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Managing the memory In
nowadays and future systems

Parallel systems toward exaflop...
More and more memory

More and more cores

N R I Difference

System peak 2 Pflop/s 1 Eflop/s
Power 6 MW ~20 MW
System memory 0.3PB 32-64PB [ .03 Bytes/Flop ] 0(1 OO)
Node performance 125 GF 1,2 or 15TF
Node memory BW 25 GB/s 2 - 4TB/s [ .002 Bytes/Flop ]
Node concurrency 12 0(1k) or 10k 0(1 OO)_O(1 OOO)
Total Node Interconnect BW 3.5GB/s 200-400GB/s
(1:4 or 1:8 from memory BW)
System size (nodes) 18,700 0(100,000) or O(1M)
Total concurrency 225,000 O(billion) [0(10) to O(100) for
latency hiding]
Storage 15 PB 500-1000 PB (>10x system
memory is min)
10 0.2TB 60 TB/s (how long to drain the
machine)

MTTI days O(1 day)



The memory bus is already a
bottleneck

Feeding cache from memory

Already critical for sustaining performance in modern processor

Ex: gotoBLAS vs Atlas

photonic NoC
[————— 23

Worst with 1000’s of cores.

3D memory
layers

Solution: 3D stack memory?

multicore
processor layer



Scalabllity

Strong scalability: gain performance by only adding new
computing resources. Go faster on same problem size.

Weak scalability: when adding computing resources increase
problem size. Increase the amount of processed data per core.

Most parallel programs only show weak scalability.



But, the memory per core is not
o going to increase any more

Forget strong scalability at the core level

(But still enjoy it at the machine level)

Consequences:
Two levels of parallelism (core and machines)
You can still use coarse-grain parallelism at machine level

Need to find fine-grain parallelism in application to keep core
busy (algorithmic challenge)

Need to take care of access patterns to avoid cache misses
and increase/improve pipelining of data (systolic algorithm)



Possible solutions

Hybrid programming

. Mixing message passing and thread programming
. Example: MPI+OpenMP

Virtual memory
. Memory abstraction that hides hierarchy and NUMA effects

. Management of migration, access, thread placement/scheduling



But that's not over!

SCC: single chip cloud (Intel prototype)

“Cluster-on-die” architecture — 48 Pentium Processor cores
(P54C - x87FP only)
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Single Chip Cloud

Advanced power management:

. software control DVFS for core
. frequency control

Memory:

Up to 64GB DDR3 via 4 memory controllers @ 21.3GB/s
. 16KB SRAM in each tile as Message Passing Buffer (MPB)

Caching:

. 32KB L1 per core (16KB I,D), 12MB L2 cache (256KB/core)
No HW cache-coherent shared memory

Addressing:

. Core physical to system physical addresses in 16MB sections
. Memory mapped configuration & control registers



Cache Coherency

The cache is a copy of the main memory

The coherency between caches and memory is usually done by
hardware

The application does not need to be aware of the cache
hierarchy.

But not always:

. Cell Processors

. Future multicore processors?

Cache coherent HW mechanism do not scale:

. To be managed by the application?
. Need to take care on how data are accessed and when

. Split memory into independent chuck (like in distributed memory)?



Some research must done in
the memory management

Future multicore processors will not make things simpler

Less memory per core (weak scalability)

End of HW cache coherent mechanism?

One issue: need to carefully manage the way applications access
and process data.



(MPI) Process Placement

Computer-science research [Euro Par 2010]

INRIA Runtime team and Urbana Champaign (L. Kale/Charm++),
BlueWaters project

Preliminary results (will probably not be implemented as such)



Introduction

. MPl is the main standard for programming
parallel applications

. It provides portable code across platforms

. What about performance portability”?



Performance of MPI
programs

Depend on many factors:

. Implementation of the standard (e.g. collective
com.)

. Parallel algorithm(s)
mplementation of the algorithm
. Underlying libraries (e.g. BLAS)

. Hardware (processors, cache, network)
. etc.
. and ...



