a9y United States
12y Patent Application Publication o) Pub. No.: US 2017/0187616 Al

US 20170187616A1

Chen et al. 43) Pub. Date: Jun. 29, 2017
(54) MULTI-PLANED UNIFIED SWITCHING (52) U.S. CL
TOPOLOGIES CPC ............ HO4L 45/583 (2013.01); HO4L 12/46
(2013.01); HO4L 45/04 (2013.01)
(71) Applicant: Internati(.mal Business Machines (57) ARSTRACT
Corporation, Armonk, NY (US) _ ..
An apparatus and method for extending the scalability and
(72) TInventors: Dong Chen, Scarsdale, NY (US): improving the partitionability of networks that contain all-
Philip Heidialberger éoﬂlandt Manor to-all links for transporting packet traflic from a source
NY (US); Yutaka Sligawara j endpoint to a destination endpoint with low per-endpoint
:ﬁastchestfjer NY (US) j (per-server) cost and a small number of hops. An all-to-all
| ’ wiring 1n the baseline topology 1s decomposed into smaller
| all-to-all components 1n which each smaller all-to-all con-
(21)  Appl. No.: 14/982,547 nection 1s replaced with star topology by using global
switches. Stacking multiple copies of the star topology
(22) Filed: Dec. 29, 2015 baseline network creates a multi-planed switching topology
for transporting packet trailic. Point-to-point unified stack-
Y : : ing method using global switch wiring methods connects
Publication Classification multiple planes of a baseline topology by using the global
(51) Int. CL switches to create a large network size with a low number of
HO4L 12/775 (2006.01) hops, 1.e., low network latency. Grouped unified stacking
HO4L 12/715 (2006.01) method increases the scalability (network size) of a stacked
HO4L 12/46 (2006.01) topology.
Viemory
Processor(s) i 908
f L ffenrmnnmcan o conm e s snnmmesen 35
Program
module |
902
A | ~
o~ 5 Netwo - Network
04— 7 __ v Network Adaptor | ( INetwor
v 912 914
O T
Interface(s)
910
— S
| Display
i it
918
S, : SR -
Device(s)

916




Patent Application Publication  Jun. 29, 2017 Sheet 1 of 11 US 2017/0187616 Al

110-

104

FIG. 1C



Patent Application Publication  Jun. 29, 2017 Sheet 2 of 11 US 2017/0187616 Al

Source
Endpoint

FIG. 2

202

210

Destination
Endpoint



US 2017/0187616 Al

Jun. 29, 2017 Sheet 3 of 11

Patent Application Publication

julodpu3
90IN0Q

¢ Old

julodpu3
uoljeulsag



US 2017/0187616 Al

Jun. 29, 2017 Sheet 4 of 11

Patent Application Publication

¢0v

julodpu3
92.N0S

¥ Old

julodpuz
uoneulnsag



Patent Application Publication  Jun. 29, 2017 Sheet 5 of 11 S 2017/0187616 Al

I
~
e

FIG. 5

512



Patent Application Publication  Jun. 29, 2017 Sheet 6 of 11 US 2017/0187616 Al




Patent Application Publication  Jun. 29, 2017 Sheet 7 of 11 US 2017/0187616 Al

1

FIG. 6C




US 2017/0187616 Al

Jun. 29, 2017 Sheet 8 of 11

Patent Application Publication

706

702

708

FIG. 7A



US 2017/0187616 Al

Jun. 29, 2017 Sheet 9 of 11

Patent Application Publication

710

702

FIG. 7B



Patent Application Publication Jun. 29,2017 Sheet 10 of 11  US 2017/0187616 Al

(more
planes)

802
810

1111

FIG. 8

R L =2 e LT L
T e T eyl R I R L L L IR
' P R T e it '
. | o ] . - ]
LY .I. . LY .J.' ad a T l‘l. 99 T F ‘l..
e " . e " . DL Y . R T .
- r -_" . LI -.‘ . L r.‘ o r -“ -
a r L \ L = LT 13
nEa ka4 e a “La w _a ama L e,
il g Ty e CRirE
p e e L L P I ]
Vielt o) Viefe i Ll Sl
. a . a
I.rl. l" 1rrr ra I.Ir 'I. ’rr1 EL] ‘I'| .I. e -r I.I. I" FL
"L e 'L B 1t or B ¥ S es .
I r 1, " i L T T T i Tan o, " rre 2, " i
o L ] - - F'I.--? - ?i-r--'! - ..lr'l .-"-:

802

I T | P I [P R

LTI B LRI PO ey e,

R wFa 1 oLr )

- . B

ad a " El El "a Ll FE ad "a " F

. L . Lowta . Lot

PR TE L et LT
) a s a e %

Dl TR LR
L L. L L

taa 1 e cha b a4 .

i et -. e

rl‘l-lll.'r.hlu J..'I._‘Jll.'|d

sh el LR

SEa L B .

r " et T ot

1ien e

" r M i v, a

T raveo

:
1
k1
’ ) LRIy
{ Tl
- Il-l'l =
B . |.' [
SR
.
::-': :_I- 'rﬂ.l
- - ,L-u'-|" L]




US 2017/0187616 Al

Jun. 29, 2017 Sheet 11 of 11

Patent Application Publication

vL6
¥IOMISN

6 ‘Di4

ci6
J010BRY MIOMISN

916
($)20IA8(]

0l6
S EREIE

O/

Vet

¢U6
Jnpow
welboid |

006
(5)10888001d



US 2017/0187616 Al

MULTI-PLANED UNIFIED SWITCHING
TOPOLOGIES

STATEMENT OF GOVERNMENT RIGHTS

[0001] This invention was made with Government support
under contract no. DE-AC02-05CH11231 awarded by the
U.S. Department of Energy. The Government has certain
rights 1n this imnvention.

