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Data centers 

Supercomputers 
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And computing power needs increasing...	  
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Data movement is a barrier towards exascale computing	  

•  The	  energy	  cost	  to	  move	  a	  datum	  
will	  exceed	  the	  cost	  of	  a	  floating-‐
point	  operation	  

•  We	  need:	  
•  Low	  Latency,	  high-‐bandwidth,	  

low	  energy	  consumption	  
interconnects	  for	  data	  exchange	  
among	  thousands	  of	  processors	  

	  

•  Data	  movement	  challenges	  impact	  the	  entire	  system	  

•  Performance	  is	  increasingly	  determined	  by	  how	  data	  is	  communicated	  
among	  the	  numerous	  compute	  resources	  

•  	  Energy	  consumption	  is	  increasingly	  dominated	  by	  the	  cost	  of	  data	  
movement	  

Courtesy: Horst Simon, Lawrence Berkeley Nacional Lab 
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Main design parameters 

	  
•  Network	  Topology	  

•  Direct	  topologies	  
•  Indirect	  topologies	  

•  Routing	  Algorithm	  
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-‐  These	  topologies	  are	  used	  in	  the	  most	  powerful	  super-‐computers	  
(Current	  number	  2,	  3	  and	  4	  of	  the	  Top500)	  

-‐  More	  nodes(N=Kn):	  
	  -‐ 	  Increase	  the	  number	  of	  dimensions,	  but	   	   	  	  

•  Increases	  the	  degree	  of	  the	  switches	  
•  Wiring	  complexity	  	  

-‐ 	  Increase	  the	  number	  of	  nodes	  per	  dimension	  

2. Regular Topologies 
 Direct Topologies 

Increases: 
•  Network latency 
•  Contention 
•  Power 

consumption 
(more hops, more 
contention) 
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Fat-‐tree	  used	  in	  some	  of	  the	  most	  powerful	  machines	  (number	  1	  
and	  5	  in	  the	  top500)	  
The	  diameter	  only	  depends	  on	  the	  number	  of	  stages,	  2	  x	  number	  
of	  stages	  
	  
More	  nodes	  with	  the	  same	  switch	  degree	  (N=kn)	  

•  More	  stages:	  diameter	  is	  increased	  
•  More	  switches	  per	  node	  (higher	  cost)	  
•  Wiring	  complexity	  

2. Regular Topologies 
 Indirect Topologies 
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New topologies for massively parallel systems 

-‐  Ortogonal	  fat-‐tree	  (based	  on	  the	  fat-‐tree)	  
-‐  Reduce	  the	  number	  of	  paths	  available	  in	  

the	  fat-‐tree	  
-‐  Reduce	  the	  fat-‐tree	  cost	  

	   	   	  	  
-‐KNS	  

-‐  Based	  on	  a	  direct	  topology	  with	  
reduced	  latency	  in	  each	  dimension	  

-‐  Smaller	  cost	  than	  the	  fat-‐tree	  
	  

	  	  

-‐  There	  is	  a	  need	  for	  new	  topologies	  that	  escale	  in	  
performance	  and	  energy	  

-‐  Research	  in	  this	  topics	  

-‐  Two	  examples:	  
	  	  
	   	  	  



10 

Main design parameters 
	  
•  Routing	  Algorithm	  

•  Minimal	  routing	  
•  Reduce	  contention	  
•  Adaptive	  Routing	  

	   	   	  Avoid	  temporarily	  congested	  network	  areas	  
	   	   	  Introduce	  out-‐of-‐order	  delivery	  of	  packets	  
	   	   	  Introduce	  more	  HoL	  blocking	  effect	  
•  Deterministic	  Routing	  

	   	  Simpler	  
	   	  Introduce	  less	  HoL	  blocking	  effect	  
	   	  In-‐order	  delivery	  of	  packets	  

