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° ngh—performance routlng IS
facilitated by numerous multiple
shortest paths of equal lengths

between any endpoints

Analysis of an Equal-Cost Multi-Path Algorithm

WOrk by Al-Fares et al. [7]
VL2 [90]  wCMP for DC [233]

Source routing for
flexible DC fabric [117]

Monsoon [91]

PortLand [160]  SPAIN [158]
ECMP-VLB [123]
Work by Linden et al. [215]
Work by Suchara et al. [204]
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.For different workloads

Key Insight: We need three disjoint
paths per router pair to handle
[almost all] colliding flows
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A robust insight, valid for different

topologies and workloads
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(a.2) Create a layer by
removing a fraction of
edges (e.g., random
uniform sampling)

(a.1) Divide
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Default topology
Shortest path: 2 hops

S @Y
‘A‘A;'I A\.:‘
SNV
N2

Z XA

C C

N\, /
> XK

Default topology

SN
Vo

-
(A

[ X7 /NX
VR
A

Ege

c A £y

)

s‘-b‘.«/ﬁ-

N7 XX —
S AN




e s v eseen  ETHzUrich

FATPATHS ARCHITECTURE: LAYERED ROUTING PROTOCOL m

(a.1) Divide (a.2) Create a layer by
links into removing a fraction of
subsets edges (e.g., random
(layers). uniform sampling)

Default topology Layer 1: “Almost”- Layer 2: “Almost”-
Shortest nath: 2 hons -sho@gﬁﬂmﬁogq8§¥ -shortest path: 3 hops
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(a.1) Divide (a.2) Create a layer by (b) Divide one flow (c) Route minimally in each
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A flowlet [1,2] is a sequence of packets within one

flow, separated from other flowlets by sufficient time
gaps, which prevents packet reordering at the receiver.
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different lenghts?

[1] S. Kandula et al. Dynamic load balancing without packet reordering. ACM CCR. 2007.
[2] E. Vanini et al. Let It Flow: Resilient Asymmetric Load Balancing with Flowlet Switching. NSDI'17.
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A flowlet [1,2] is a sequence of packets within one
flow, separated from other flowlets by sufficient time
gaps, which prevents packet reordering at the receiver.
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Very simple load balancing:
when one detects congestion,

a router just picks a random path
(layer) for the packets to be sent
(they become a new flowlet)

[1] S. Kandula et al. Dynamic load balancing without packet reordering. ACM CCR. 2007.
[2] E. Vanini et al. Let It Flow: Resilient Asymmetric Load Balancing with Flowlet Switching. NSDI'17.
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How to load balance traffic
over different paths of
different lenghts?

A flowlet [1,2] is a sequence of packets within one

flow, separated from other flowlets by sufficient time
gaps, which prevents packet reordering at the receiver.

o0 000 O00o0o0o

Size of flowlets changes automatically
based on conditions in the network

Very simple load balancing:
when one detects congestion,
a router just picks a random path
(layer) for the packets to be sent
(they become a new flowlet)

[1] S. Kandula et al. Dynamic load balancing without packet reordering. ACM CCR. 2007.
[2] E. Vanini et al. Let It Flow: Resilient Asymmetric Load Balancing with Flowlet Switching. NSDI'17.
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1L = {b} //Init a set of layers L; we start with E that corresponds to o;.
21 = {71 (V), ..., /n—1(V)} //Generate m—1 random permutations of vertices.

3

4 //Init a matrix W containing weights of edges (u,v)€E.

S5W =A{[wuw] | Yu,v €V :wyy =0}

6

7 foreach w €Il do: //One iteration of the main loop derives one layer.

8 E' = create_layer(m, E, W, Lmin, Lmaz) //Generate a layer.

9 L = LU{E'} //Record the layer

10

11 //Derive a layer that corresponds to some o;.

12 create_layer(mw, E, W, Lyin, Lmaz):

13 //A condition "m(u) < w(v)" ensures layer's acyclicity.

14 V={(wv) €V xV:nu) < (v)}

15 //Init a priority queue . One queue element is a pair of vertices from V.

