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Evolving Data Center Needs 
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Up to 500K Servers 
107 Virtual Machines 

10GbE -> 40GbE -> 100GbE 
Low Latency Need Increasing 



Fat Trees Also Have Challenges  

 
 
 
 

 
 
 

 
• Congestion degradation when load > ~55% 
• Can’t take advantage of non-optimal paths under load surges 
• Not practical for any-any connectivity across large data centers 
• Max two stage edge ports: (# ports/chassis)2/2 
• Major re-cabling to move from two stages to three stages 
• Faster port speeds mean more smaller switches 
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100GbE Server Connections < 3 Years 
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Average server has 4+ Ethernet ports 

• Faster ports => fewer ports/switch 
• Fat Tree gets worse 



And What About SDN? 

• SDN (HPC’ers definition) 
– Concepts of InfiniBand Subnet Manager 

talking to Ethernet switches with learning and 
spanning tree disabled, using a new protocol 
(e.g., OpenFlow) to manually program the 
forwarding tables… 

• SDN has (almost) no traction for server fabrics 
• Same L2/L3 protocols on OpenFlow 
• Same topology = same performance  

– At best… 
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Infinetics Long HopTM Alternative to FT 

• More effective topology for any-to-any traffic 
– Lesser cost/complexity     [100 - 1M] Switches 
– Larger bisection bandwidth   [1.5 - 3X] 
– Larger # of edge ports 
– Fewer cables       [1.7 – 3.5X] 

• For given # of ports & oversubscription 
(any traffic pattern) 
– Higher average link utilization  [1.5 – 1.9X] 
– Lesser packet loss 
– Fewer average hops/latency  [1.5 – 2X] 

• Current protocol friendly 
– Including RDMA, RoCE, etc. 
– Adaptable to InfiniBand, etc. 
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Smallest Long Hop Layout 
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Top of Rack Switch 

Servers 



Hypercube-like Networks 
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Folded Cube  FC3 
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• Nodes: N = 2𝑑𝑑 = 23 = 8 
• T. Radix: 𝑚𝑚 = 𝑑𝑑 + 1 = 4 
• Bisection:   𝐵𝐵 = 2 ∙ 𝑁𝑁

2
= 8 

• Diameter:   𝐷𝐷 = 𝑑𝑑 2⁄ = 2 
• Avg. Hops: 𝐴𝐴 = 1.25 
• Ports/Switch: 𝑝𝑝 = 2 
• Fault Tolerance: 𝑓𝑓 = 1 
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Cut(Wr)/(N/2)  ⇒  2 

Computing Bisection 
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E = { X: equipartitions }, |E|= # of equipartitions 
 

𝐄𝐄 =
1
2

𝑁𝑁
𝑁𝑁 2⁄ ≈

2𝑁𝑁−1

𝜋𝜋 ∙ 𝑁𝑁 2⁄2       N =32  ⇒ 301K  

Folded Cube  FC4 

        00  02  04  06  08  0A  0C  0E 
  0:00  - - - - - - - - - - - - - - - -  00 
  1:01  - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1  01 
  2:02  - - 1 1 - - 1 1 - - 1 1 - - 1 1  02 
  3:03  - 1 1 - - 1 1 - - 1 1 - - 1 1 -  03 
  4:04  - - - - 1 1 1 1 - - - - 1 1 1 1  04 
  5:05  - 1 - 1 1 - 1 - - 1 - 1 1 - 1 -  05 
  6:06  - - 1 1 1 1 - - - - 1 1 1 1 - -  06 
  7:07  - 1 1 - 1 - - 1 - 1 1 - 1 - - 1  07 
  8:08  - - - - - - - - 1 1 1 1 1 1 1 1  08 
  9:09  - 1 - 1 - 1 - 1 1 - 1 - 1 - 1 -  09 
 10:0A  - - 1 1 - - 1 1 1 1 - - 1 1 - -  0A 
 11:0B  - 1 1 - - 1 1 - 1 - - 1 1 - - 1  0B 
 12:0C  - - - - 1 1 1 1 1 1 1 1 - - - -  0C 
 13:0D  - 1 - 1 1 - 1 - 1 - 1 - - 1 - 1  0D 
 14:0E  - - 1 1 1 1 - - 1 1 - - - - 1 1  0E 
 15:0F  - 1 1 - 1 - - 1 1 - - 1 - 1 1 -  0F 
        00  02  04  06  08  0A  0C  0E 