BACKGROUND

[0002] Aspects of the present invention generally relate to
an apparatus and method for extending the scalability and
improving the partitionability of baseline networks for trans-
porting packet tratlic from a source endpoint to a destination
endpoint. Specifically, aspects of the invention generally
relate to apparatus and method to build a large-scale parti-
tionable network by stacking multiple copies of a baseline
network. More specifically, aspects of the invention relate to
global switches 1n multiple planes of all-to-all-based net-
works being stacked and connected via global switches with
mimmal cost overhead and number of hops.

SUMMARY

[0003] Aspects of the invention are an apparatus and
method for increasing scalability of a network for transport-
ing packet traflic from a source endpoint to a destination
endpoint with low per-endpoint (per-server) cost and a small
number of hops. Embodiments of the invention primarily
concern an all-to-all wiring in the baseline topology decom-
posed into smaller all-to-all components 1n which each small
all-to-all connection 1s replaced with star topology via a
global switch.

[0004] An exemplary method for building a multiple plane
unified stacking topology network comprises providing a
baseline network comprising endpoints, edge switches, and
links, and containing more than one disjoint all-to-all con-
nections that are not contained 1n a larger all-to-all connec-
tion; duplicating the baseline network to form a multiple
plane switching topology; providing global switches con-
necting multiple planes; replacing the links 1n all or a subset
of the all-to-all connections 1n each plane with a set of star
connections, where each of the target all-to-all connections
1s decomposed into smaller all-to-all connections and replac-
ing each of the smaller all-to-all connections with a star
connection of the same size 1n each plane and where a global
switch acts as the center switch of the star connection and
cach global switch acts as the center switches of star
connections 1 multiple planes; and connecting each global
switch directly to edge switches 1n multiple planes.

[0005] An exemplary multiple plane unified stacking
topology network comprises baseline network comprising
endpoints, edge switches, and links, and containing more
than one disjoint all-to-all connections that are not contained
in a larger all-to-all connection; multiple baseline networks
forming a multiple plane switching topology; global
switches connecting multiple planes; the links 1n all or a
subset of the all-to-all connections in each plane are replaced
with a set of star connections, where each of the target
all-to-all connections 1s decomposed into smaller all-to-all
connections and replacing each of the smaller all-to-all
connections with a star connection of the same size 1n each
plane, and where a global switch acts as the center switch of
the star connection and each global switch acts as the center
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switches of star connections in multiple planes; and each
global switch being directly connected to edge switches 1n
multiple planes.

[0006] An exemplary multiple plane grouped unified
stacked all-to-all topology network comprises a flat all-to-all
baseline network comprising endpoints, edge switches, and
links; multiple baseline networks forming a multiple plane
switching topology; global switches connecting multiple
planes; the links 1n the all-to-all connection 1n each plane are
replaced with a set of star connections, where the all-to-all
connection 1s decomposed into smaller all-to-all connections
with size 3 or larger and replacing each of the smaller
all-to-all connections with a star connection of the same size
in each plane, and where a global switch acts as the center
switch of the star connection and each global switch acts as
the center switches of star connections in multiple planes;
and each global switch being directly connected to edge
switches 1n multiple planes.

[0007] The objects, features, and advantage of the present
disclosure will become more clearly apparent when the
following description 1s taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1a shows an embodiment of an all-to-all
network topology.

[0009] FIG. 16 shows an embodiment of an all-to-all
network topology including global switches.

[0010] FIG. 1¢ shows an embodiment of a stack of copies
of an all-to-all network topology including global switches
created by point-to-point unified stacking.

[0011] FIG. 2 shows an aspect of a network topology
illustrating a direct routing method.

[0012] FIG. 3 shows an aspect of a network topology
illustrating an indirect routing method.

[0013] FIG. 4 shows oversubscribed stacking of all-to-all
network topology.

[0014] FIG. S shows an aspect of the invention referred to
as group unified switching stacking, where the baseline
network 1s a tlat all-to-all.

[0015] FIG. 6a shows an embodiment of a 2D HyperX
topology network.

[0016] FIG. 66 shows an embodiment of a 2D HyperX
topology network with global switches on the S links for
point-to-point unified stacking.

[0017] FIG. 6¢ shows an embodiment of a stack of 2D
HyperX topology networks with global switches on the S
links, created by point-to-point unified stacking.

[0018] FIG. 7a shows an embodiment of a 2D HyperX
topology network.

[0019] FIG. 76 shows an embodiment of a 2D HyperX
topology network with global switches for grouped unified
stacking.

[0020] FIG. 8 shows an embodiment of a stacked 2D
HyperX topology network created by grouped unified stack-
ng.

[0021] FIG. 9 1s a schematic block diagram of a computer
system for practicing various embodiments of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0022] Embodiments of the invention include a method to
build an apparatus which 1s a large-scale partitionable net-
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work by stacking multiple copies of a baseline network for
transporting packet traflic from a source endpoint to a
destination endpoint.