16 Q.init(V)

17 incidence =incidence_matrix(G) //Generate an incidence matrix of G.

18 pent =0 //Init path count variable pent.

19  while (V#0 and pent < M) do:

20 (u,v) = Q.pop() //Get a pair of vertices with lowest priority (lowest number of added paths).

21 path = (vi,va...,vq) < find_path(u,v, W,incidenceq, Lmin, Lmaz) //Find path from w to v, with path of

length € [Lmin, Lmaz|, minimizing the sum of edge weights, such that for i<gj: w(v;) <m(v;) and the

available edges are given by the incidenceg matrix.

th exists: //Check if w and v are connected, in the graph given by the incidenceg matrix.

:pcnt+1

pach link € path do:

= E'U{link} //Add each edge from path to the current layer.

ach v;,vj € path where [i—j|>1 do:

idenceg [vi][vj] =0 //Exclude all edges, which will force the traffic from v, to wg to use a

different path than one that was found.

Fach  w;,v; € path where j—i < Liin do:

V=V\(vi,v;) // Even if an additional path from v; to w; of length at least Lgmi, will be added,
there will still exist this shorter path between these vertices (the one contained by the
path (vi,v2,...v4)), therefore the pair (v;,v;) should be further excluded from the V set.

L = {E} //Init a s
P = {r1(V),...,mn
foreach w € P do:

E" = {};

bth (sre, dst, W, incidenceq, Lmin, Lmaxz) :

path = null //Init variable containing the path with lowest cost.
//Init an empty queue.

(src)

QF#D do:

fge to the layer

O 00 1IN B W=
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11
12
13
14
15
16

L = {E} //Init a s
P = {r1(V),...,mn
foreach w € P do:

O 00 1IN B W=

ETH:zurich

L = {b} //Init a set of layers L; we start with E that corresponds to o;.
II = {m(V),...,m-1(V)} //Generate m—1 random permutations of vertices.
//Init a matrix W containing weights of edges (u,v)€E.
W:{[wm,] | Vu,"u€V:’wm::[}}
fogfafhcfeig 1 //Input: E':_‘ i€ {l,..,n}: the specification of each layer. E: are router-router links in each layer i,
L = LU{F 2 //produced by FatPaths layer construction algorithms specified in Listing 1 or Listing 2.
3 //Output: F;.: a forwarding table in router s€ V within layer 2 (1<i<n).
//Derive a 14 4 //F;¢lt] € {1,...,k'} is a port number (in router s€ V) that leads to router t€V (within layer i (1<i<mn)).
create_layer 5
//A conditil 6 //Compute shortest paths between routers in each layer i. First, initialize the function o;.
V={_(“:'”)E 7 //ai(s,t) is a port number (in router s) that leads to router t (in layer i); d is an auxiliary structure.
/”,In_ll a pr 8 foreach i€ {1,..,n} do: //For each layer...
Q.init(V) | 9 foreach (s,t) € V xV do: //For each router pair...
incidenceg = .
Dent — 0 /71 10 if s ==t then:
while (V # 11 dst =0 //The distance between uw and v is zero, if u==9v
(w,0) =@ 12 ai(s,t) =s
path = (v 13 else if (s,t) € I/ then:
14 dst =1 //The distance between directly connected routers is 1.
15 ai(s,t) =t
16 else:
17 dst =400 //The initial distance between non-adjacent routers is infinity.
18 ai(s,t) = null
19
20 //For each layer, derive the routing functions:
21 foreach z € |V| do:
22 foreach s € |V| do:
23 foreach te |V| do: o
24 if de > ds2 +d2y then: ng
25 dst = dyz + dt U\ at\
26 oi(s,t) = 0i(s, 2) P Op .
27 \eS
28 //Once o; is computed, populate a f . en‘tr
29  foreach sc€V do: //For every route d‘ng
30 F,={)} //Initialize the forwardin \Nar
31 f()r
32 //Build a forwarding table within la previously devised structures:
33 foreach s¢ V do:
34 foreach t € V i # s do:
35 Fult] = ou(s, t)
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What is a design

i,

W = {[wus] |

E} //Init a set of
WI(V)V--:"T-H

//Init a matrix W contai
Vu, v € Vi wy)

of high-performance
transport layer?

