Results from the Macramé 1024 Node

IEEE 1355 Switching Network

S. Haas 1,2 , D.A. Thornley 1,3 , M. Zhu 1,2 , R.W. Dobinson 1,2 , R. Heeley 2 , B. Martin 2

1 CERN, 1211 Geneva 23, Switzerland

2 University of Liverpool, Liverpool, UK

3 University of Kent, Canterbury, UK

Abstract . We report on theconstruction of a 1024 node switching network using

IEEE1355 DS-Link technology. The nodes are interconnected bya switching fabric based on the STC104 packet switch. The system has been designed and constructed in a modular wayin order to allowa varietyof different network topologies to be investigated. Network throughput and latencyhave been studied for different topologies under various traffic conditions.

Keywords : DS-Links, IEEE 1355; STC104; network performance; packet switching

1 Introduction

An intensive studywas undertaken to demonstrate the feasibilit y, reliabilit y and scalabilit y ofthe innovat ive European link and switch technologyIEEE 1355 [ 1 ]. The results presented in this paper demonstratethe product readiness ofthe techno logyand can be used to assist potential OEM customers.

We present results obtained on a large modular testbed using 100 Mbits/s point-to-point

DS-Links. Up to 1024 nodes have been interconnected bya switching fabr ic based on the

32 waySTC104 packet switch [ 2 ]. The systemhas been designed and constructed in a modular wayto allow a var iet yofdifferent network topologies to be invest igated. Network throughput and latencyare being studied for var ious traffic condit ions as a funct ion ofthe topologyand network size.

The work presented here has been carr ied out within the framework ofthe European

Unio n’s ESPRIT 1 programas part ofthe OMI 2 /Macramé 3 project (ESPRIT project 8603).

2 The IEEE 1355 Standard

Two complementar yhigh- speed ser iallink techno logies have been developed within the framework ofthe OMI/HIC 4 Esprit project. Theyhave been subsequent lystandardised and for mthe basis ofthe IEEE 1355 standard:

1 European Strategic Progra m for Research and development in Information Technology

2 Open Microprocessor Initiative

3 Multiprocessor Architectures: Connectivity, Routers And Modelling Environment

4 Heterogeneous Inter-Connect Project

x 100 Mbits/s Data-Strobe (DS) Link

x 1 Gbits/s High Speed (HS) Link

The standard allows modular scalable interconnects to be constructed based on high-speed

point-to-point links and dedicated switch chips. Using the lightweight protocols ofIEEE

1355 these networkscan provide a transparent transport layer for a range ofhigher level

protocols. The work reported here focuses on the 100Mbits/s DS-Link techno logyand the

STC104 packet switch.

The IEEE 1355 protocolstack defines four protocollayers: bit, character, exchange and

packet layers. Characters are groups ofconsecut ive bits which represent data or control

infor mat ion. The exchange layer controls the exchange ofcharacters in order to ensure the

proper funct ioning o fa link. It includes functions such as link flow controland the link

startup mechanism. DS-Links use a credit based flow controlscheme which operates on a

per link basis. A flow controlcharacter is sent bythe receiver, whenever there are 8 spaces

free in the receive buffer. This scheme ensures that no characters will be lost due to buffer

overflow.

Infor mat ion in a DS-Link network is transferred in packets. A packet consists ofa header,

which contains the routing infor mation, a payload ofzero or more data bytes and an end of

packet marker. The protocolallows ar bitrar ylength packets to be sent. The dest ination

address in the header can be zero (for a direct lyconnected link) or more bytes.

3 The Macramé Network Testbed

The requirement to studydifferent topologies for a large number ofnodes, imposes a

systemdesign and implementation which is highly modular and flexible while maintaining

a ver ylow cost per node. This has been achieved by building the testbed fromthree basic

modules, which are packaged in VME mechanics:

Traffic Modules: A traffic node can simultaneously send and receive data at the fulllink

speed of100 Mbit s/s. A ser ies o fpacket descriptors is used to define the traffic

pattern. The packet destination address, the packet length and the time to wait before

dispatching the next packet is programmable. Each traffic node has memor yfor up to

8k such packet descr iptors. To reduce the number ofexternalconnections, sixteen

traffic nodes are connected direct ly to an on-board STC104 packet switch to forma

traffic module. The remaining 16 ports ofthe switch are brought out to the front panel

for inter module connect ions.

Switch Units: In order to build indirect networks, i.e. topologies where not allthe switches

have terminal nodes attached direct lyto them, a switch unit is required. It consists of

one STC104 packet switch wit h all 32 ports brought out to the front panelthrough

different ial buffers.

Timing Modules: To measure latency, the timing modules transmit and analyse t ime

stamped packets which cross the network between chosen po ints.