[0023] Aspects of the invention cover two varations of
methods to build a large scale, low diameter, and partition-
able network from a baseline network, as well as network
topologies that can be built using the methods. The first
variation method, point-to-point unified stacking (2-way
stacking), can be applied to various baseline network topol-
ogy flexibly and can create multiple partitions. The second
variation method, grouped unmified stacking (3 or more-way
stacking), has restrictions on the baseline network topology
and can create a lesser number of partitions, but can build
larger scale (more endpoints) network than the point-to-
point method. Both of the methods can be applied to a
baseline network that contains one or more all-to-all con-
nections, such as flat all-to-all, HyperX, or Dragontly.
[0024] Embodiments of the invention cover the following
cases: Point-to-point unified stacking method, applied to a
base line topology other than a flat all-to-all and grouped
unified stacking method, applied to any baseline topology.

[0025] Exiasting all-to-all, Dragontly, and HyperX network
topologies have low diameter and good all-to-all commu-
nication bandwidth. They exploit all-to-all iterconnection
or wiring to achieve these benefits with low cost.

[0026] However, all-to-all connections 1n these topologies
have undesirable characteristics. First, the components
wired 1n all-to-all cannot be partitioned efliciently. In a
high-performance computing (HPC) system, a large scale
system 15 often divided into multiple partitions used for
different jobs. When an all-to-all network 1s divided into two
equally-sized partitions for diflerent independent jobs, half
of the original all-to-all links becomes inter-partition idle
links. As a result, half of the network bandwidth will be lost.
It 1s still possible to use these inter-partition links for
intra-partition communication by means of indirect routing,
but that will cause undesirable inter-job interference. Sec-
ond, 1t 1s hard to add new nodes/switches to all-to-all
topology. To add a new component, 1t has to be wired to
every existing component to maintain the all-to-all wiring.

[0027] To overcome these limitations, aspects of the
invention extend an all-to-all based network topology by
creating multiple copies of the topology and stacking the
copies using global switches. Embodiments of the invention
1s also useful for increasing the scale of the baseline topol-
ogy to support more endpoints with small cost overhead (1.e.
number of switch ports and links).

[0028] The point-to-point unified stacking method can
build a large scale network by duplicating a baseline net-
work topology and stacking them wvia global switches,
exploiting all-to-all connections in the baseline network.
The increase 1n hardware (number of switches and links) and
diameter (link hops) by this modification 1s minimal, result-
ing good cost and latency. In addition, the resulting multiple
plane network has features that the baseline network (flat
all-to-all, HyperX, Dragonily) do not typically have: (1)
cach copy of the baseline network, or plane, can act as an
independent partition when the whole network needs to be
divided for multiple user tasks, and (2) 1f there are spare
ports on the global switches, new planes could be 1nstalled
alterward to extend the system scale, without making any
changes on the existing links.

[0029] The grouped unified stacking method 1s similar to
the point-to-point method but replaces all-to-all connections
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with more sophisticated star topologies, increasing the scale
(number of end points) of each plane.

[0030] The scalability of the network increases by up to
twice, practically 33 percent to 50 percent, without increas-
ing per-endpoint (per-server) cost and number of hops.
[0031] An all-to-all connection 1n the baseline topology 1s
decomposed into smaller all-to-all connections where each
smaller all-to-all connection i1s replaced with star topology
via a global switch. The grouped method also has a benefit
of system partitionability and extendibility, similar to the
point-to-point method. However, there are restrictions on the
baseline network due to the decomposition and replacement
steps of all-to-all connections. In addition, group method
will create a fewer number of planes, yielding less tlexibility
in partitioning.

[0032] Resulting topologies created using these methods
include, but are not limited to, stacked all-to-all, stacked 2D
HyperX, and double stacked 2D HyperX. The following
description will mainly focus on stacked all-to-all and 2D

HyperX topologies, although not limited thereto, since they
are simple yet important examples.

DEFINITIONS

[0033] An all-to-all connection of size K (K: natural, K=2)
is a set of total K(K-1)/2 links L,; (1,): natural, 0=1<j<K) that
connects K switches S, (I: natural, O<I<K) in all-to-all
manner, where the link L,; connects between switches S, and

S
J
[0034] A star connection of size K 1s a set of K links L,
(1=0, 1, . . ., K-1) that connects K switches S, (I: natural,

0=]<K) and a switch called “center switch™, where the link
L. connects between switch S, and the center switch. The
center switch can act as the center switch 1n more than one
star connections.

Example 1: Stacked all-to-all Network with
Point-to-Point Unified Stacking

[0035] Inthis example, a simple example of point-to-point
unified stacking method 1s presented, where the baseline
networks 1s a flat all-to-all topology. This 1s the simplest case
ol the point-to-point method and hence 1s explained here as
an introductory example. This network 1s constructed based
on an all-to-all network as shown in FIG. 1a.