_1(V)} /76

Tell
' = creatd
L = LU{E

foreach

11 //Derive a 1l
12 create_layer
13 //A conditi
14 V={(u,v) €
15 //Init a pr
16 Q.init(V)

17 incidenceg =
18 pent =0 //1
19  while (V#
20 (u,v) = Q.4
21 path = (v,

= {E} //Init a s
= {m(V), ...,
foreach w € P do:
E" = {}; ‘

Neolie RN Be SRV I VS S

Drop only payload if
router buffers fill up

9 Purified Transport based on NDP [47] (§3)

Use shallow Start sending
buffers in routers at line rate
Prioritize packets with dropped

payload and retransmitted packets

1 //Input

2 //prod e
T a special g

3 //Outpu

N dropl)peg remaining header - ets th

5

6 //Comp pay Oa m

7 //ails, /

8 foreac

9 fore

10 if

11

12

13 el

14

15

16 el

17

18

19

20 //For each layer, derive the routin

21 foreach z € |V| do:

22 foreach s € |V| do:

23 foreach it ¢ |V| do:

24 if de > dsz +dsy then:

25 dgt = dgo + dsy

26 oi(s,t) = oi(s,2)

27

28 //0Once o; is computed, populate a

29  foreach scV do: //For every route

30 Fy {} //Initialize the forwardinj

31

32 //Build a forwarding table within la

33 foreach s¢ V do:

34 foreach t € V|t # s do:

35 Fylt] = ai(s,t)
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Key design insight: Layered routing enables
(1) easy encoding of the diversity of multiple

minimal and non-minimal paths, and (2)
enables simple and robust load balancing
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Question 1: Can we get more performance on
low-diameter networks than on Fat trees?
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to accelerate as many Top500

systems as possible

(more than 50% of systems in
Top500 use Ethernet.
However, they are not as
efficient as InfiniBand and
others (details in the paper)
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We pick Ethernet as a setting Setting 1 ,Bare
to accelerate as many Top500 Ethernet”

systems as possible Ethernet, but no TCP.
Simulator: htsim [1].

(more than 50% of systems in
Top500 use Ethernet. NDP [1]: a very recent
However, they are not as baseline, originally for
efficient as InfiniBand and fat trees.
others (details in the paper)

[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
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We pick Ethernet as a setting Setting 1 ,,Bare Setting 2 ,,Full TCP”
to accelerate as many Top500 Ethernet” Standard TCP and related.
systems as possible Ethernet, but no TCP. Simulator: OMNeT++ [2].

Simulator: htsim [1].

(more than 50% of systems in ECMP [3]: traditional

Top500 use Ethernet. NDP [1]: a very recent static load balancing.

However, they are not as baseline, originally for LetFlow [4]: recent

efficient as InfiniBand and fat trees. adaptive load balancing.

others (details in the paper)

[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
[2] A. Varga et al. The OMNeT++ discrete event simulation system. ESM’01.

[3] C. Hopps. Analysis of an Equal-Cost Multi-Path Algorithm. RFC2992, 2000.

[4] E. Vanini et al. Let It Flow: Resilient Asymmetric Load Balancing with Flowlet Switching. NSDI'17.
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) Diameter: 4 Diameter: 3 Diameter: 3 Diameter: 3 Diameter: 2
:@ Fat tree Dragonfly HyperX Xpander Slim Fly
=
= 256 - o o
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~ 0 a O.oo 3
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g- A AA%-A-...AA 0 AAA—A—— AN
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equiv. to message size |3.... FatPaths 2_ - baSBeecliSce):’:nISDP .. ..1% tail