Process placement

The MPI model makes little (no?) assumption on
the way MPI processes are mapped to resources

It is often assume that the network topology is flat
and hence the process mapping has little impact
on the performance



The network topology is not

flat
Due to multicore processors current and future
parallel machines are hierarchical
Communication speed depend on:
. receptor and emitter IntegratediMemory Controlier-+3iCh DDR3:

. Cache hierarchy | P
. Memory bus I Core 0 Core 1 Core2 - Core3

. Interconnection network

. etc. Shared L3 Cache



Example of typical parallel
machine
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Rationale

Not all the processes exchange the same amount
of data

The speed of the communications, and hence
performance of the application depend on the
way processes are mapped to resources.



Process placement problem

Given:

The parallel machine topology
The processes communication pattern

Map processes to resources (cores) to reduce the
communication cost.



Obtaining the toplogy

HWLOC (portable hardware locality)  semosee

Socket#0

Runtime and OpenMPI team L2(4096KB) L2(4096KB)

portable abStraCtlon (aCrOSS OS, L1(32KB) L1(32KB) L1(32KB) L1(32KB)
versions, architectures, ...)

P#0 P#4 P#2 P#6

Hierarchical topology

Modern architecture (NUMA, ockeeen

CO reS, CaCheS’ etC. ) L2(4096KB) L2(4096KB)

L1(32KB) L1(32KB) L1(32KB) L1(32KB)
ID Of the CO reS Core#0 Core#l Core#2 Core#3
C library to play with

etc.



Obtaining the communication
pattern

No automatic way so far

For now done through application monitoring

Left to future work (static code analysis?), memory/
object monitoring.



State of the art

Process placement fairly well studied problem:

. Graph Partitioning (Scotch/Metis): do not take
nierarchy into account.

. [Traff 2002]: placement through graph embedding
and graph partitioning

. MPIPP [Chen et al. 2006]: placement through
local exchange of processes until no gain is
achievable

. [Clet-Ortega & Mercier 09] : placement through
graph renumbering



Example

T: topology matrix C: communication matrix
0 100 100 10 1000 100 100 10 0 1000 10 1 100 1 1 1
100 0 10 100 100 1000 10 100 1000 0 1000 1 1 100 1 1
100 10 0 100 100 10 1000 100 10 1000 0 X 1000 1 1 100 1
10 100 100 0 10 100 100 1000 1 1 1000 \0 1 1 1 100
1000 100 ‘100 10 0 100 100 10 100 1 1 \‘{ 0 1000 10 1
100 1000 /10 100 100 0 10 100 1 100 1 1\ 1000 0 1000 1
100 10 1000 100 100 10 0 100 1 1 100 1 10 1000 0 1000
10 100/ 100 1000 10 100 100 0 1 1 1 100 \ 1 1 1000 0
/ \
Communication speed between Amount of data exchanged between
processor 2 and processor 3 process 1 and process 3
Formal problem Example of solutions:
Input: T and C two n by n matrices Round-robin: 01234567 2413
Output: o a permutation of sizen  Graph embedding: 37406251 210.52
Constraint: minimize Optimal (B&B): 04152637 29.08

Y €, /)/T(o,,0,)

=]



Complexity of the problem

Finding the optimal permutation is NP-Hard

However, posed this way the problem does not
take into account the hierarchy of the topology

Question: does taking the hierarchy into
consideration help?



Taking into account the
hierarchy

Topology matrix

0 100 | 100 | 10 | 1000 | 100 | 100 | 10 HWLOC output
100 | O 10 | 100 | 100 | 1000 | 10 | 100
100 | 10 0 100 | 100 | 10 [ 1000 | 100
10 | 100 | 100 | O 10 | 100 | 100 | 1000
1000 | 100 | 100 | 10 0 100 | 100 | 10
100 | 1000 | 10 | 100 | 100 | O 10 [ 100 | L N\
100 | 10 | 1000 [ 100 | 100 | 10 0 100 LT LT RN TN
10 | 100 | 100 | 1000 [ 10 | 100 | 100 0
Die #2 Die #3
L2 L2 L2 L2

Mem

- e S

Die #0

Die #1




Mapping the communication matrix
to the topology tree: the TreeMatch
algorithm

|dea: for each level of the tree, group nodes to
minimize remaining communication.