Walsh Functions:  𝑊𝑊𝑟𝑟 𝑥𝑥 = 𝑃𝑃 𝑟𝑟&𝑥𝑥  

𝑪𝑪𝑪𝑪𝑪𝑪(𝑊𝑊𝑘𝑘) =
𝑁𝑁
2

∙ � 𝑃𝑃 𝑟𝑟&ℎ𝑠𝑠

𝑚𝑚

𝑠𝑠=1

 

𝑪𝑪𝑪𝑪𝑪𝑪 𝐗𝐗 =
𝑁𝑁
4

𝑚𝑚 −
𝐗𝐗 𝐀𝐀 𝐗𝐗

𝐗𝐗 𝐗𝐗
 

𝑶𝑶 𝑵𝑵𝑵𝑵 ,    FWT: 𝑶𝑶(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵 𝑵𝑵 ) Complexity: 

Rayleigh-Ritz  ⇩ 

h1    0  0  0  1 
h2    0  0  1  0 
h3    0  1  0  0 
h4    1  0  0  0 
h5    1  1  1  1 

min
|𝐗𝐗⟩≠0

𝐗𝐗 𝐀𝐀 𝐗𝐗
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= 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 

Walsh Eigenbasis {Wr } 
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           cut (Wr)   ⇒   2 

Maximizing Bisection 
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𝒃𝒃 =
𝑩𝑩

𝑵𝑵 𝟐𝟐⁄ = min
𝑟𝑟∈[1,𝑁𝑁)

� 𝑃𝑃 𝑟𝑟&ℎ𝑠𝑠

𝑚𝑚

𝑠𝑠=1

 

𝒃𝒃𝑜𝑜𝑜𝑜𝑜𝑜 = max
ℎ1..ℎ𝑚𝑚

min
𝑟𝑟∈[1,𝑁𝑁)

� 𝑃𝑃 𝑟𝑟&ℎ𝑠𝑠

𝑚𝑚

𝑠𝑠=1

 

ℎ1. . ℎ𝑚𝑚 = 𝑁𝑁 − 1
𝑚𝑚 ~ 𝑂𝑂 𝑁𝑁𝑚𝑚  

Error Correcting Code [n,k,△] 

X =  1  0  0  1      Yx 
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   𝑤𝑤(𝑌𝑌𝑥𝑥)   ⇒   2 

𝑮𝑮~ X 

P(X) 

∆= 𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚= min
𝑥𝑥∈[1,𝑁𝑁)

𝑤𝑤(𝑌𝑌𝑥𝑥)  

∆𝑜𝑜𝑜𝑜𝑜𝑜= 𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜 = max
𝐺𝐺
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𝑤𝑤(𝑌𝑌𝑥𝑥)  
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Long Hop Networks 

 

Translation Recipe 

Trunking Repetition code 

Multipartite graphs Reed-Muller code 

Fully connected Hadamard code 

∆opt 



Effects of  LH Optimization 
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• LH Solutions Database (ECC tables + LH solver) 
• 3364 configs, N ≤ 106 switches,  m ≤ 256 ports 
• Max size: over 117⋅106 non-oversubscribed ports 

• Max fault tolerance f=b-1 faulty links or dim 
• Max number of independent d-cube subgraphs 
• Fast ~N∙log(N), exact graph partition via Walsh 

functions 
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LH Solutions Data Base 
dim=5, N=32 switches Bisection Optimal Distance Optimal 
Hops  Radix     #Ports  <ECC>   %  LIN  ST  MinC MaxC  Wmin  Wmax Diam AvgDist    ST  MinC MaxC Wmin  Wmax Diam  AvgDist 
 
