High Throughput Data Center
Topology Design

Ankit Singla, P. Brighten Godfrey, Alexandra Kolla



\$
cpawlt XU g heltara XW T Yyfomana. X > 2 ' AL a
' alln’ XXW. N e ot X }
W dlarips g‘"lusxmu A
OYMRATIG + o db Labores
 Bbiobinc S

LY

Jer

Y

{untulie 2@

- d Aarouarel ‘ZBQMW\J o

"Ij Bolmbo
ppc Tt am,

\\“ mn 3 vis e

yordhis . X
1&0\;&“&0 p AL Lt c‘
R L u-ﬁqnuﬂ&

30'.\\10
out

Rurnomils

D
ab
Y con 2 e affa 20 Larmhf ) culiba o
/"IL omoTid

ge X Xy,

4Ab pretoTum

w 5L
07 Anriv
< v‘u

"
A {orfmil .

"2 C : ot ul*w Cirferna =
Cal\:\mo % : b V1. G -
-, e '.:'_" Monf

Thebha |

A quu\u'\n w

t 5 Aarig

- Pronefie NG
‘blo‘

a5 "““O'tltgr.ml V. :
Ilnnwv\ut.lrbmrw .
g\ﬂm wa

(tatuas. o
a0 "“d.
o &) barium

Anbum  vn AR X

—

go. % Lauwnut Xt ol L 4%
el 1- .v i
dfwura ‘rClQRf\. ™ ‘%é W 5‘, v e‘
ad tur >

. Thapaste. ddafrtho. S12€ S N 2
| 1 thufires. XXX - | daeanSeinepte. S

AN ,_.-/¢§_ ’—.',’). s /.'_ o o~ -w‘*;. pel g ‘ “d ,./!’ﬁ * Ptk mt‘ gl. —I , &. 2 , L ligE%&‘,?éﬁiﬁ SR L S W “ o ; /dj o
< B ¥ & ’ B NG 5 K VIR iy AT e MM i
# P\ ) ; ’;i ...‘_,/: $ P ol X /




w] GrEmgm— v e
- - - -

M TS - °
¢ » [T~ - - '
.~ o . - - . .
e L . R ey - S ¥ 5
~. .’ . » ; ‘-' 2 L - L Y » v .
* 3 ' ¢ . - - . &-s.—.-. e
‘ Q. J e PRTTELEE . ~
2 i . 50.;. b —— e — .-‘-‘. ’ 1 .r’-§... 00-0.“:. :”' 2 ...
» M M - “" ! . i
i .w*.'J».-. ' :.‘- . : T P | :3 - -'1.- ;.A-:"
i L . —— . ' -
" TR . - o - .-;or'o *.. .".""‘: 0:-: ';~~'v.; A L. .
- . oo { -
gk St L, et  gap ioubie Rasss.
:.":, sy

:
- ’
Ll e J

- -—
L LB S

. - - o Saen |

'.co B . - b W -

' ok ‘" N e ... 31%% ‘.‘. .. .';' ' ; b 1 40 Ve .
- - - " ’“ " LY .

— - LA L R L . ..-0 LTS -—a . a
’ ‘ | ’ ” " son- 4D ! - - '_"1 a“ "
l‘n.u-o ~'~‘\s-—.-~ b . . -
L ¢ .., AL L . —
1RSI G B -

.-
~- o r-—r et o ——
Einditbatinadi: 3l o SREEET MY | BT
oo -..." - .

. L L T -
" L . M uas
ke --—Qh qq - p'.: " -
o "Y‘ ~d 'J-‘J “ "‘—-’ - -
s - T

et o

T ’1’ ’h

.
-
c!.

