. ACM SPAA, July 1995. 6
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Graph

Execution Graph Conversion ®

L: Network latency
0: CPU overhead
G: Gap per byte (inverse bandwidth)

Computation: ¢y = t; — ¢ Eager protocol

MPI_Send MPI_Finalize

Rank 0

. Rank O Rank 1
MPI_TInit : ... t0
MPI_Send 3 Eh oo > Co Cy
MPI_Finalize: t3 ...
t3 )
\ \ Time
\ \\

Rank 1 MPI_Recv Y MPI_Finalize 0 C
MPI_Init  : ... t4 { L+(s-1G
MPI_Recv  : t5 ... t6 RlF ldle
MPI_Finalize: t7 ...

1 1 C1 C3

t4 t5 t6 t7

Example MPI Traces Space-time Diagram Execution Graph
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Execution Graph Conversion: Nonblocking Communication G&S"
(U . o .
Collectives are decomposed into individual sends and receives
MPI_Isend MPI_Wait
Rank 0 ' ‘ Rank O Rank 1
MPI_Init : ... tO
MPI_Isend: t1 ... t2 -RO
MPI_Wait : t3 ... t4
0 t1  tA \ t3 _
\ \ time
\ \ —>

\

wieos: w0

MPI_Wait : t8 ... t9 1 1
5 t6 t8 Dummy node

Rank 1 MPI_Irecv \q MPI_Wait
WP Init ;... 15 | e |

Computation and
communication overlap

Example MPI Traces Space-time Diagram Execution Graph
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Graph

Definition of Network Latency Sensitivity ®

Definition of network latency sensitivity:
aT

AL:a_L

Running Example

Rank O Rank 1 Three possible paths in this execution graph

Co
:
3 Co+ 0 + cq,
. T = max
: Co + C3 + 0
3 Execution time
C1 Cost of each path
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Definition of Network Latency Sensitivity: Example

0 { 1,if L > 0.385ps

=1 :
2(1) = 152 Rank 0 Rank 1 T 4 L"" 1.115us 0, otherwise
c; = 0.5us 0.1us 0.5us R,
c3 = lus :
o =20s 0 - >
s = 4 bytes M : L
G = 5ns/byte i eadls oT : Critical latency
+ 0. : —
- : aL 1 Lc=0.385ps

lus

> L

Co+ 0+ Cq,
T=max<co+0+L+(s—1)G+cg+0, T = max(L + 1.115us,
c, +c3+o0

" . oT
The number of messages along the critical path dictates =

10
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Graph

Generalization: Latency Sensitivity Curve ®

To generalize, T is the maximum of the cost from all paths in the graph

oT
The value of L has a second-order effect on -

aT
aL A

: l
: I
I
Critical latency Critical latency : Critical latency

tl Mtz L

Latency hiding potential o
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Calculate Network Latency Curve Analytically ®

Find the cost for all paths in the graph Intractable
Graph of 470k

n: Length of the longest chain of communication vertices consumes
> 50GB of memory

Dynamic Space complexity: 0(n|V]) Not

Programming Time complexity: O(n|E|) scalable

©

Linear Convert operation dependency graphs into
P P y 8rap Solution

Programming linear programs

12
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LLAMP Toolchain: Linear Programming (LP)

min f(y,1,9,...) =y,
s.t. —l+yo =100
Yo = 500
—31—3g —y, = 900

Linear Solver

Netgauge
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Convert Execution Graphs to Linear Programs (LPs) - ©

Rank O Rank 1

0.1us 0.5us .
: a Space & Time:

oVl + ED

minimizet
l,y]_,t

y, =1+ 0.115 §;=
T = max(L + 1.115us, 1.5us) Decision Variables t>14+1.115

L+ 0.015us

lus lus

t=>1.5
t=>1.1

Easier to visualize

14
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Connection between Graphs and Linear Programs

minimize t
l,yl,t

Constraints

Constraints are
representations of path

Solving LPs finds the
critical path

We aim to find the runtime LPs can be used for

when L = 0.5us runtime prediction
Rank 0 Rank 1 [=>0.5
ul 4 Feasible region
0.1us 0.5us 25 = Objective:
minimizet
y1 =2 1+1115 l t=>1+1.115
L + 15ns . —
- Objective value: :
>
t =1.615 _ _ _ _ _

Critical path when L = 0.5
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LLAMP Toolchain: Analysis

