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Why more densely populated accelerator servers?

= accelerators are faster and more energy-efficient than CPU
= densely populated accelerator servers are high performance nodes

= reduce space occupancy of the data center
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Cray CS Storm — new MeteoSwiss supercomputer

= 2 cabinets
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= 12 hybrid computing nodes per cabinet ln
= 2 Intel Haswell 12-core CPUs per node i

= 8 NVIDIA Tesla K80 GPU accelerators
per node
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= 2 GPU processors per accelerator
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= 192 GPU processors in total
= 360 GPU teraflops in total

= Production system
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= GPUs connected by PCI-Express
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PCIZ>

EXPRESS

= generation 3, 16 GB/s using x16 wide lane

= dual simplex (a pair of unidirectional links)

= exchange buffer availability between pair of ports of a link

= tree-based topology

Building a densely populated

accelerator servers with PCle:

Legend:
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= generation 3, 16 GB/s using x16 wide lane
= dual simplex (a pair of unidirectional links)
= exchange buffer availability between pair of ports of a link

= tree-based topology

Building a densely populated
accelerator servers with PCle: Root Complex
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Legend:
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PCIZ>

EXPRESS

= generation 3, 16 GB/s using x16 wide lane
= dual simplex (a pair of unidirectional links)
= exchange buffer availability between pair of ports of a link

= tree-based topology

Building a densely populated

accelerator servers with PCle: Root Complex
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PCIZ>

EXPRESS
= generation 3, 16 GB/s using x16 wide lane
= dual simplex (a pair of unidirectional links)
= exchange buffer availability between pair of ports of a link

= tree-based topology

Building a densely populated
accelerator servers with PCle: Root Complex
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Legend:
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Communication conflicts
0—7,1—4,6—7
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Communication conflicts
0—7,1—4,6—7

Upstream port
conflict
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Communication conflicts

0—7,1—4,6—7
Crossing the Root Complex

conflict

Upstream port
conflict
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Communication conflicts
0—7,1—4,6—7

Crossing the Root Complex
conflict

Head-of-Line blocking

Upstream port
conflict
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Motivation — COSMO halo exchange

GPU4 GPU5 GPU6 GPU7

GPUO GPU1 GPU2 GPU3
2D domain decomposition

3D domain decomposition

Which order of communications is the fastest?

0—4 1—0 2—1 3—7 4—0 5—4 6—2 7—6 0—11—02—1 3—2 40 51 62 73
0—1 12 2—6 3—2 4—5 56 6—7 7—3 0—+4 1—5 2—6 3—7 4—5 5—6 6—5 7—6
1—5 2—38 5—1 6—5 1—2 238 5—4 6—7
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Motivation — COSMO halo exchange

GPU4 GPU5 GPU6 GPU7
Z {

GPUO  GPUl1 GPU2 GPU3
2D domain decomposition

3D domain decomposition

Which order of communications is the fastest?

0—4 1—0 2—1 3—7 4—0 54 62 7—6 0—1 1—=0 2—1 3—2 4—0 51 6—2 73
0—11—2 2—6 3—2 45 56 6—7 7—3 0—4 1—5 2—6 3—7 4—5 5—6 6—5 7—6
1—5 23 5—1 6—5 1—2 23 5—4 6—7

2D domain decomposition example: 20, 376 possibilities
3D domain decomposition has more than 1.6 Million possibilities
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PCle performance model

We want to identify the congestion factors p € [0, 1] which limit the
available bandwidth per communication at each communication phase.

model: compute p

Step (A) Step (C)

Communication Update
graph messages

Advance to next time step
Update communication graph

\b:Q cscs SC16 - A PCle performance model | 7 ETHziirich
<



Communication phase — update messages

Elapsed time L., message size M., set of communication phases S;:

To = tstarty T, = tendy
1

e

Time
>

1
Co 'I Po,0 ™Mo,0

R Y _

Mo, 0

Le, =t = 0.0

Wl
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Communication phase — update messages

Elapsed time L., message size M., set of communication phases S;:

Time
>

To = tstarty, T; = tstart, T, = tendy T3 = tend,

1 t 1 t 1 t 1

1 0 1 1 [ 2 1
—F< = = }

1 | 1 1

| m 1 1 1
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1 1 1

| 11 P1,2 11,2
Cll P1,1 M1 |Ip P |
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Communication phase — update messages

Elapsed time L., message size M., set of communication phases S;:

Ty = tstarty T, = tstart, T, = tstarty T3 = tendy T4 = tend; = tend,
1 1

1 t() 1 tl I tg t3

Co iIPo,o Mool ' i
Ch
Co

Time
>

|

1 MTg.2 |
1po,1 ™Mo,111p0,2 "1 !
| I 1M 2l 1
:Ipl’l my,1 :¢p1,2 i :191,3 ml,S:
|

| meo 2I 1
) m
! :IPZ,Z :102,3 2,3:

Me, i _
Le= ZIESC i = 15 ZIESC Dol and M = ZIESC Me,i
(1) start time and M, are known
(2) pc,; are given by the model
with (1) and (2) L. are computable
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Model conflicts on switch

We want to identify the congestion factors p € [0, 1] which limit the
available bandwidth per communication at each communication phase.

= Each communication enters a switch with a congestion factor p and
leaves with a congestion factor p’

= |f Z/Pi > 1 then an arbitration policy is required,
! = p otherwise
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Upstream port conflict

Proportional sharing of available
bandwidth

Qoo o
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Downstream port conflict

* Round-robin policy

pa = 0.7
» Performance reduction for crossing 7=0.2
the root complex o s
I b 1_1
CF — set of communications crossing the root complex; " 2

n — number of grouped communication sets; 20 17
R — congestion factor of a grouped communication set;

T — congestion factor for crossing the root complex; J

—ifCR =0 then

ply = min(maz (% —0.2,0),0.7)) = 0.3
n py = min(3 +0.2,0.9) = 0.7

—ifCR # O then

q min(max(% — 7,0), R)  if R contains comm. € Cf
N min(% +7,R) otherwise
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Complete example

comm. Step (A) Step (B) Step (C) Step (D)
(a) 0—2 1 1/2 /2 30 3/w
(b) 1—4 1 1/2 3/10 3o 3w
(c)3—2 1 1 1/2 1/2 7/10
(d)6—4 1 1 7/10 /0 /0
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Complete example

comm. Step (A) Step (B) Step (C) Step (D)
(a)0—2 1 1/2 1/2 A
(b)1—4 1 1/2 3/10 30 3/w
(c)3—2 1 1 1/2 1/2 7/10
(d) 6—4 1 1 7/10 /0 /10

Congestion graph step 1

comm. cong. factor  dataremaining  elapsed time
T7T=0.2 (a) 0—2 3/10 128 MB 36 ms
Message size: 300MB (b)1—4 3/ 128 MB 36 ms
Bandwidth: 11.6 GB/s © 32 7/10 oMB 36ms
(d)6—4 7/10 omB 36 ms
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Complete example

7T=0.2
Message size: 300MB
Bandwidth: 11.6 GB/s

9,
\\).0 cscs

E

Congestion graph step 1

model: compute

Update
messages

comm. cong. factor data remaining elapsed time
(a) 0—2 3/10 128 MB 36 ms
(b)1—4 3/10 128 MB 36 ms
(c)3—2 7/10 oMB 36 ms
(d)6—4 7/10 oMmB 36 ms

Congestion graph step 2

comm. cong. factor data remaining elapsed time
(a)0—2 1/2 0MB 65 ms
(b)1—4 1/2 0MB 65 ms
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Model Validation

= Architecture parameters:
B=11.6GB/s
T =0.1735

= 22259 graphs:

non-isomorphic
cudaMemcpyAsync
Communication pattern:
scatter, gather, all-to-all
Entire set of graphs for
subsets of GPUs
Randomly generated
~100K communications