L e
Totomen

Abe T gy AR

el -
B R Jl:;.". ait

..-P.-

A " -
- - -.—-

--{, » - ; p - -, ™ fenangy
. . o .--wr'c'ﬂ‘ i ,-'-‘i‘ﬁ;?“ 44.:;:~-'"' %
A e e ST "I'.m ‘l""m."" .'Q:
e R - . ' e .* oo. 1% - -'i [
- - . ‘e ‘Q.— -0';'.'0‘ " ﬂ "”0:0.“—0'“‘ ey — ‘. .‘l" .
‘f‘-vo‘ e - .Ovl’. g s = i Xy Vo el s

T - -y iﬂ.l; 8.

0‘..-- .



“How long must we wait
until our pigeon system
rivals those of the
Continental Powers?”

- The Nineteenth Century, 1899
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The need for throughput

Bandwidth Consumption

Ingress (from Internet)

Egress (to Internet)

Inter-cluster

Inter-cluster traffiic more than
doubled in the last 7 months
([and is accelerating)

March, 2011 May, 2012

[Facebook, via Wired]




Many topology options ...
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How do we design throughput
optimal network topologies!?



How do we
design throughput
optimal network

topologies?




‘ How close can we get to optimal
network capacity!?




‘ How close can we get to optimal
network capacity!?

‘ How do we handle heterogeneity!?



Jellyfish: Networking Data Centers Randomly

[NSDI 2012: Singla, Hong, Popa, Godfrey]



Networking Data Centers Randomly

Jellyfish

[NSDI 2012: Singla, Hong, Popa, Godfrey]



* High capacity

trees by 25%+

e Beat fat

Networking Data Centers Randomly
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Jellyfish: Networking Data Centers Randomly

* High capacity
* Beat fat-trees by 25%+

* Easier to expand

* 60% cheaper expansion

[NSDI 2012: Singla, Hong, Popa, Godfrey]



Jellyfish: Networking Data Centers Randomly

* High capacity
* Beat fat-trees by 25%+

* Easier to expand

* 60% cheaper expansion

* Routing and cabling are
solvable problems

[NSDI 2012: Singla, Hong, Popa, Godfrey]



‘ How close can we get to optimal
network capacity!?




‘ How close can we get to optimal
network capacity!?

‘ How do we handle heterogeneity!?



How do we measure
throughput?



How do we measure throughput?

Maximize the minimum flow
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Maximize the minimum flow

under random permutation traffic



How do we measure throughput?

Maximize the minimum flow

under random permutation traffic
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How
do we measure throughput?

d Understanding

Measuring an

Throughput of Network Topologies
Sangeetha AJ,A. Singla, P. B. Godfrey,A. Kolla
SIGMETRICS 20 14 (Short paper)
http:// Arxiv.org/pdf/l 402.2531
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How
do we measure throughput?

d Understanding

f Network Topologies
A.Kolla

Measuring an

Throughput O

Sangeetha AJ,A. Singla, P B. Godfrey,

SIGMETRICS 2014 (Short paper)
df/1402.253
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® Bisection bandwidth # throughput



How do we measure throughput?

Measuring an

Throughput ©

[ P B. Godfrey,A.
cetha AL A. Singla,
Sg?g%:EIRI._CS 2014 (Short paper)
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® Bisection bandwidth # throughput

® Near-worst case traffic patterns



How close can we get to
optimal network capacity?



A simple upper bound



A simple upper bound

# flows



A simple upper bound

# flows ¢ capacity used per flow



A simple upper bound

# flows ¢ capacity used per flow

< total capacity



A simple upper bound

# flows ¢ capacity used per flow

< total capacity



A simple upper bound

# flows ¢ throughput per flow * mean path length

< total capacity



A simple upper bound

total capacity
throughput per flow <
# flows * mean path length



A simple upper bound

Dlinks capacity(link)
throughput per flow <
# flows * mean path length



A simple upper bound

D links capacity(link)
throughput per flow <
# flows * mean path length

Lower bound this!