•  HoL	  Blocking	  effect	  is	  a	  performance-‐limiting	  phenomenon	  
•  In	  larger	  machines	  it	  will	  have	  a	  higher	  impact	  on	  

performance	  -‐>	  VCs	  
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HoL	  Blocking	  effect	  

B1 A2 

0 

2 

1 
 

SOLUTION: Virtual Channels 
 

D C 

3 

E F 

HoL Blocking 

Packet A is 
blocked because 
of switch 2 has its 
input queue full 

Packet B is 
blocked due to 
packet A in 
spite of having 
input queue at 
switch 1 free 

X 
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Virtual	  channels	  

B1 A2 

0 

2 

2 

SOLUTION: Virtual Channels 
Links are better utilized 
Latency reduced  
Throughput increased 
 

D C 

3 

E F 

X 

B1 B1 

Now packet B 
can be 
forwarded 

  

X 

A2 
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Use of VCs	  

•  Adaptive	  routing	  	  
•  Deadlock	  avoidance	  
•  Direct	  network:	  escape	  channel	  

•  And	  the	  others	  VCs	  or	  in	  deterministic	  
routing?	  

•  Without	  restrictions	  

•  Congestion	  management	  	  
•  Restricting	  the	  use	  of	  VCs	  to	  

destinations	  
•  HoL	  blocking	  

	  

Adaptive routing 

Deterministic routing 
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Fully Adaptive Routing 

VCs	  in	  all	  the	  dimension	  are	  used	  without	  restrictions	  
	  Except	  the	  escape	  channel	  

	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs without restrictions 

OODET	  (Out-‐of-‐Order	  DETerministic	  routing):	  
	  

	   	   	  -‐Several	  virtual	  channels.	  
	  

	   	   	  -‐Out	  of	  order	  delivery	  of	  packets.	  
	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs with restrictions 

Different	  approaches	  to	  assign	  a	  single	  VC	  to	  each	  destination	  
	  
They	  try	  to	  classify	  destinations	  to	  

	  Reduce	  the	  HoL	  blocking	  effect	  
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Deterministic routing 
VCs with restrictions 

VOQ	  (Virtual	  Output	  Queue):	  
	  
•  	  VOQnet:	  We	  need	  as	  many	  virtual	  channels	  as	  number	  of	  network	  
nodes.	  

	  

	  	  	  	  	  	  	  It	  is	  not	  scalable.	  
	   	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs with restrictions 

VOQsw:	  
	  

	   	   	  -‐As	  many	  VCs	  as	  output	  ports.	  
	  

	   	   	  -‐It	  depends	  on	  the	  number	  of	  output	  channels.	  
	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs with restrictions 

VOQnet:	  
	  

	   	   	  -‐As	  many	  VCs	  as	  destinations.	  
	  

	   	   	  -‐Not	  scalable.	  
	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs with restrictions 

DBBM:	  
	   	   	  -‐Based	  on	  VOQnet.	  

	  
	   	   	  -‐VC	  is	  assigned	  by	  the	  least	  significant	  bits	  of	  the	  

destination	  identifier	  
	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs with restrictions 

IODET	  (In-‐Order	  DETerministic	  routing):	  
	  

	   	   	  -‐Packets	  are	  assign	  to	  VCs	  using	  the	  least	  significant	  bits	  
of	  destination	  component	  of	  the	  current	  dimension	  
	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 
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Deterministic routing 
VCs with restrictions 

XORDET	  (XOR	  deterministic):	  
	  

	   	   	  -‐Packets	  are	  assigned	  to	  VCs	  using	  a	  XOR	  function	  of	  the	  
destination	  bits	  

	   	   	  -‐	  More	  ramdom	  VC	  selection	  
	   	   	  -‐	  Balanced	  use	  of	  VCs	  
	  	  

	  

	   	   	   	  

	   	  

	   	  

Y- 

X+ 

Y+ 

X- 

1 2 3 4 5 6 70

Dest. Id

VC
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Deterministic routing 
VCs without restrictions 