[0036] Every switch in the baseline all-to-all network has
N ports. A particular example of N=6 1s shown 1n the FIG.
la. First an all-to-all network 1s built using edge switches
102. Each switch 102, called an edge switch, serves up to
N/2 end points 104, and 1s wired to up to N/2 other edge
switches 1n an all-to-all manner. In FIG. 1a, each edge
switch 102 has N/2 end points 104. (Only one set of end
points 104 1s shown with only one edge switch 102 for
simplicity sake.) Each edge switch 102 1s wired to each other
edge switch 102 in the all-to-all network 106. Then 1n
network 108 1n FIG. 15 a set of switches 110 are 1nserted on
the links that connect between edge switches. These
switches 110 are called global switches. Similar to an edge
switch, a global switch has N ports, although only two of
them are used at this time. Finally, the whole network 1s
duplicated or stacked 112 to create up to N/2 copies, or
planes. FIG. 1¢ shows three such duplicated networks or
planes. The global switches 1n the same position 1n these
planes are consolidated into a single switch. For example, in
FIG. 1c¢ the three global switches labeled with “A” are really
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one switch, which has six ports connecting to six edge
switches spread over three planes. Similarly, the switches
that have the same label (“B”, “C”, “D”, “E”, and “F”") are
really the same respective switches, each having six ports.
The number or quantity of planes (copies) 1s limited to N/2
because each global switch consumes two ports per plane,
thus all N ports are used with N/2 planes. In general cases,
there are total up to N(N+2)/8 global switches 1n a switched
all-to-all network. (In the N=6 example, there are 6(6+2)/
8=6 global switches).

[0037] With this baseline configuration, a stacked all-to-
all switching network can scale to up to N*(N+2)/8~N>/8
end points: Each plane has (N/2+1) edge switches. There can
be up to N/2 such planes. Fach edge switch has N/2 end
points. Therefore, the maximum number of end points 1s
(N/241)x(N/2)x(N/2)=N*(N+2)/8. For example, with 36
port switches (N=36), a stacked all-to-all network could
scale up to 36”x(36+2)/8=6156 end points. This is a good
scalability for required number of switch ports, links, and
number of hops. Since one hop over a global switch allows
both intra-plane and inter-plane traversal, a stacked topology
has good scalability and small diameter (number of hops).

[0038] As for system growth property, a system size
(number of end points) could be increased by adding planes.
Initially a system can be built with less than N/2 planes.
More planes can be added afterward to increase the system
s1ize until the number of planes reaches the upper limit of
N/2, without affecting the existing wiring.

[0039] A stacked all-to-all network can be partitioned 1n
units of planes without interference among partitions. Net-
work trailic within each plane, or a group of planes, does not
interfere with any other plane because the planes are
decoupled by the global switches. Exploiting this property,
various combinations of partition sizes are possible. For
example, 1f there are 4 planes, possible partitioning
examples include 2 partitions with 1 plane and 3 planes, 3
partitions with 1 planex2 and 2 planesx1, and 4 of 1 plane
partitions.

[0040] Deadlock free direct and indirect routing methods
are available on a stacked all-to-all network. Direct routing
path shown in FIG. 2 consists of 4 link hops: Injection, S, .
S . ..., and Reception. The Injection hop (1) 1s to traverse
from the source endpoint 204 to the start edge switch 212.

The second hop S, (2), 1s to travel over the link from the
start edge switch 212 to a global switch 210 labeled E in the
figure. The nexthop S, 1s to travel from the global switch
210 to the destination edge switch 206. The final hop
Reception 1s to hop from the edge switch 206 to the
destination endpoint 208. As described above, the 3 “E”
labeled switches in FIG. 2 are actually a single switch
connected to edge switches 1n each plane.

[0041] Indirect routing path shown 1n FIG. 3 consists of 6
link hops: Injection, S, , S;,,.,.s S,,s Siouns and Reception.
For indirect routing, an intermediate edge switch 314 1is
selected. The first 3 link hops, Injection, S,  and S, . are
to reach this intermediate edge switch 314 from the source
endpoint 304. Subsequently the remaining three link hops,
S.os Sy and Reception, carry the packet to the final

destination endpoint 308. The global switches with the same
letter label (A, B, C, D, E, and F) are the same switch. This

applies to both A labeled switches and F labeled switches 1n
FIG. 3.

[0042] In a worst case 3 VCs (virtual channels) will be
required to support indirect routing with any unrestricted
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order. With restricted ordering, 2 VCs will suflice for 1ndi-
rect routing. Direct routing requires only 1 VC.

Example 2: Stacked 2D HyperX with
Point-to-Point Unified Stacking

[0043] This 1s another example of point-to-point unified
stacking method, where the baseline network 1s a 2D
HyperX topology.

[0044] The point-to-point unified stacking method could
be applied to any topology that contains all-to-all connec-
tions. A 2D HyperX network 1s one such topology and can
be stacked using this method as shown in FIG. 6¢ described
below.

[0045] In FIG. 64 there 1s shown a 2D HyperX topology
consisting of nine edge switches 602 (each of the two
dimensions consists of 3 edge switches). S links 606 are 1n
the horizontal direction as viewed 1n the figures. L links 608
are 1n the vertical direction as viewed 1n the figures. Each
switch belongs to two different groups of switches with
all-to-all connections within the group: a group in the
horizontal direction, and a group 1n the vertical direction. We
can apply stacking to either, or both, of the dimensions. We
illustrate this where it 1s applied to the horizontal direction.
In FIG. 6b global switches 610 are inserted on one dimen-
s1on (S links 1n the figure), and then multiple copies of the
2D HyperX networks are stacked. Each edge switch 602 has
N ports. N/3 ports are wired to end points 604, another N/3
to one HyperX dimension (L links), and the rest of N/3 to the
other HyperX dimension (e.g., S links) which 1s now bridged
using the global switches 610. Therefore, the network scales
to up to ~N*/54 end points (N=number of switch ports):

[0046] Retferring to FIG. 6c¢, there are N/3 end points 604
connected to each edge switch 602. Each HyperX dimension
size is N/3+1. Thus there are (N/3+1)* edge switches in each
plane. Each global switch uses 2 ports per plane. Thus there
are total N/2 planes. Therefore, the total number of end
points 604 can be up to N/3*(N/3+1)**N/2=N*(N+3)*/
54~N*/54.