Lower bound on mean path length



Lower bound on mean path length
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Lower bound on mean path length

[Cerf et al., “A lower bound on the average shortest path length in regular graphs”, 1974]



Lower bound on mean path length

Distance | # Nodes

[Cerf et al.,, “A lower bound on the average shortest path length in regular graphs”, 1974]



Lower bound on mean path length

Distance | # Nodes

| 6

[Cerf et al.,, “A lower bound on the average shortest path length in regular graphs”, 1974]



Lower bound on mean path length

Distance | # Nodes

| 6
2 6

7 NS

[Cerf et al., “A lower bound on the average shortest path length in regular graphs”, 1974]



Lower bound on mean path length

Distance | # Nodes

| 6
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(Ugliness omitted)

[Cerf et al., “A lower bound on the average shortest path length in regular graphs”, 1974]



Lower bound on mean path length

Distance | # Nodes

| 6
2 6

7 NS

(Ugliness omitted)

[Cerf et al., “A lower bound on the average shortest path length in regular graphs”, 1974]



Random graphs vs. bound
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Random graphs vs. bound

e all-toall 10 servers

e - v .

. ‘ ' .5 servers per switch,
0.8 ... P ........ - AR 3 < .............................. random Permutatlon
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Throughput
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0 50 100 150 200

Network Size

Random graphs within a few percent of optimal!



Random graphs vs. bound

ervers

d Understanding ~  ©en 2o e
opologies
¢ Network T

A. Kolla

Measuring an

Throughput ©

' P.B. Godfrey,
cha AJ,A. Singla,
%T[Gllg\:?l&ﬂs 2014 (Short paper)

http:// arxiv.org/ pdfl 1402.2531
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Network Size

Random graphs within a few percent of optimal!

Random graphs exceed throughput of other topologies



How close can we get to
optimal network capacity!?

Very close!!



How do we handle heterogeneity?

Image credit: Legolizer (www.drububu.com)


http://www.drububu.com/animation/lego/

Heterogeneity




Heterogeneity










Random graphs as a building block
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Low-degree
switches

High-degree
switches



Random graphs as a building block

High-degree
switches
Servers

Low-degree
switches

How should we
distribute servers!?




Random graphs as a building block

How should we
interconnect switches?

Low-degree
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High-degree
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distribute servers!?
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Random graphs as a building block

Low-degree
switches

High-degree
switches

How should we
distribute servers!?
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Distributing servers
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Distributing servers

Normalized Throughput
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Normalized Throughput

Distributing servers

I
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0
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to SWItCh port counts
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Normalized Throughput

Distributing servers

I
0.8
0.6
0.4
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0

Distributing servers in proportion
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Number of Servers at Large Switches
(Ratio to Expected Under Random Distribution)




Distributing servers

Distributing servers in proportion
| to SWItCh port counts

Networks aren’t

built like this today!




Random graphs as a building block

How should we
interconnect switches?

Low-degree
switches

High-degree
switches




Interconnecting switches
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Interconnecting switches
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Interconnecting switches
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Interconnecting switches
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Interconnecting switches

Normalized Throughput

Cross-cluster Links
(Ratio to Expected Under Random Connection)
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Interconnecting switches

» Vanilla random interconnect

Normalized Throughput

Cross-cluster Links
(Ratio to Expected Under Random Connection)
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Intuition
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Intuition

O

@
< Still need one crossing! >




Intuition

O

Ge=_ =
A=

Still need one crossmg'

APL



Intuition

‘

>
< Still need one crossmg'
Throughput should @ 1 of total capacity
drop when less than APL crosses the cut!




Explaining throughput

Upper bound
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And constant-factor matching lower bounds in special case



Two regimes of throughput

Normalized Throughput
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Two regimes of throughput

sparsest cut

Normalized Throughput

0O 02 04 06 08 I 2 14 16 1.8

Cross-cluster Links
(Ratio to Expected Under Random Connection)



Two regimes of throughput

“plateau’:

Sparsest cut (total cap) / APL
—_—
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Implications

A wide range of connectivity options



Implications

A wide range of connectivity options



Implications

A wide range of connectivity options

Bisection bandwidth # throughput



Implications

A wide range of connectivity options

Bisection bandwidth # throughput

Greater freedom in cabling



Quick recap!