Example:	  packet	  that	  must	  be	  forwarded	  through	  the	  two	  
dimensions	  
	  

	  	   	   	  

	   	  

	  	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  OODET Adaptativo XORDET 

Y- 

X+ 

Y+ 

X- 
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BBQ 4CV

IODET 4CV
OODET 4CV

Adaptive routing
XORDET 4CV

VOQnet 256CV
VOQsw 5CV

4 CVs 
16x16 Torus Uniform traffic 

VOQnet the best with 256 
VCs 

Adaptive routing as good 
as the deterministic routing 
algorithm 

OODET near VOQnet  

Under uniform traffic 
OODET is a tradeoff 
between adaptivity 
and destination 
classification 

XORDET near OODET 
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Adaptive routing
BBQ
DBBM
IODET
OODET
XORDET
VOQnet
VOQsw

8 CVs 16x16 Torus Hot-spot traffic 
25\% of network nodes send packets only to one node (the hot-spot node) during a 
period of time. 

Adaptive routing suffers 
a great performance 
degradation 

OODET suffers from 
some  degradation 

The deterministic ones 
are the best ones 

Under hot-spot traffic 
the best ones are the 
HoL blocking-aware 
deterministic 
algorithms 
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8 CVs 16x16 Torus (adversarial traffic) 

Bit-reversal traffic 

Matrix transpose traffic 
Adaptive routing is able to 
cope with adversarial traffic 

Deterministic routing is not 
able 
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Deterministic routing 
VCs without restrictions 

Deterministic	  routing	  problems:	  
	  
Bottleneck Bottleneck

Bit-‐Reversal	  traffic	  pattern:	  
	  

Matrix	  transpose	  traffic	  pattern:	  
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XORADAP: XOR ADAPtive routing 

XORADAP	  (Example	  with	  8	  virtual	  channels):	  
	  

Flexibility	  of	  adaptive	  routing	  based	  on	  Duato’s	  algorithm:	  
	   	  	  Several	  adaptive	  channels	  and	  at	  least	  one	  escape	  channel.	  

	  
	  
Restricted	  use	  of	  	  VC’s:	  

	   	  They	  are	  split	  in	  groups	  and	  chosen	  by	  XOR	  function.	  
	   	  Each	  destination	  can	  use	  a	  subset	  of	  the	  VCs	  
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XORADAP: XOR ADAPtive routing 

XORADAP	  (Example	  with	  8	  virtual	  channels):	  
	  

Escape channel

Adaptive channels
2 Groups
 (4 VCs)

4 Groups
 (2 VCs)

8 Groups
 (1 VCs)
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Uniform traffic 

16x16 torus, accepted traffic vs. average packet latency with 9 virtual channels  
(8 XORDET):  
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Hot spot traffic 
16x16 torus, uniform traffic pattern with hot-spot and 9 virtual channels  
(8 and 16 virtual channels with XORDET):  

Accepted traffic: 

Uniform traffic: 75% of nodes -> 0,4 flits/cycle to a random node (except hot spot node). 
Hot spot traffic: 25% of nodes -> 0,0156 flits/cycle (1 f/c in total) to the hot spot node. 

Adaptive routing suffers 
a great performance 
degradation 

With XORAdap as we 
increase the number of 
groups we control the 
network congestion 

XORAdap is able to 
deal with hot-spot 
traffic 

2 groups 

4 groups 

8 groups 
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8 CVs 16x16 Torus (adversarial traffic) 

Bit-reversal traffic 

Matrix transpose traffic 
Adaptive routing is able to 
cope with adversarial traffic 

Deterministic routing is not 
able 

XORAdap obtains similar 
results to adaptive routing 
indendently on the number 
of groups 
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Conclusions 
 

	  

-‐	   Combining	   adaptivity	   with	   HoL	   blocking	   mechanisms	   in	   the	   VCs	  
provides	  good	  performance	  results	  with	  changing	  traffic	  patterns	  
	  