Further details on the design ofthe testbed have been presented in [ 3 ].

4 Network topologies

Gr id, torus and Clos [ 4 ] network topologies have been studied. Figure 1 shows how a 400

node 2-dimensio nalgr id network can be constructed. Each packet switch has 16 on-board

connections to traffic nodes and four externalconnect ions to each ofits four nearest

neighbours.

A 256 node 3-stage folded Clo s network is shown in figure 2. The centre stage ofthe Clos

consists ofthe switch modules descr ibed above. Each terminalstage switch connects with

groups oftwo links to ever yswitch in the centre stage.

Gr id style networks are easier to physically implement, since connect ions are allto adjacent

switches, while Clos topologies have the constraint that each switch in the centre stage

must be connected to ever yswitch in the terminalstage.

The third topologywhich has been studied is the torus. A torusis similar to a grid which

has its edge links wrapped around to connect to the opposite side ofthe network.

5 Network Routing

The STC104 supports a locally adapt ive routing scheme which allows packets to be sent

down anyfree output link in a programmed set ofconsecut ive links. This improves

perfor mance by ensur ing that there are no packets waiting to use one link when an

equivalent link is idle. A set oflinks used to access a commo n dest ination can therefore be

logicallygrouped together, increasing the aggregate throughput to the destinat ion. This

grouped adaptive routing allows effic ient load-balancing in mult i-stage networks [ 5 ] and

also enables a degree ofautomat ic fault-tolerance [ 6 ]. On the grid topology, grouped

adaptive routing is used on parallel links between adjacent routers. For Clos networks, all

the links fromthe terminal stage switches to the centre stage can be grouped, because all

the centre stage switches are equivalent. Parallellinks fro mthe centre stage to the terminal

stage are also grouped.

6 Result s

The fullscale systemwit h 1024 nodes has been built and tested. A range of2-dimensio nal

gr id, torus and mult istage Clos networks have been assembled, results are presented for

these configurat ions. Measurements to studyother topologies such as hypercube networks

are on-going.

6.1 Throughput and comparison of network topologies

Figure 3 shows the per node saturation throughput for 2-dimensio nalgr ids, Clos and torus

networks as a funct ion ofthe packet length. The traffic pattern is rando m, i.e. transmitt ing

nodes choose a destinat ion froma unifor mdistr ibution.

Figure 1 : 400 node 2-dimensional grid network Figure 2 : 256 node Clos network

               Figure 3 : Per node throughput for 2-dimensional grid, torus and Clos networks under random traffic

The per-node throughput of the Clos networks is higher than for the 2-dimensio nal gr ids.

This is because o f the larger cross-sectional bandwidth, e.g. the 256 node Clos has a

maximum theoretical cross-sect ional bandwidth of 2.44Gbytes/s, whereas for the gr id of

the same size it is only 305Mbytes/s. The maximum cross-sect ional bandwidth is defined as

the bidirect ional data rate that can pass between two parts of the network if it is divided into

two equal halves. For the grid networks, the per-node throughput decreases rapidly as the

network size increases, e.g. for a 1024 node grid, which consists of an array o f 8 x 8

switches, the per node throughput under random traffic is only 10% of the maximum link

bandwidth.

The results show that the network throughput under random traffic is always significant ly

lower than the maximum theoretical cross-sect ional bandwidth. This is because the

throughput of the network under random traffic is limit ed by head-of-line blocking. When

several packets are contending for the same output link and a packet is stalled because the

required output link is busy, all packets in the input queue behind it are also blocked, even

if their selected output link is free. This effect limits the theoretical per for mance of a cross-

bar switch under random traffic to about 60% of the maximum cross-sect ional bandwidth

[ 7 ].

The effect of packet length on throughput can also be observed in Figure 3 . For small

packets of less than 16 bytes the throughput is reduced due to protocol overheads. Medium

sized packets of around 64 bytes give the best perfor mance because of the buffer ing present

in the STC104: each switch can buffer 43 bytes in the input port, and 23 bytes in the output

port. For the Clos network, long packets of more than 200 bytes fill the ent ire path through

the network from source to destination, and therefore throughput is reduced by head-of-line

blocking.

The throughput of the torus is about 20% higher than the gr id due to the extra wrap around

links which are available.

6.2  Scalability of Clos and grid networks

Figure 3  also shows that the throughput of Clos and 2-dimensio nal gr id networks does not

scale linear ly with network size under rando m traffic, the per-node throughput is reduced as

the network size increases. Figure 4  shows saturation network throughput for different sizes

of Clos and 2-dimensio nal gr id networks under random and systematic traffic for 64 byte

packets. Systemat ic traffic invo lves fixed pair s of nodes sending to each other.