[0047] Dairect route consists of five cable hops (Injection,
L, S, . S s and Reception). Indirect routing consists ot up
to eight cable hops since L, S, , and S, ,, can be repeated
up to twice. Similar to stacked all-to-all topology, 3 VCs are
required for fully-flexible indirect routing with unrestricted
ordering. 2 VCs are required for indirect routing restricted
ordering, and 1 VC for direct routing. Similar to stacked
all-to-all, the stacked HyperX network could be partitioned
into multiple planes (or set of planes) without interfering
with each other. As for modular system growth, mitially the
system could have a small number of planes (<N/2), and

additional planes could be added afterward.

Example 3: Stacked all-to-all with Grouped Unified
Stacking,

[0048] This example covers a simple example of grouped
unified stacking, where the baseline network 1s a flat all-to-
all topology. The grouped method 1s an aspect of the
invention different from Example 1 where the point-to-point
method 1s applied to a flat all-to-all topology.

[0049] In the point-to-point method described above 1n
Examples 1 and 2, a global switch bridges two existing edge
switches 1n each plane. In general, a global switch could
bridge three or more edge switches in each plane, which we
call “grouped unified stacking” or “multi-way stacking”.
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[0050] FIG. 5 shows an example of grouped unified stack-
ing method. In FIG. 5, 3-way all-to-all components are
replaced with 3-way star connections to global switches 510.
The global switches 510 act as the center switches in the star
connections. For example, global switch 510 labeled “A”
serves three edge switches 502 1n a plane 312, replacing the
3-way all-to-all links among these three edge switches. Fach
plane 512, 514 has seven edge switches. Each global switch
510 bndges three edge switches 502. Any edge switch 502
can reach to any other edge switch 502 via one hop through
a global switch 510.

[0051] In FIG. 5 each global switch 510 bridges three edge
switches (rather than two) 1in each plane. There are seven
edge switches 502 on each plane 512, 514. These edge
switches are connected with each other via 7 global switches
510. Any edge switch 502 can reach to any other edge switch
502 via one hop through a global switch 510. Thus the
required number of hops 1s the same as in the point-to-point
method. Each edge switch 502 has three end points 504 with
S1X ports.

[0052] With this grouped unified stacking method, an edge
switch could reach two other edge switches on the same
plane via one up link port to a global switch. Therefore, more
edge switches could be placed 1n each plane. Thus, multi-
way stacking 1s a useful way to build larger scale network
with limited number of switch ports. However, the number
of planes 1s reduced since each global switch needs more
ports per plane. For this reason, the improvement 1n terms of
scalability 1s limited.

[0053] When the grouped unified stacking method 1is
applied to a flat all-to-all baseline network, the maximum
network scale (number of end points) is N*(N+1)/6~N>/6,
which is better than N°/8 with the point-to-point method
(N=number of switch ports): There are N/2 end points
connected to each edge switch. Each edge switch has N/2
uplink ports to N/2 global switches. Each global switch
allows the edge switch to travel to two different edge
switches. Therefore, in each plane there can be up to
N/2*2+1=N+1 edge switches. Since each global switch uses
three ports per plane, there can be up to N/3 planes.
Therefore, there can be total (N/2)*(N+1)*(N/3)=N*(N+1)/
6~N->/6 end points.

[0054] With similar discussions, k-way stacked all-to-all
scales to up to ~((k—1)/k)*N->/4. Thus the upper limit with a
large k is N°/4, about 2 times larger than N°/8 with point-
to-point unified stacking method.

Example 4: Stacked 2D HyperX with Grouped
Unified Stacking

[0055] This i1s another example of grouped unified stack-
ing method, where the baseline network 1s 2D HyperX.
[0056] FIG. 7a shows the baseline 2D HyperX topology,
which 1s a (N,+1)x(N+1) array of edge switches 702,
where N, 1s the number of L links and N 1s the number of
S links per edge switch. There are all-to-all L links along the
vertical dimension, and all-to-all S links along the horizontal
dimension. In FIG. 7b not all end points 704 are shown.
When each end point switch has N ports, the optimal port

assignment 1s N,=N~=N/3 to maximize the system scale.
Thus there are (N, +1)(N +1)=(N/3+1)" edge switches 702.

When L=6, S=6—=(6+1)*(6+1)=49 edge switches.

[0057] With grouped unified staking method, one dimen-
sion of the 2D HyperX wiring is replaced with 3-way star
connections via global switches 710, as shown 1n FIG. 75.
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For example, the star connection links 706 along S dimen-
sion replace original all-to-all wiring along S dimension.
This 1s similar to the stacked all-to-all with 3-way grouped
method 1n the Example 3. In FIG. 7b, each group of the 7
edge switches 702 along the S dimension 1s connected via
seven global switches 710. There are total of 49 global
switches. Note an edge switch now needs only three S links
(as opposed to six 1n the original 2D HyperX).