= Message size: 300 MB

= Time no contention:
Tref = 25.3ms

39
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TxTref

6xTref |-
S5xTref |-

4xTref
3xTref
2xTref
1xTref

Times

30000

Number of coms

25000 +
20000 -
15000 +
10000 +

5000 +

eoes 1 switch

T
- % BV BRREREEE & B
xxx 2switches| 7 0'::” cE:  °Hy |
7 - 1l V‘ | gil EiI E V 7
L b gi R . i i Y R
Lo gyt ali i : E - g Rt
ORI U ELI | LI U L
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#Edges per graph
23 1 switch
Hl 2 switches
B RC

60 50 40 -30 -20 -10 O 10 20 30 40 50 60

% Error

95% of communication are in range +/- 15%
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Back to the motivation — COSMO halo exchange
= Upper limit on time to solution, throughput approach
= Running mode one instance per socket (8 GPUs)
= | arge domain size 256x256x80 per GPU
= One step triggers 312 halo exchanges
= Message size: 40 KB to 254 KB
= Uses MPI

(381)* x (21)* = 20, 736 communication graphs for 2D domain

i 3D domain decomposition

0.28
0.26
0.24
0.22
0.20
0.18
0.16

0.14
<% cscs Congestion.graphs.sorted.by elapsed time ETHzirich

Time [s]




Fastest schedule for 2D decomposition

Downstream conflict and RC 7 [Downstream conflict and RC| Step 1:
Po—s =1 S proz=1-1

ownstream conflict and RC . [Downstream conflict and RC]|
Plos = P37 =3 =T Piso = Pos2 =3 =T

[Downstream conflict and RC
1-7
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Fastest schedule for 2D decomposition

Downstreatn conflict and RC
Mor=1-7

[Downstream conflict and m'l Step 1:
LS 054,10,
251,322,
45,56,
67,73

| e S rappey e |

Downstream conflict and RC

Downstream conflict and RC Step 1:
Posa=1-—17

a7 04,10,
2—-1,3—2,
4—5,5—06,
6—-7,7—3

- _ o> o>

5 6

~N

o—%‘b

T
»]
(@]

0 1 2

-9 =9 =9

w

219 RC
v 'y
1 2
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Fastest schedule for 2D decomposition

Downstreatn conflict and RC
Mor=1-7

[Downstream conflict and m'l Step 1:
LS 054,10,
251,322,
45,56,
67,73
[ s

[Downstream conflict and RC
P1—5 = P37 = % -7

Downstream conflict and RC
Pa—0 = P62 = % -7 Step 2:

0—1,1—5,
2—-3,3—>1,
4—0,5—4,
6—2,7—6
F131e1AlR
A EN A K3
0 1 2 3
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Fastest schedule for 2D decomposition

[Downstream conflict and m'l Step 1:
ok nks 054,10,
2-51,3-2,
4556,
67,73
[ s S s ey |

Downstreatn conflict and RC
Mg =1-7

Downstream conflict and RC

Downstream conflict and RC
pss1=1—17

prse=1—7

Step 3:
1—-+2,2—6,
5—1,6—5

-0
4 7
| 214 RC
Y[ &
0 1 2 3
0 -
Step 3:
1-2,2-6,
5=1,6—=5
i
a2 I A e
A4 'y
o 1'_,2 3
ETHzirich
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Fastest schedule for 3D decomposition

[Downstream conflict and RC Downstream conflict and ncl Step 1:

prse=1-7 piso=1-7

[Downstream conflict and RC
Posz=pros=3-T

Downstream conflict ry)nwnil(l‘,.\.m (:mfll(t 4A i ? ’7
Poz=proa =% Posi = P15 =3 FAEARER
Upstream conflict| [Upstream conflict] [Upstroam conflict || Upstream conflict
Poa = P15 = § | [p200 = past = 3 || passe = pss7 = § || Pz = pross
[Downstream conflict and RC X StC]’) 3:
0—2,1-0,