NDP: a very recent
baseline for fat trees [47]
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N = 10,000; comparable cost; stencil (no remapping); “bare Ethernet” setting
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EVALUATION N = 10,000; comparable cost; random uniform traffic; “full TCP” setting
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EVALUATION N = 10,000; comparable cost; random uniform traffic; “full TCP” setting
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EVALUATION N = 10,000; comparable cost; random uniform traffic; “full TCP” setting
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ECMP: traditional static load balancing  Speedups are measured over ECMP
LetFlow: recent adaptive load balancing rho: fraction of links kept in a layer
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HIGH-PERFORMANCE ROUTING PROTOCOL & ARCHITECTURE

v oni ETHZzirich

(N7 100 Lo N[l How to encode & use diversity of si

(a.1) Divide links into subsets
(layers). A minimal route in one
layer is usually non-minimal
when considering all links

(a.2) Create a layer by
removing a fraction of

(b) Divide one flow (c) Route

into subflows and minimally
send subflows across in each
different layers layer

edges (e.g., random
uniform sampling)

Default topology Layer 1: “Almost”- Layer 2: “Almost”-
Shortest path: 2 hops -shortest path: 3 hops -shortest path: 3 hops
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LOW-DIAMETER NETWORK TOPOLOGIES VS FAT TREES
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Diameter =4

Diameter = 2

[1] Hoffman, Alan J.; Singleton, Robert R. (1960), Moore graphs with diameter 2 and 3, IBM Journal of Research and Development
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3-level Fat tre€

Diameter =4

Only edge (leaf) routers
attach to endpoints

Diameter = 2

[1] Hoffman, Alan J.; Singleton, Robert R. (1960), Moore graphs with diameter 2 and 3, IBM Journal of Research and Development
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Diameter = 4 to endpoints
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attach to endpoints

Diameter = 2

[1] Hoffman, Alan J.; Singleton, Robert R. (1960), Moore graphs with diameter 2 and 3, IBM Journal of Research and Development
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% N

{ree
3-level Fat All routers attach

Diameter = 4 to endpoints

_4_,'
Only edge (leaf) routers g
attach to endpoints .
Lower concentration %Higher concentration Diameter = 2

[1] Hoffman, Alan J.; Singleton, Robert R. (1960), Moore graphs with diameter 2 and 3, IBM Journal of Research and Development
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Only edge (leaf) routers > =50% fewer routers
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[1] Hoffman, Alan J.; Singleton, Robert R. (1960), Moore graphs with diameter 2 and 3, IBM Journal of Research and Development
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What are the problems *
that we want to tackle

with multipathing?
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Flows collide!

What are the problems e
that we want to tackle
with multipathing?

Let’s map some

workload...
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NGNS WVIWS S Do we have enough such shortest paths? 0

:\? Dragonfly Fat tree HyperX Slim Fly Xpander
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N = 10,000 diversity of minimal disjoint paths

comparable cost
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28:.--:l .__I --d .I..:l B

1 213>3 123>3 123>3 123>3 1 21323
N = 10,000 diversity of minimal disjoint paths

comparable cost

-

:\3 Dragonfly Fat tree HyperX Slim Fly Xpander

» 100 -

50
& 90 - 5D
Q 25- l :;l ~ =
S5 (4 — e 1

o

: 100 A 2
o 75- 2c
S 50- =Y
5 23
©

i



spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

Dragonfly Fat tree HyperX Slim Fly Xpander
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Dragonfly Fat tree HyperX Slim Fly Xpander

« IF _?
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fraction of router pairs (%)
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N = 10,000 diversity of minimal disjoint paths

comparable cost
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N = 10,000: dlverS|ty of minimal gL Jellyfish "smooths out"
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distributions of minimal path diversities

comparable cost
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In most cases, there is not enough path diversity for
three or more disjoint paths between router pairs
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Low-DIAMETER NETWORK ToPoLOGIES &

Can we use multipathing?

> l.e., are the multiple

paths between routers?

... shortest

... equal length

... Between all
router pairs
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X ... equal length

... Between all
router pairs




In Fat trees,
easily, as we have
many paths...