Group size should be equal to the arity of the
considered level



Example

o | 1000 ]| 10 1 100 | 1 1 1
1000 | o | 1000/ 1 1 100 | 1 1
10 | 1000 [ o/ | 1000 | 1 1 100 | 1
1 1| 1900 [ o 1 1 1 100
100 | 1 | /4 1 o | 1000 | 10 1
1 100 |/ 1 1 | 1000 | o | 1000 | 1
1 1 100 | 1 10 | 1000 | o | 1000
1 1| 100 | 1 1 | 1000 | o
0«1 2“3 41> 5 6«7
+
Grouped matrix
o | ™2 202 | 4
1012 | 0 4 | 202
202 | 4 o | 1012
4 | 202 [1012] o




A more complex example

o | 1000 | 10 1 | 100 | 1 1 1
1000 | o | 1000/ 1 1 100 | 1 1
10 | 1000 | o/ | 1000 | 1 1 100 | 1
1 1| 1900 [ o 1 1 1 100
100 1| /1 1 o | 1000 | 10 1
1 100 |/ 1 1 | 1000 | o | 1000 | 1
1 1 [ 100 | 1 10 | 1000 | o [ 1000
1 1] 1 | 100 [ 4 1 | 1000 | o
ol{1] \[2}~{3] [4]~5 6<=7///
+

Grouped matrix
o | 1h2]| 202 | 4
1012 | o 4 | 202
202 | 4 0 | 1012
4 | 202 [1012] o




A more complex example

\ 4

Extended grouped matrix

2+ 3 4 |«
Grouped matrix
0 1012 202 4
1012 0 4 202
202 4 0 1012
4 202 1012 0

0 1012 202 4 0 0
1012 0 4 202 0 0
202 4 0 1012 0 0

4 202 1012 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

Grouped matrix

0

412

412

0




A more complex example

0 1000 10 1 100 1 1 1
1000 0 1000 1 1 100 1 1
10 1000 0 1000 1 1 100 1
1 1 1000 0 1 1 1 100
100 1 1 1 0 1000 10 1
1 100 1 1 1000 0 1000 1
1 1 100 1 10 1000 0 1000
1 1 1 100 1 1 1000

e
TreeMatch: | 0 11 |2

Packed: 0| [1] |2 3/ |4| |5| |6 |7

Packed solution worst than the TreeMatch one because there is a large communication
between processes 5 and 6



Experiments

We use the NAS benchmarks:
All the kernels
Class: A,B,C,D
Size: 16, 32/36, 64

On highly NUMA machine (4 nodes of 4 Xeon quad-core
Dunnington)

Comparison with : MPIPP [Chen et al. 2006] (two versions),
Packed (by sub-tree), Round-Robin (process i to core i).




Simulation Results

We simulate the
execution time using
our model

Sim NAS ALL
40.51 % (>) || 63.29 % (>) 93.67 % (>)
ot S| 94.94 % (>) A
T 16.46 % (=) || 29.11% (=) |\\1oiianet 113l | 5-08 % (=)
reeMatch [|Median=1.000| [Median=1.016 Avg=1.159 Median=1.415
Avg=1.011 Avg=1.036 [0.960,1.800] Avg=1.446
[0.895,1.156] || [0.960,1.432] [1.000,2.352]
oo o) || 96:20% () || oy, (J)
MPIPP.5 ||Median=1.015||"'¢2/aN=1-192 Median=1.418
Avg=1.025 || Av9=1.148 \["ay0-1 423
K [0.877,1.256] [0.944,1.800] [1.000,2.069]
. T 83.54 % (>) || 93.67 % (>)
7 12.66 % (=) || 5.06 % (=)
Packed ||Median=1.062(|Median=1.387
Avg=1.119 Avg=1.391
Y= 3= P | B v P [0.988,1.800] || [1.000,2.064]
73.42 % (>)
Median=1.215
RR Avg=1.251
J [0.788,1.830]
MPIPP.1