[0058] FIG. 8 now shows multiple planes in the stacked
2D HyperX topology with 3-way stacking. The original 2D
HyperX network can be duplicated into up to N/3 planes. In
the figure, the global switches 810 in the same position in
cach plane 812, 814 are really one switch. For example, the
“A” switches 1n each plane 812 and 814, . . . are only one
switch. It 1s the same for “B”, “C”, “D”, . . . switches. The
maximum network size is up to N/3*(IN/3+1)*(2N/3+1)**N/
3=N*(N+3)(2N+3)*/81(~2N?/81) endpoints 804. Up to N/3
endpoints 804 can be connected to an edge switch 802, up
to N/3+1 edge switches can be placed along L. dimension, up
to 2N/3+1 edge switches can be placed along S dimension,
and up to N/3 planes can be created. A direct routing path 1s
five cables hops (Injection+L+S_up+S_down+Reception).
An 1ndirect routing path 1s a maximum of eight cable hops
(additional L, S_up and S_down).

[0059] In general cases, with k-way grouped umified stack-
ing method, a Stacked HyperX network would scale to
~((k-1)/k)*N?*/27 end points.

[0060] Additional Topologies

[0061] Although the detail 1s omitted, the Stacked 2D
HyperX topology could be turther stacked using the L links.
For example, another set of global switches are inserted on
the L links 608 in FIG. 6¢, and the whole Stacked 2D
HyperX network i1s further replicated mto N/2 copies, con-
nected with the new global switches. This will allow a very
large network (scales to ~N>/108 end points with point-to-
point unified stacking method) and many partitions (N%/4),

but require additional cost for extra global switches and
links.

[0062] These unified stacking methods can be applied to
vast ranges ol baseline networks that contain all-to-all
connections, such as Dragonfly, 3D HyperX, or M-dimen-
sional HyperX for general cases where M>3. Here one could
stack one, or more, of the dimensions.

[0063] Oversubscribed Stacking

[0064] To save costs, sometimes a network 1s designed to
have less global bandwidth (1.e. bandwidth between long-
distance endpoint pairs) than local bandwidth. Such net-
works are often called oversubscribed networks. The stack-
ing method described supports such demands of cost-
ellective oversubscribing by having global switches on only
a fraction of the links. FIG. 4 shows an example of over-
subscribed stacked all-to-all topology. Diflerent from the
original stacked all-to-all, which had six global switches, the
oversubscribed network shown in FIG. 4 has only four
global switches 410. The rest of the links do not have global
switches and hence the edge switches are directly wired
within the plane. The “missing” global switches are shown
in dotted outline. As a result, the number of links and
switches are reduced, resulting 1n lower cost. However, there
1s degradation in the number of hops and global bandwidth.
As shown 1 FIG. 4, in a worst case 5 hops are required (first
two hops to move from source endpoint 404 to the destina-
tion global switch 410, and the remaining three hops to
travel from the global switch 410 to the destination end point
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416). Since there are five hops, the oversubscribed stack 1s
worse than the four hops on the orniginal stacked all-to-all
topology. As for the global bandwidth, the oversubscribed
network i FIG. 4 has only 24 of the original stacked
all-to-all network. The number of global switches could be
adjusted to balance the cost and the global bandwidth for a
certain use case. The 3 “B” labeled global switches in FIG.
4 are a single switch.

[0065] FIG. 9 illustrates a schematic diagram of an
example computer or processing system that may implement
the extending the scalability and improving the partition-
ability of baseline networks for transporting packet traflic
from a source endpoint to a destination endpoint in one
exemplary embodiment of the present disclosure. The com-
puter system 1s only one example of a suitable processing
system and 1s not intended to suggest any limitation as to the
scope of use or functionality of embodiments of the meth-
odology described herein. The processing system shown
may be operational with numerous other general purpose or
special purpose computing system environments or configu-
rations. Examples of well-known computing systems, envi-
ronments, and/or configurations that may be suitable for use
with the processing system shown in FIG. 9 may include, but
are not limited to, personal computer systems, server coms-
puter systems, thin clients, thick clients, handheld or laptop
devices, multiprocessor systems, microprocessor-based sys-
tems, set top boxes, programmable consumer electronics,
network PCs, minicomputer systems, mainframe computer
systems, and distributed cloud computing environments that
include any of the above systems or devices, and the like.

[0066] The computer system may be described in the
general context of computer system executable instructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. The computer system may be practiced
in distributed cloud computing environments where tasks
are performed by remote processing devices that are linked
through a communications network. In a distributed cloud
computing environment, program modules may be located
in both local and remote computer system storage media
including memory storage devices.

[0067] The components of computer system may include,
but are not limited to, one or more processors or processing,
units 902, a system memory 906, and a bus 904 that couples
various system components including system memory 906
to processor 902. The processor 902 may include a module
900 that performs the methods described herein. The module
900 may be programmed into the mtegrated circuits of the
processor 902, or loaded from memory 906, storage device
908, or network 914 or combinations thereof.