X ... equal length

... Between all
router pairs
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Communicating endpoint pairs mapped to the same routers
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‘ d Depend on workload mapping
(assignment of communicating
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Communicating endpoint pairs mapped to the same routers
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Depend on workload mapping
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Communicating endpoint pairs mapped to different routers
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I’({Uter /ﬂ ow

Depend on workload mapping
(assignment of communicating
endpoints to routers)

endpoints

Communicating endpoint pairs mapped to the same routers

Depend on topology details
\communicating endpoint (router-router connections)

Communicating endpoint pairs mapped to different routers
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Depend on workload mapping
(assignment of communicating
endpoints to routers)

Depend on topology details
\communicating endpoint (router-router connections)

Communicating endpoint pairs mapped to different routers
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Observation: In
low-diameter
topologies, locality
is less important
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WORKLOAD MAPPING How to further enhance performance? ?

A simple stencil running on a Slim Fly

Before remapping

Observation: In
low-diameter
topologies, locality

is less important
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Before remapping
—flow

Observation: In "‘A
low-diameter { X/ ‘V 3
topologies, locality c "‘ A\: ’
is less important K“V L

V’r
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Random mapping

uses rich diversity
of inter-group paths

A simple stencil running on a Slim Fly

After remapping
process

/




spcl.inf.ethz.ch oo o
v owien  ETH ZUrich

CosT MODEL

W
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Cost per endpoint (k$)
N

Higher cost of HX3 is due to limited —
topology configurations and limited
port counts in available switches

SF JF-SF XP DF FT3 HX3
Cost fraction: mmm Interconnect links
Bl Switches Endpoint links
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VXN lo ] Bl What layer setup fares best? @ N = 1(?,000; comparable cost; random
uniform traffic; , bare Ethernet”

Complete (Diameter=1) SF (Diameter=2) DF (Diameter=3)
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— O ~— O ~— o
0p=0.5 ap=0.7 + p=0.8 number of layers (n) |— Mean ----percentiles

rho: fraction of
links kept in a layer
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VXN lo ] Bl What layer setup fares best? @ N = 1(?,000; comparable cost; random
uniform traffic; , bare Ethernet”

Complete (Diameter=1) SF (Diameter=2) DF (Diameter=3)

With
larger n,
higher p
is better

N
o B $ R 3 $"?$"'

< © g < © 3 < © 3
op=0.5 24p=0.7 +p=0.8 number of layers (n) |— Mean ----percentiles

rho: fraction of

, : With fewer layers, lower rho is
links kept in a layer better (sparser layers)
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VXN lo ] Bl What layer setup fares best? Q N = 1(?,000; comparable cost; random
uniform traffic; , bare Ethernet”

Complete (Diameter=1) SF (Diameter=2) DF (Diameter=3)

With
larger n,
higher p
is better

N
o B 3 R 3 $"?$"'

< © g < © 3 < © 3
op=0.5 24p=0.7 +p=0.8 number of layers (n) |— Mean ----percentiles

rho: fraction of

, : With fewer layers, lower rho is With more layers, higher rho is
links kept in a layer better (sparser layers) better (denser layers)
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Non- shortest
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ARE THERE ENOUGH MULTIPLE PATHS IN LOW-DIAMETER TOPOLOGIES?
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Non- shortest
paths

How about :

ARE THERE ENOUGH MULTIPLE PATHS IN LOW-DIAMETER TOPOLOGIES?

non-shortest
paths?
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ARE THERE ENOUGH MULTIPLE PATHS IN LOW-DIAMETER TOPOLOGIES? m

at 2 hops at 3 hops at 4 hops
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Q
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o e
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©
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1071 <
1073+ . S

—I_*_ —_ T q —#—T—
0 10 20 30 O 10 20 30 O 10 20 30

Diversity (count) of non-minimal paths
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at 2 hops at 3 hops at 4 hops
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Diversity (count) of non-minimal paths
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at 2 hops at 3 hops at 4 hops
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LT\ el 3l 5[] Il How to maximize performance of the transport layer? 4

[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
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[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
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LTV Jel: 3l d 13 [c] Yl How to maximize performance of the transport layer? >

Remaining buffer
header

Key design N\

choice: Drop Dropped

only payload payload_—c
if router

buffers fill up

[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
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LTV Jel: 3l d 13 [c] Yl How to maximize performance of the transport layer? 4