	   	   -‐	   It	   can	   isolate	   the	  packets	  destined	   to	   the	  hot-‐spot,	   like	  HoL-‐
	  blocking	  aware	  deterministic	  routing	  does.	  	  
	   	  -‐	  It	  is	  able	  to	  achieve	  the	  flexibility	  of	  adaptive	  routing	  to	  avoid	  
	  congested	  areas	  (adversarial	  traffic)	  
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Thank you! 
megomez@disca.upv.es 

March  2016 
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4. Resultados Experimentales 
 

Torus 16x16, uniform traffic  

4 virtual channels 6 virtual channels:  8 virtual channels:  
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Deterministic routing 
VCs without restrictions 

XORDET	  (Example	  with	  4	  virtual	  channels):	  
	   VC	  0

VC	  1
VC	  2
VC	  3

0 1 2 3

1098

5 6 7

16 17 18 19 20 21 22 23

1514131211

24 25 26 27 28 29 30 31

32 33 34 35 36 37 38 39

40 41 42 43 44 45 46 47

48 49 50 51 52 53 54 55

56 57 58 59 60 61 62 63

4

Dim VC#0 VC#1 VC#2 VC#3 

X 14 14 14 14 

Y 1 2 2 2 
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Deterministic routing 
VCs without restrictions 

DBBM	  (Example	  with	  4	  virtual	  channels):	  
	  

VC	  0
0 1 2 3

1098
VC	  2
VC	  3

VC	  1

4 5 6 7

16 17 18 19 20 21 22 23

1514131211

24 25 26 27 28 29 30 31

32 33 34 35 36 37 38 39

40 41 42 43 44 45 46 47

48 49 50 51 52 53 54 55

56 57 58 59 60 61 62 63

Dim VC#0 VC#1 VC#2 VC#3 

X 8 16 16 16 

Y 7 No dest. No dest. No dest. 
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Deterministic routing 
VCs without restrictions 

IODET	  (Example	  with	  4	  virtual	  channels):	  
	  

Dim VC#0 VC#1 VC#2 VC#3 

X 8 16 16 16 

Y 1 2 2 2 

VC	  0
0 1 2 3

1098
VC	  2
VC	  3

VC	  1

4 5 6 7

16 17 18 19 20 21 22 23

1514131211

24 25 26 27 28 29 30 31

32 33 34 35 36 37 38 39

40 41 42 43 44 45 46 47

48 49 50 51 52 53 54 55

56 57 58 59 60 61 62 63

VC	  0
0 1 2 3

1098
VC	  2
VC	  3

VC	  1

4 5 6 7

16 17 18 19 20 21 22

1514131211

24 25 26 27 28 29 30 31

32 33 34 35 36 37 38 39

40 41 42 43 44 45 46 47

48 49 50 51 52 53 54 55

56 57 58 59 60 61 62 63

23

Dimension	  X:	  
	  

Dimension	  Y:	  
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Adaptive routing
BBQ
DBBM
IODET
OODET
XORDET
VOQnet
VOQsw

Adaptive routing
BBQ
DBBM
IODET
OODET
XORDET
VOQnet
VOQsw

8 CVs 16x16 Torus Hot-spot traffic 
25\% of network nodes send packets only to one node (the hot-spot node) during a 
period of time. 
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1. Introduction 
Routing	  Algorithms:	  

-‐	  Adaptive	  Routing.	  
-‐	  Deterministic	  Routing.	  

Another	  factor	  to	  consider:	  
	   	   	   	  -‐	  The	  Head	  of	  Line	  (HoL)	  Blocking	  effect.	  
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1. Introduction 
Routing	  Algorithms:	  

-‐	  Adaptive	  Routing.	  
-‐	  Deterministic	  Routing.	  

A	  key	  factor	  to	  consider:	  
	   	   	   	  -‐	  The	  Head	  of	  Line	  (HoL)	  Blocking	  effect.	  