[0068] Bus 904 may represent one or more of any of
several types of bus structures, including a memory bus or
memory controller, a peripheral bus, an accelerated graphics
port, and a processor or local bus using any of a varniety of
bus architectures. By way of example, and not limitation,

such architectures include Industry Standard Architecture
(ISA) bus, Micro Channel Architecture (MCA) bus,
Enhanced ISA (EISA) bus, Video FElectromics Standards

Association (VESA) local bus, and Peripheral Component
Interconnects (PCI) bus.

[0069] Computer system may include a variety of com-
puter system readable media. Such media may be any
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available media that 1s accessible by computer system, and
it may include both volatile and non-volatile media, remov-
able and non-removable media.

[0070] System memory 906 can include computer system
readable media 1n the form of volatile memory, such as
random access memory (RAM) and/or cache memory or
others. Computer system may further include other remov-
able/non-removable, volatile/non-volatile computer system
storage media. By way of example only, storage system 908
can be provided for reading from and writing to a non-
removable, non-volatile magnetic media (e.g., a “hard
drive”). Although not shown, a magnetic disk drive for
reading from and writing to a removable, non-volatile mag-
netic disk (e.g., a “floppy disk™), and an optical disk drive for
reading from or writing to a removable, non-volatile optical
disk such as a CD-ROM, DVD-ROM or other optical media
can be provided. In such instances, each can be connected to
bus 904 by one or more data media interfaces.

[0071] Computer system may also communicate with one
or more external devices 916 such as a keyboard, a pointing
device, a display 918, etc.; one or more devices that enable
a user to interact with computer system; and/or any devices
(e.g., network card, modem, etc.) that enable computer
system to communicate with one or more other computing

devices. Such communication can occur via Input/Output
(I/0) interfaces 910.

[0072] Stll yet, computer system can communicate with
one or more networks 914 such as a local area network
(LAN), a general wide area network (WAN), and/or a public
network (e.g., the Internet) via network adapter 912. As
depicted, network adapter 912 communicates with the other
components of computer system via bus 904. It should be
understood that although not shown, other hardware and/or
software components could be used in conjunction with
computer system. Examples include, but are not limited to:
microcode, device drnivers, redundant processing units,
external disk drive arrays, RAID systems, tape drives, and
data archival storage systems, etc.

[0073] Embodiments of the present invention may be a
system, a method, and/or a computer program product. The
computer program product may include a computer readable
storage medium (or media) having computer readable pro-
gram 1nstructions thereon for causing a processor to carry
out aspects of the present mnvention.

[0074] The computer readable storage medium can be a
tangible device that can retain and store instructions for use
by an instruction execution device. The computer readable
storage medium may be, for example, but 1s not limited to,
an electronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium 1ncludes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
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as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

[0075] Computer readable program instructions described
herein can be downloaded to respective computing/process-
ing devices from a computer readable storage medium or to
an external computer or external storage device via a net-
work, for example, the Internet, a local area network, a wide
area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission
fibers, wireless transmission, routers, firewalls, switches,
gateway computers and/or edge servers. A network adapter
card or network interface in each computing/processing
device receives computer readable program instructions
from the network and forwards the computer readable
program 1nstructions for storage in a computer readable
storage medium within the respective computing/processing
device.

[0076] Computer readable program instructions for carry-
ing out operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine i1nstructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
of one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program instructions by utilizing state information
of the computer readable program 1nstructions to personalize
the electronic circuitry, 1n order to perform aspects of the
present mvention.

[0077] Aspects of the present invention are described
herein with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the inven-
tion. It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks 1n the flowchart 1llustrations and/or block diagrams,
can be implemented by computer readable program instruc-
tions.

[0078] These computer readable program instructions may
be provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
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in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the tlowchart and/or block diagram block or

blocks.

[0079] The computer readable program instructions may
also be loaded onto a computer, other programmable data
processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other
programmable apparatus or other device to produce a com-
puter implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or

other device implement the functions/acts specified 1n the
flowchart and/or block diagram block or blocks.

[0080] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
possible 1implementations of systems, methods, and com-
puter program products according to various embodiments
of the present invention. In this regard, each block in the
flowchart or block diagrams may represent a module, seg-
ment, or portion of instructions, which comprises one or
more executable mnstructions for implementing the specified
logical function(s). In some alternative implementations, the
functions noted 1n the block may occur out of the order noted
in the figures. For example, two blocks shown 1n succession
may, i fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality mvolved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

[0081] The terminology used herein 1s for the purpose of
describing particular embodiments only and 1s not intended
to be limiting of the invention. As used herein, the singular
forms ““a”, “an” and “the” are itended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”
and/or “comprising,” when used 1n this specification, specily
the presence of stated features, integers, steps, operations,
clements, and/or components, but do not preclude the pres-
ence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.

[0082] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements, 1f
any, 1n the claims below are intended to include any struc-
ture, material, or act for performing the function 1n combi-
nation with other claimed elements as specifically claimed.
The description of the present invention has been presented
for purposes of 1illustration and description, but 1s not
intended to be exhaustive or limited to the mvention in the
form disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without depart-
ing from the scope and spirit of the mnvention. The embodi-
ment was chosen and described 1n order to best explain the
principles of the invention and the practical application, and
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to enable others of ordinary skill 1n the art to understand the
invention for various embodiments with various modifica-
tions as are suited to the particular use contemplated.