10 1.5 05

1.0 1.5 05

1.0 15 05

1.0 15




NAS on the real machine

Best strategy:
TreeMatch

Some very bad
results against
round-robin

Bertha ALL
48.68 % (>) || 52.63 % (>) || 52.63 % (>) || 59.21 % (>)
526% (=) || 11.84% (=) || 1.32% (=) 2.63 % (=)
TreeMatch ||Median=1.000|[Median=1.001| |Median=1.002[ [Median=1.005
Avg=1.026 Avg=1.027 Avg=1.006 Avg=1.043
[0.900,1.267] ||[0.923,1.269] || [0.778,1.276] || [0.900,1.699]
e’ 55.26 % (>) 52.63 % (>) 59.21 % (>)
1.32 % (=) Median=1.002 2.63 % (=)
MPIPP.5 ||Median=1.001 ' Median=1.002
Avg=0.980
Avg=1.002 [0.778.1.120] Avg=1.017
L [0.952,1.052] o [0.916,1.699]
J—g T 50.00 % (>) || 55.26 % (>)
5.26 % (=) 2.63 % (=)
Packed [|Median=1.000|[Median=1.001
Avg=0.978 Avg=1.015
A | A [0.773,1.137]|[[0.910,1.640]
|1 ' ' 60.53 % (>)
1.32 % (=)
RR Median=1.005
Avg=1.040
J1=Ean! b [0.910,1.516]
MPIPP.1
.jjT‘} .-—I=="=. ._—l: y___
| | | | | | | | | | | | | | | |
0.9 1.1 0.9 1.1 0.9 1.1 0.9 1.1




32-64 processes

Several nodes are used

Best: TreeMatch (up to 27%
improvement).

Comparable to MPIPIP.5
(but faster runtime)

Bertha 64-32

46.15 % (>)

55.77 % (>)

69.23 % (>)

63.46 % (>)

5.77% (=) || 1154 % (=) || 1.92% (=) a0 7
TreeMatch | Median=1.000| Median=1.002| Median=1.008{ 's%2"=1 912
Avg=1.037 || Avg=1.039 || Avg=1.045 || 5001 699]
[0.900,1.267] || [0.923,1.269] | |[0.951,1.276] || 7"~ -
] 59.62 % (>) o 59.62 % (>)
" 1.92 % (=) MZ%%?] =/1 (535 1.92 % (=)
MPIPP.5 |Median=1.001| ™1 " | Median=1.003
Avg=1.008 || 7 94915 1 120|| Avg=1.021
Juanal] [0.952,1.052] || 17771 [0.916,1.699]
el 0023 % ((_>)) 51.92 % (>)
77 (=) | IMedian=1.000
Packed |[Median=1.002 .
Avg=1.006 Avg=1.018
' [0.910,1.640]
bl L [0.959,1.081]
| [_,,.f | T 44.23 % (>)
1.92 % (=)
RR Median=0.999
Avg=1.011
ey | s [ s [0.910,1.516]
L~ W
MPIPP.1
—_ ..—D_.L‘l]- —_ .—b—.\.l:l —_ ..—|:|_r:1 —_ o
| | | I | | | | | | | I | | | |
0.9 11 0.9 1.1 0.9 11 0.9 11




Communication Only
Application

We extract the

communication
pattern of the NAS

Up to 37% improvement

Model ALL
55.56 % (>) || 73.61 % (>) |[ 72.22 % (>)
80.56 %
139% (=) || 139% () || 139% () |} B0°0% )
TreeMatch | [Median=1.002| [Median=1.010{|Median=1.024 Ava=1 298
Avg=1.041 || Avg=1.067 || Avg=1075 || /g 9541 890]
[0.920,1.364] || [0.963,1.377] || [0.832,1.534] ’ T
- 7917 % (>) || 79.17 % (>)
84.72 % (>
139% (=) [| 1.89% (=) || o ™2 (15)8
MPIPP.5 ||Median=1.013||Median=1.027 Ava=1.245
Avg=1.026 || Avg=1.033 || gg; 1 o84]
[0.857,1.333]||[0.750,1.229] R
— —
68.06 % (>) || 76.39 % (>)
Median=1.015||Median=1.148
Packed ||"A/g=1.008 || Avg=1213
[0.750,1.230] || [0.924,1.907]
83.33 % (>)
Median=1.123
RR Avg=1.205
__p _|”:| -1 __1.—.P T [0.914,1.745]
H% MPIPP.1
T T 1TTrTT T TTITrTT T T TTTT T T TTI
06 10 14 06 10 14 06 10 14 06 10 14



Conclusion

Mapping processes can help to reduce the communication cost

TreeMatch: an algorithm to perform such mapping

- Bottom-up
- Fast

- Does not require that the number process equals the number of cores/
processors

- Optimal in some cases

Early results:

- TreeMatch: best method on average
— Works well when more than one node is used

- Difference between model and reality



Future work

On going work

Future work:
- Top Down?
- Improve model (NUMA effect)
— Hybrid case
- Dymamic adaptation
— Automation
— Process topology interface of MPI1 2.2 (With J. L. Traff).