Prioritize packets with dropped
payload and retransmitted packets

Remaining buffer
header

Key design N\

choice: Drop Dropped

only payload payload_—c
if router

buffers fill up

[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
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LTV Jel: 3l d 13 [c] Yl How to maximize performance of the transport layer? 4

Prioritize packets with dropped

payload and retransmitted packets

A special queue for packets that dropped
Router payload and for retransmitted packets

Remaining buffer AN
header AN

Key design
choice: Drop
only payload payload_—c

if router
buffers fill up

Dropped

[1] M. Handley et al. Re-architecting datacenter networks and stacks for low latency and high performance. SIGCOMM’17.
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EVALUATION N = 10,000; comparable cost; random uniform traffic; “bare Ethernet” setting
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FatPaths outperform fat trees
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EVALUATION

ECMP: traditional static load balancing  Speedups are measured over ECMP
LetFlow: recent adaptive load balancing rho: fraction of links kept in a layer
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EVALUATION N = 10,000; comparable cost; random uniform traffic; “full TCP” setting
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ECMP: traditional static load balancing  Speedups are measured over ECMP
LetFlow: recent adaptive load balancing rho: fraction of links kept in a layer
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EVALUATION N = 10,000; comparable cost; random uniform traffic; “full TCP” setting
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ECMP: traditional static load balancing  Speedups are measured over ECMP
LetFlow: recent adaptive load balancing rho: fraction of links kept in a layer
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S U RV EY O F RO UTI N G PROTO CO I-S Routing Scheme Stack  Supported path diversity aspect

(Name, Abbreviation, Reference) Layer

SP NP SM MP DP ALB AT
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UGAL [23] 13 & » w» 9 5 O
ECMP [11], OMP [24], Pkt. Spraying[25] L2,L3 ¢ % @ (& i w
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BCube [33] -3 w» W O O B B
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AMP [45] LB O » B O 95 O
MSTP [46], GOE [47], Viking [48] 2 w W’ g O e O
SPB [49], TRILL [50], Shadow MACs [51] L2 % Wl g ( wp ®u
SPAIN [52] L2 W " WSO O G

(3) Schemes for exposing/encoding paths (can be combined with FatPaths):

XPath [53] 3 O w & O O b O
Source routing for flexible DC fabric[54] L3 0 ' &7 wp wp wp &f

(3) FatPaths [This work] -3d d 4 46 6 b b
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A ROUTING SCHEME FOCUSING ON LOW-DIAMETER TOPOLOGIES

ASPCL

v onim ETHzirich

ASPECL

(a.1) Divide links into subsets
(layers). A minimal route in one
layer is usually non-minimal
when considering all links

Default topology
Shortest path: 2 hops

<> t‘J‘-
> XX AL
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Dot >

(a.2) Create a layer by
removing a fraction of
edges (e.g., random
uniform sampling)

Layer 1: “Almost”-
-shortest path: 3 hops

v s ETHzirich

(WNT:T (eI ([Tl How to encode & use diversity of shortest and non-minimal paths? ™%

(b) Divide one flow (c) Route

into subflows and minimally
send subflows across in each
different layers layer

Layer 2: “Almost”-
-shortest path: 3 hops
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c) Route
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Key design
choice: Drop

only payload
if router
buffers fill up

Prioritize packets with dropped
payload and retransmitted packets

Remaining buffer
header

Dropped

payload G CI:D

HIGH-PERFORMANCE NETWORKING ARCHITECTURE
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ATl v 331 VIl How to maximize performance of the transport layer? ™%

A special queue for packets that dropped
Router payload and for retransmitted packets
N

[1] M. Handley et al. Re-architecting datacenter natworks and stacks for low latency and high performance. SIGCOMM'L7.

(115, Kandula et al. Dynamic load balancing without packet reordering. ACM CCR, 2007.
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A flowlet [1] is a sequence of packets within one flow,
separated from other flowlets by sufficient time gaps,

which prevents packet reordering at the receiver.

Very simple load balancing: a router just

picks a random path (layer) for each flowlet,
without any probing for congestion.

Size of flowlets changes automatically
'y Layer3
based on conditions in the network.

On longer paths, flowlets tend
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to be smaller, and vice versa.
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