  5.    6          32    1-1    0   1   84    1    5  00001 0001F  5  2.5000000   84    1    5  00001 0001F  5  2.5000000 
  6.    8          64    2-2    0   1   84    2    6  00001 0001F  3  2.0625000   84    2    6  00001 0001F  3  2.0625000 
  7.    9          64    2-2    0   2   84    2    6  00001 0001F  3  1.9062500   84    2    6  00001 0001F  3  1.9062500 
  8.   10          64    2-2    0   2   84    2    6  0000C 0000F  3  1.7812500   84    2    6  0000C 0000F  3  1.7812500 
  9.   12          96    3-3    0   3   84    3    7  00001 0000E  3  1.6875000   84    2    6  0000C 0000D  2  1.6562500 
 10.   14         128    4-4    0   3   84    4    8  00001 0000E  2  1.6250000   84    4    8  00001 0000E  2  1.6250000 
 11.   15         128    4-4    0   4   84    4    9  00002 0001B  2  1.5937500   84    4    9  00002 0001B  2  1.5937500 
 12.   16         128    4-4    0   4   84    4    9  00002 0001B  2  1.5625000   84    4    9  00002 0001B  2  1.5625000 
 13.   18         160    5-5    0   5   84    5   10  00001 0001B  2  1.5312500   84    5   10  00001 0001B  2  1.5312500 
 14.   20         192    6-6    0   5   84    6   10  00001 0000D  2  1.5000000   84    6   10  00001 0000D  2  1.5000000 
 15.   22         224    7-7    0   6   84    7   15  00001 0001F  3  1.5000000   84    6   12  00001 00018  2  1.4687500 
 16.   24         256    8-8    0   6   84    8   16  00001 0001F  2  1.4375000   84    8   16  00001 0001F  2  1.4375000 
 17.   25         256    8-8    0   7   84    8   16  00001 0001F  2  1.4062500   84    8   16  00001 0001F  2  1.4062500 
 18.   26         256    8-8    0   7   84    8   16  00007 0001F  2  1.3750000   84    8   16  00007 0001F  2  1.3750000 
 19.   27         256    8-8    0   8   84    8   16  00007 0001F  2  1.3437500   84    8   16  00007 0001F  2  1.3437500 
 20.   29         288    9-9    0   8   84    9   16  00007 0001F  2  1.3125000   84    9   16  00007 0001F  2  1.3125000 
 21.   31         320   10-10   0   9   84   10   16  00003 0001F  2  1.2812500   84   10   16  00003 0001F  2  1.2812500 
 22.   32         320   10-10   0   9   84   10   16  00003 0001F  2  1.2500000   84   10   16  00003 0001F  2  1.2500000 
 23.   34         352   11-11   0  10   84   11   16  00001 0001F  2  1.2187500   84   11   16  00001 0001F  2  1.2187500 
 24.   36         384   12-12   0  10   84   12   16  00001 0000F  2  1.1875000   84   12   16  00001 0000F  2  1.1875000 
 25.   37         384   12-12   0  11   84   12   16  00003 0000F  2  1.1562500   84   12   16  00003 0000F  2  1.1562500 
 26.   38         384   12-12   0  11   84   12   16  00003 0000F  2  1.1250000   84   12   16  00003 0000F  2  1.1250000 
 27.   40         416   13-13   0  12   84   13   16  00001 0000F  2  1.0937500   84   13   16  00001 0000F  2  1.0937500 
 28.   42         448   14-14   0  12   84   14   16  00001 00007  2  1.0625000   84   14   16  00001 00007  2  1.0625000 
 29.   43         448   14-14   0  13   84   14   16  00001 00007  2  1.0312500   84   14   16  00001 00007  2  1.0312500 
 30.   45         480   15-15   0  13   84   15   16  00001 00003  2  1.0000000   84   15   16  00001 00003  2  1.0000000 
 31.   47         512   16-16   0  14   84   16   16  00001 00001  1  0.9687500   84   16   16  00001 00001  1  0.9687500 



Long Hop vs. Fat Tree 
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Flattened  butterfly: a cost-efficient topology for high-radix networks 
J. Kim, W. J. Dally,  D. Abts  (Stanford, Google) 
Proc. ISCA`07,  May 2007, pp. 126-137 
 

High-Radix Interconnection Networks 
J. Kim, PhD thesis, Stanford University, 2008. 
 