How close can we get to
optimal network capacity?

Throughput
(Ratio to Upper-bound)
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How close can we get to
optimal network capacity?

How should we
distribute servers!?

How should we
interconnect switches?
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Improving a REAL
heterogeneous topology



The VL2 topology

[Greenburg, Hamilton, Jain, Kandula, Kim, Lahiri, Maltz, Patel, Sengupta,
SIGCOMM’'09]

Link-state network Internet

carrying only LAs
&g, W) f____y/______[De@.&lt@?ﬁ\di_at@,SWitcheS
'\ Int

Lol
Fungible pool of
\___|servers owning AAS
(e.g., 20/8)

Servers -




Link-state network
carrying only LAs

(e.g., 10/8)

The VL2 topology

Internet

4____/_______[Qe/_a_x_l_nte_r____d_i;a_t_e,Swi c

Da2 x 10G

I 1

2 %10G D2 x10G D.D/4 x ToR Switches
DL oA O O - —d A0 SO LS L) 0
""" | ToR
20 ZO(DAD|/4)X Servers
== ———— - I — - = o o R ]~~~ ———— - >
Servers . .. .

Fungible pool of
\___|servers owning AAs
(e.g., 20/8)

High-degree
switches



The VL2 topology

High-degree
Link-state network Internet SWitCh (SN
carrying only LAs
&5, 1) f____/_______[Qef_g_x_lnt?_r____d_lﬁt_e Swic
v =
D| x10G
Low-degree

DM2x1OG

— switches

D, x Aggregate SW|tches

o 2XI0G N DaDv4 x_ToR Switches
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B L e e L e e ey =~ == === == >
Servers

Fungible pool of
\___|servers owning AAs
(e.g., 20/8)




The VL2 topology

High-degree
Link-state network Internet SWitCh es
carrying only LAs
(g 1055 *____/_______IQA/E)S_UJI?!____d_isa_t_e_,SWi c
v =
D| x10G
Low-degree

— switches

L 2XI0G N T DaDy4 x_ToR Switches
ToR \
< 20 20(DaDy4) x Servers N ToRs = Servers
"""""""""" Servers [T o T e

Fungible pool of
\___|servers owning AAs
(e.g., 20/8)




Link-state network
carrying only LAs

(e.g., 10/8)

Rewinng VL2

Internet
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------------------------------------------------------ A
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Fungible pool of
\___|servers owning AAs
(e.g., 20/8)

Connect ToRs proportional
to Intermediate/Agg degree



Link-state network
carrying only LAs

(e.g., 10/8)

Rewinng VL2

Internet

4____/_______IQA/E_X_l_fJI?!____d_@t_e_ Switches

Da2 x 10G

Servers

D, x Aggregate SW|tches
DaD/4 x ToR SW|tches

------------------------------------------------------ A

____________________________________________________ >»

Fungible pool of
\___|servers owning AAs
(e.g., 20/8)

Uniform-random
Interconnection

Connect ToRs proportional
to Intermediate/Agg degree



Servers at Full Throughput

(Ratio Over VL2)

Rewiring VL2

40% more

SErvers

with server-to-server

random permutation
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Rewiring VL2

40% more

SErvers

with server-to-server

random permutation
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Rewiring VL2

40% more
servers

with server-to-server

| 4 all-to-all random permutation
o T — e g

- rack-to-rack

Servers at Full Throughput
(Ratio Over VL2)

Iy 4N T S R S R

6 8 10 12 14 |6 |18 20

Aggregation Switch Degree



How do we design
throughput optimal
network topologies!?

https://github.com/ankitsingla/topobench


https://github.com/ankitsingla/topobench