Analysis

16
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Analysis

Latency Sensitivity Curves O

Network latency sensitivity, A;: number

Linear Program

miPimtize t of messages on the critical path
Y1,

Decision Variables Constraints
Range of feasibility, Ls; < Il < Lgy,: an

interval within which the critical path
remains the same

y, =1 +0.115
t=>1.1

[>L

No need to sweep across all L ‘;_I is the same in [L¢y, Ly ]

17
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Analysi
Network Latency Tolerance 'S
Change the objective to maximize [
Linear Program
maximize 4 ' ’
Lyt ) t<2 ot
Decision Variables Constraints 2.0 Ny
20
t>1+1.115 . ! Objective: ' Objective value:
™ [ maimier
0
16 = |Feasible region
----ﬂ ----------------------
4 —
—0.2 0.0 0.2 0.4 0.6 0.8

Add a constraint to specify the Solving LPs yields the maximum tolerable L

maximum allowable execution time

beyond which the runtime exceeds a threshold
(e.g., 10% of baseline runtime)

18



LLAMP is extremely versatile!




MFEL Q) @spc \:0‘:0 CSCS E'HZUI“/Ch

@spcl_eth
spcl.ethz.ch 4

How Fast is Linear Programming?

LogGOPSim [1] is one of the most

LLAMP uses Gurobi linear solver

efficient open-source network simulators
Logscale
' 1081

103] WEE LLAMP mmm LogGOPSim 886

=
o
N

Runtime [s]
= =
(@] (@]
(=) e

=
o
o

=
o
N

NPB MG.C NPB FT.C LAMMPS NPB CG.C NPBBT.C NPBSPC LULESH NPB LU.C

NPB EP.C
[5.75M] [5.79M] [11.4M] [46.6M] [48.3M] [77.9M] [61.2M] [156M]

[34.4K]

Linear solvers can remove redundant

Number of events in
the execution graph

constraints during presolve

[1] Torsten Hoefler, Timo Schneider, and Andrew Lumsdaine. 2010. LogGOPSim: simulating large-scale
applications in the LogGOPS model .
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Validation

Real system: ~45 hours
LogGOPSim: ~14 hours
LLAMP: ~5 hours (including
tracing and preprocessing)

We measured runtimes of 7
applications and compared them
with the predictions from LLAMP

The relative root mean square

errors (RRMSE) is below 2% for
all applications

LULESH 128 procs [8 nodes] LULESH 432 procs [27 nodes] LULESH 1024 procs [64 nodes]

—
U) v
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ICON Case Study: Collective Algorithm

We compare the performance impact of two
allreduce algorithms: recursive doubling and ring

ICON’s performance becomes more sensitive to

L when the ring algorithm is used

~4 X network latency tolerance

™ ICON 512 procs [32 nodes] ICON 1024 procs [64 nodes]
L oo 28.4 1526 121.0 i «e 11.5 2231 38.0 79.6 | 148 12421 osee
.; .E Gé 19 i i :l 11.0 i i_ o~ -.ooo.o.ooocioooooooooo 8.5 i i ...:.......0.'°oooocooooo
— 5 ¢ L 00065 o0
S -g § 18  w : i —— RJ;!cursive Doubling ' oo ) ] i 8.0 ““"”'i'“'f”'"" i
O o o 1 1 T T T 5 10 k T I L
) S 8 k —— Sensitivity ' 7.5k i : : [ :
oc ,<“ 1 1 | 1 1 I 1
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LLAMP can be used for designing collective algorithms

22
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Conclusions
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LLAMP Toolchain

LLAMP: LogGP and Linear Programming based Analyzer for MPI Programs
® Lyt
T T Constraints
et |
WPL Conn_size (WPT_CONN_WORLO, Gsize);

WPI_Irecv(ireceived, 1. WPL_INT, SENDER, ©
MPL_CONM_WORLD, Grequest) ;

Connection between Graphs and Linear Programs =4

Constraints are
representations of path

Solving LPs finds the
critical path

LPs can be used for
runtime prediction

[ | i=as W e
when

Feasible region
Objective:
minimize t

t=1+1115

20
t[us]
[1] Torsten Hoefler, Timo Schneider, and Andrew Lumsdaine. 2010. LogGOPSim: simulating large-scale - 1'5 >
applications in the LogGOPS model Objective value:

t = 1615 070 075

055 060 0.65

1[us]

[2] Torsten Hoefler, Torsten Mehlan, Andrew L ine, and Rehm. 2007. A Network
Performance Measurement Framework