Fat Tree Overload on Random Traffic 

N < 4∙106 



LH vs. FC, FB, Dragonfly 
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TCALC Comparisons  
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• Includes ~20 sample Long Hop networks 
• Compares LH to 5 alternative topologies 

• Obtain P non-oversubscribed ports via radix R switches  
• Cost Gb/s =   (Cost/pt.) × (Latency) / 100 



Wiring Patterns 

PORT          1           2           3           4           5           6 

SWITCH 

 0            1           2           4           8          16          31 

 1            0           3           5           9          17          30 

 2            3           0           6          10          18          29 

 3            2           1           7          11          19          28 

 4            5           6           0          12          20          27 

 5            4           7           1          13          21          26 

 6            7           4           2          14          22          25 

 7            6           5           3          15          23          24 

 8            9          10          12           0          24          23 

 9            8          11          13           1          25          22 

10           11           8          14           2          26          21 

11           10           9          15           3          27          20 

12           13          14           8           4          28          19 

13           12          15           9           5          29          18 

14           15          12          10           6          30          17 

15           14          13          11           7          31          16 

16           17          18          20          24           0          15 

17           16          19          21          25           1          14 

18           19          16          22          26           2          13 

19           18          17          23          27           3          12 

20           21          22          16          28           4          11 

21           20          23          17          29           5          10 

22           23          20          18          30           6           9 

23           22          21          19          31           7           8 

24           25          26          28          16           8           7 

25           24          27          29          17           9           6 

26           27          24          30          18          10           5 

27           26          25          31          19          11           4 

28           29          30          24          20          12           3 

29           28          31          25          21          13           2 

30           31          28          26          22          14           1 

31           30          29          27          23          15           0 
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Low Density High Density 

Each node connects to all nodes of the other color 
Density is the same as 2 level Fat Tree  



Long Hop:  d=5  m=9 

Functional Architecture 
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X^Y = 0 1 0 1 1   L=3 
#Paths = L! = 6 

Hypercube:  X → Y 

1.  1  1  .  .  1  .  .  .  .  6 
2.  .  1  .  1  .  .  1  .  .  6 
3.  .  .  .  .  .  1  1  1  .  6 
4.  .  .  1  1  .  .  .  .  1  6 

10000 
01000 
00100 
00010 
00001 
00101 
10011 
01111 
11111 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

b = 3, D = 3 

X^Y = 0x13 
Distance  L=3  
#Path Sets: 4 
#Paths=4*3!=24 

hop 1  2  3  4  5  6  7  8  9 

   Static Forwarding Tables 
• Q aliases per Y node, Dst=(PS:Y) → port, path 
• Path Selector: VID, TMA 
• Paths are ordered by length, edge disjoint 
• L2  sw. → sw. (2 level TCAM used for large N) 
• L3 egress hop to server 

   Server/Hypervisor Stack, KLM  
• Server ARP disabled 
• KLM inserts L2 headers only for known dest. IPs 
• L3 flows (LB, QOS, FW) 
• Paths assigned per flow 

Node Index 
Topological MAC Address: TMA 
Cluster # 



Flexible Radix Switch 
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• Flat Layer 2 Network 
• Wire-speed 
• Scales to 107 



Management & Control Plane 
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Server Racks, TOR Switches 
Northbound API: Python and REST 

Host 
Manager 

Topology 
Manager Data Store 

CPX (Control 
Plane 

Executive) 

CLI (vendor specific), OpenFlLow+, etc. 

Infinetics SDN Controller 

Data Plane 

Control Plane 

• No Spanning Tree or MAC learning 
• Program MAC tables using CLI or embedded SW 
• Modify Ethernet header with destination MAC 

using host side plugin or embedded SW 



Thank You! 
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Long Hop is a trademark of Infinetics Technologies Inc. All other trademarks are the property of their respective owners. 



Fixed Config Ethernet Ports 

Key Points 
• Fixed configuration switches dominate 
• Copper cable interconnects still prevalent 

– => Mesh topologies 

• 2016 -100GbE ~= 2012 40GbE 
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Source: Dell’Oro Group 2013 

  



Average Server: 4+ Ethernet 
Ports 
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Causal Web of DC Problems 
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Unmanaged Networks 

C1 C2 

E1 E4 

E8 

fragmented control plane 
non-scalable forwarding  

tree topology 

slow distributed 
fault recovery 

E5 

E7 

forwarding flooding 
ARP, DHCP… flooding 

fragility 

uneven loads 

non-scalable, imbalanced traffic 
underutilization, oversubscription 

E9 

more imbalance 
++ oversubscription 

router bottlenecks 
segmentation, subnets  
complex management  

E10 

E11 mobility difficult 
agility restricted 

unmanaged networks 
constraints 

lowest common denominator  
no path control 

autonomous units 
vertically integrated 

 distributed coordination 

DC expansion 

E2+3 
E6 

Layer 2 
location 

Layer 3 
identity 

vertical scaling 
L3 SDN 

Solutions 

FRS  
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