1. A method of building a multiple plane unified stacking
topology network comprising:
providing a baseline network comprising endpoints, edge
switches, and links, and contaiming more than one
decoupled all-to-all connections that are not contained
in a larger all-to-all connection;

duplicating the baseline network, each duplicated baseline
network forming a plane, to form a multiple plane
switching topology;

providing global switches decoupling multiple planes,
cach global switch 1n the same position 1n the multiple
planes are consolidated into a single switch;

replacing the links in all or a subset of the all-to-all
connections in each plane with a set of star connections,
where each of target all-to-all connections 1s decom-
posed into smaller all-to-all connections and replacing
cach of the smaller all-to-all connections with a star
connection of the same size in each plane and where a
global switch acts as the center switch of the star
connection and each global switch connected to each
plane acts as the center switches of star connections in
multiple planes;

connecting each global switch directly to edge switches in
multiple planes, and

transporting packet trathc from a source end point
selected from the endpoints and a destination endpoint
selected from the endpoints,

wherein the packet traflic within each plane of the mul-
tiple planes does not interfere with other planes of the
multiple planes based on the decoupling of the multiple
planes.

2. The method as set forth in claim 1, where each edge
switch has N ports and each global switch 1s connected to up
to N/2 edge switches.

3. The method of claim 1, where the edge switches are
connected symmetrically within a plane.

4. The method as set forth 1n claim 3, where the baseline
network 1s a 2D HyperX topology.

5. The method as set forth 1n claim 1, where the baseline
network 1s a 2D HyperX topology.

6. The method as set forth 1n claim 1, where the target
all-to-all connections are decomposed nto smaller all-to-all
connections with size 2 and the star connections are of the
same size 2 1n each plane.

7. The method as set forth in claim 6, where each edge
switch has N ports and each global switch 1s connected to up
to N/2 edge switches.

8. The method of claim 6, where the edge switches are
connected symmetrically within a plane.

9. The method as set forth 1n claim 8, where the baseline
network 1s a 2D HyperX topology.

10. The method as set forth 1n claim 6, where the baseline
network 1s a 2D HyperX topology.

11. A multiple plane umfied stacking topology network
comprising;
baseline network comprising endpoints, edge switches,
and links, and containing more than one decoupled
all-to-all connections that are not contained 1n a larger
all-to-all connection;
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multiple baseline networks, each multiple baseline net-
work forming a plane, forming multiple plane switch-
ing topology;

global switches connecting multiple planes, each global

switch 1n the same position 1 the multiple planes are
consolidated into a single switch;

the links 1n all or a subset of the all-to-all connections 1n

cach plane are replaced with a set of star connections,
where each of the target all-to-all connections 1is
decomposed into smaller all-to-all connections and
replacing each of the smaller all-to-all connections with
a star connection of the same size in each plane, and
where a global switch acts as the center switch of the
star connection and each global switch connected to
cach plane acts as the center switches of star connec-
tions 1 multiple planes;

cach global switch being directly connected to edge

switches 1n multiple planes, and

transporting packet tratlic from a source end point

selected from the endpoints and a destination endpoint
selected from the endpoints,

wherein the packet traflic within each plane of the mul-

tiple planes does not intertere with other planes of the
multiple planes based on the decoupling of the multiple
planes.

12. The network as set forth 1n claim 11, where each edge
switch has N ports and each global switch 1s connected to up
to N/2 edge switches.

13. The network as set forth 1n claim 11, where the edge
switches are connected symmetrically within a plane.

14. The network as set forth in claim 13, where the
baseline network 1s a 2D HyperX topology.

15. The network as set forth in claam 11, where the
baseline network 1s a 2D HyperX topology.

16. The network as set forth in claim 11, where the target
all-to-all connections are decomposed into smaller all-to-all
connections with size 2 and the star connections are of the
same size 2 1 each plane.

17. The network as set forth in claim 16, where each edge
switch has N ports and each global switch 1s connected to up
to N/2 edge switches.

18. The network as set forth in claim 16, where the edge
switches are connected symmetrically within a plane.

19. The network as set forth in claim 18, where the
baseline network 1s a 2D HyperX topology.

20. The network as set forth in claim 16, where the
baseline network 1s a 2D HyperX topology.

21. A multiple plane grouped unified stacked all-to-all
topology network comprising:

a flat all-to-all baseline network comprising endpoints,

edge switches, and links;

multiple baseline networks each multiple baseline net-

work forming a plane, forming a multiple plane switch-
ing topology;

global switches connecting multiple planes, each global

switch 1n the same position 1 the multiple planes are
consolidated into a single switch;

the links 1n the all-to-all baseline network 1n each plane

are replaced with a set of star connections, where the
all-to-all baseline network 1s decomposed 1nto smaller
all-to-all connections with size 3 or larger and replacing
cach of the smaller all-to-all connections with a star
connection of the same size 1n each plane, and where a
global switch acts as the center switch of the star
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connection and each global switch connected to each
plane acts as the center switches of star connections in
multiple planes;

cach global switch being directly connected to edge
switches 1n multiple planes, and

transporting packet ftraflic from a source end point
selected from the endpoints and a destination endpoint
selected from the endpoints,

wherein the packet traflic within each plane of the mul-
tiple planes does not interfere with other planes of the
multiple planes based on the decoupling of the multiple
planes.
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