Critical path when L = 0.5
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Latency Sensitivity Curves "ES" Validation

Real system: ~45 hours
LogGOPSim: ~14 hours
LLAMP: ~5 hours (including
tracing and preprocessing)

We measured runtimes of 7
applications and compared them
with the predictions from LLAMP

The relative root mean square
errors (RRMSE) is below 2% for

Linear Program Network latency sensitivity, A;: number
all applications

of messages on the critical path

minimize t
1y, t

LULESH 432 procs [27 nodes] LULESH 1024 procs (64 nodes]

Range of feasibility, Ly < 1 < Lgy: an
interval within which the critical path
remains the same

[ 1 | y, = 1+0.115
205
[ ¢ | t211

t2y +1 . L/
1L 1

Ly Lpy
0 1

No need to sweep across all L

65 e

T TRamse: 0.58%

g0
238
sk

Weak Scaling

ICON 128 procs (8 nodes)

SRuntime (]

RRMSE: 0.34% |

a

\ i
|

Strong Scaling
oK

00 600 8o0 1000
AL1ys]

00 6o
ALIus]

ar . .
5z is the same in [Lf1 Lru]

More of SPCL’s research:

2 voutube.com/@spcl 210+ Talks

1.6K+ Followers

u twitter.com/spcl_eth

5.6K+ Stars

Q github.com/spcl

... or spcl.ethz.ch

More results in the paper:
https://arxiv.org/abs/2404.14193

https://github.com/spcl/llamp
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Visualization of Linear Program

Linear Program

minimize t
l,yl,t

Decision Variables

Constraints

, v, =1+ 0.115
4
"/
\l
\\}
\

For easier visualization,

we integrate the value
ofy,intot >y, +1

Constraints
t>1+1.115

t=>1.5
t=>1.1

We aim to compute the
runtime when L > 0.5us

o

\Y%
oS
&3

Co—>S—>Cl Co—>S—>R CQ-)R 03

1 ) l l ‘ @
T = max( 1.1 ,max( L+0.115, 0.5 ) + 1)
Tight constraint (SR Ulgiile)] sesls
o” S\
S\
[>0.5 “« Tight
4 Feasibleregion BRI el
25 = Objective: S~
. m . [
minimize t t >0+ 1115
20 =
t [us]
15 —afr---------c-ccceeeue--.

Objective value:
t =1.615

A constraint is tight if it defines
a boundary of the polyhedron

A set of tight constraints
represent the optimal basis.

where the optimum lies.

25
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Construct Linear Programs from Mathematical Expression

Co—>S5—-C1 Chy—5S5—R Cy— R Cs3

Create a decision variable I to represent

T =[max( 1.1 ,[max( L +0.115 , 0.5]) FRER Y networklatency.

Linear Program Turn each max operator into a new

mi{limize t decision variable and two constraints.
Y1,t

When the outermost max is encountered,
Decision Variables Constraints use decision variable t to represent time.

y, =1+ 0.115
t=>1.1

Set the objective of the linear program to
minimize t

[=>L

Add the constraint [ = L and solve for the
objective value to obtain T for a given L.

Space complexity:

oVl + ED

time complexity:
o(lV|+[E])

26
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ICON Case Study: Topology

Substitute the latency of

Transmission latency: (h + 1) « L0 + b dgyitcn

all wires with a decision

Switch /PN variable 1.

h: number of hops between the nodes

ICON 4096 procs [256 nodes]

5 7.722 ~—®— FatTree o—o—o—o—o—*—*
I; —*— Dragonfly ° o—-o—-o——o—-"""'_._
S ___.——‘.—_ - 0 0
Rank O Rank 1 £ 7.720 ——o—e—s—e—o——"° o Fat Tree 1% L tolerance: 3136 ns
E X—X x——x——x——x——x——x——x——x——x—-x—"“"""x
> 7.718 T W e S
Rank 0 Rank 1 - XXX XX Dragonfly 1% L tolerance: 4558 ns
. . 280 300 320 340 360 380 400 420
0 2
2075k 13.7k
~< 13.6 k
20.5 k 13.5 Kk
0 0 275 300 325 350 375 400 425 275 300 325 350 375 400 425
L [ns] L [ns]

L=2 T e

27
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Future Work

A generalized strategy for analyzing
different parallel programming models
(e.g., charm++, Legion)

Communication sensitivity analysis for
machine learning training and inference

e cscs ETHzirich
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