64,76
4 5 6 7
oi>9| =T}
<oy o>+
o123
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Fastest schedule for 3D decomposition

|[)m\u~1:» am conflict and RC

[Downstream conflict and n('l Step 1:
et 01,13,
256,32,
40,54,
627,725

Downstream conflict and RC
prse=1—7

Downstream conflict and RC Step 1:

poaZ T 0—1,1—3,
2—6,3—2
4—0,5—4,
6—-7,7—5

14 5 AG 7 _BC
Y > [ ¢ <—o
0 1 2 3

0—=2,1—=0
253,321,
4-55=1,
624,76
als|e|7

of1]2]3
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Fastest schedule for 3D decomposition

[[)u-v\w‘,» am conflict and RC

[Downstream conflict and m'l

prao=1—7

Step 1:

0—1,1-=3,
256,32,
450,54,
627,725

4 5 ‘6 7

Downstream conflict and RC
PO—4 = P15 = % -7

Upstream conflict

1
Po—4 = P15 = 3

Downstream conflict
_ _1
P2—0 = P3—-1 = 3

Downstream conflict

P6—2 = P13 = % .

Downstream conflict and RC

‘ E

Downstream conflict
1
P16 = P57 = 3

P62 = P73 = % -7 Step 2:
0—4,1—5,
Upstream conflict
ps I‘?}Hl (,(‘)1171Cl 2 _} ()7 3 _) 1’
P6—2 = P13 = 3

Downstream conflict 4 5

RC

1
Po—4 = P15 = 3

\ 0‘ 1

Upstream conflict
— _ 1
Po—4 = P15 = 3

Upstream conflict
— _ 1
P20 = P31 = 3

Upstream conflict
— _ 1
Pa—6 = P57 = 3

Upstream conflict

1
P62 = P73 = 3

¥ cscs

— - 6 .
a|s|e|7
/ 5 of|1]2|3
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Fastest schedule for 3D decomposition

|[)m\u~1;> wn conflict and RC [Downstream conflict and n('l Step 1:
Prs=1-71 pa—sp=1-7
o=t 01,13,
256,32,
450,54,
627,725

4 5 ‘6 7

Downstream conflict and RC Downstream conflict and RC

p3sr=1—7 i pss1=1—7

Step 3:
0—2,1—0,
2—-53,3—>7,
4—-55—=1,
6—4,7—6

5
—
=

1

—07*
> @ |

3

(]
Y
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0—=2,1—=0
253,321,
4-55=1,
624,76
als|e|7

of1]2]3
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COSMO improvement — fastest schedule

COSMO gain: 5.6% per halo exchange step,
gain is limited by MPI 2-sided overhead.
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Conclusion

- Latency not modeled

- MPI 2-sided overhead not modeled (use one-sided?)
+ Captures all PCle features including congestion

+ Simple model only 2 parameters (B and 1)

+ Precise for large messages

+ Design of topology-aware algorithms

+ COSMO halo exchange performance gain
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10 1.80x lower for 1
. [1.88x . Islower for lconfict 3-
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2 |e—e 0—1in conflict 3 1
1t ]
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Legend: Socket

L]
PCle

Port
S =) 5 EN
Complex x16 Link

ﬂ

TOPOLOGY T1 TOPOLOGY T2

oxTref xTref =

SXT“’" eeo Lswitch | ¥ ¥ 6xTref || °°° 1 switch s

XTref 1« x 2 switches 1 SxTref| | <** 2 switches
g axTref £ et [+ RC
£ 3xTref ¥ F 3xTref i

2xTref g ] 2xTref gxi 'l

IxTref | o x % % ' ITref L 8x, [ '

1 2 3 4 5 6 7 1 2 3 4 5 6 7
#Edges per graph #Edges per graph

30000 30000
«» 25000 «» 25000 | |EZ3 1 switch
£ £ =
S 20000 § 20000 2 switches
5 5 BN RC
© 15000 © 15000
3 3
€ 10000 ‘€ 10000

5
2 000 Z 5000
4 o 4
60 50 40 30 20 -10 0 10 20 30 40 50 60 60 50 40 30 20 -10 0 10 20 30 40 50 60
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