      Figure 4 : Throughput versus network size for Clos and grid networks under random and systematic traffic

with 64 byte packets

For random traffic, contention at the destinations and inter nally to the network reduces the

network throughput compared to that obtained for systemat ic traffic, where there is no

contention or head-of- line blo cking at the destination. The fall off in per for mance from

systemat ic to random traffic is more pronounced for the grid than the Clos. The degradation

of per formance as the network size increases agrees with analyt ical models presented in [ 5 ].

This study predicts the throughput of Clos networks under sustained rando m load to

degrade by approximately 25% fro m linear when the network size is increased fro m 64 to

512 nodes. The measurement results shown in Figure 4  show a reduction of about 20%

under the same condit ions.

The per formance of the gr id is strongly dependant upon the choice of pairs for systemat ic

traffic. The results shown for the grid in Figure 4  use a ’best case’ scenar io, this traffic

pattern invo lves communicat ion between nodes attached to nearest neighbour switches. A

’worst case’ scenar io would be the pair ing of nodes with their mirror image node in the

network. The throughput of a 256 node grid under this ’worst case’ pattern is 200Mbytes/s,

as opposed to 1.8 Gbytes/s under the ’best case’ pattern. This shows that on the grid, good

perfor mance requires localit y. The throughput of the Clos under systemat ic traffic is

independent of the cho ice of pair s due to its high cross-sectional bandwidth.

6.3  Network latency for Clos networks

Network latency is defined as the delay fro m the transmissio n of the packet header at the

source to the reception of the end-o f-packet at the destinat ion. Figure 5  shows the latency o f

four different size Clos networks under random traffic as a funct ion of the aggregate

network throughput. The packet length is 64 bytes. The results are produced by var ying the

network load and measur ing the corresponding throughput and latency values. It can be

seen that the average latency increases exponent ially as the network throughput approaches

saturation.

                                             Figure 5 : Latency versus throughput for Clos networks under random traffic with 64 byte packets

                           Some applications, e.g. mult imedia traffic, may require statist ical bounds on the maximum

                           latency values occurring. This infor mat ion can be obtained fro m Figure 6  which shows the

                           probabilit y that a packet will be delayed by more than a given latency value for var ious

                           network loads. The results have been obtained on a 256 node Clos network. Again the

                           traffic pattern is random, with a packet length of 64 bytes. From Figure 5  it can be seen that

                           this network saturates at 1.35 Gbytes/s which corresponds to a load of 57%.

                                   Figure 6 : Cumulative latency distribution for a 256 node Clos network under random traffic with 64 byte

packets

                           For 10% load the cumulat ive latency distribut ion is ver y narrow and only a small

                           percentage of the packets (0.01%) are delayed by more than 3 times the average latency

                           value of about 11

                                                             P s. As the network load increases, the tail of the latency distr ibut ion gets
wider and near the saturation throughput a significant fraction of the packets exper ience a
latency many t imes the average value, e.g. at 50% load 0.7% of the packets are delayed by
more than five t imes the average latency o f 21 P s. To reduce the probabilit y o f ver y large
latency values the network load must therefore be kept well below the saturation
throughput.

6.4  Effect of grouped adaptive routing

All the measurements presented so far have been made using grouped adaptive routing. In
order to quantify the impact of this feature of the STC104 packet switch, determinist ic
routing and grouped adaptive routing have been compared on the Clos topology. Wit h
determinist ic routing, routing channels are evenly spread across the centre stage links.

Figure 7  shows the average network latency versus network throughput for a 256 node 3-
stage Clos network under random traffic wit h 64 byte packets. The network load was
increased unt il saturation occurred. Using grouped adaptive routing results in a near ly 20%
higher saturation network throughput as well as lower average latencies. This is because the
adaptive routing technique minimises the effects of load imbalance, thereby allowing a
better utilisat ion of the links to the centre stage of the Clos network.

          Figure 7 : Deterministic and grouped adaptive routing on a 256 node Clos network under random traffic

6.5  Reliability

We have tested different ial DS-Link connect ions over twisted-pair cable for immunit y
against electromagnet ic inter ference according to the IEC 801-4 standard [ 8 ]. The setup
passed test sever it y level 2, which corresponds to the environment likely to be found in the
control room of an industr ial or electrical plant. We have also attempted to quantify the
reliabilit y of DS-Link systems using the 1024 node 8 x 8grid network by per for ming long-
term error tests. The 1024 node grid contains a total of 1344 active DS-Links, about one
third of these link use different ial buffers and 2 meter twisted pair cables. The others are
single-ended on- board connect ions. We have run the system continuously for over 200
hours without observing any link errors. This translates to a per-link error rate of better than

9.6·10
                     -18

                            .

7  Conclusions

We have demo nstrated a large packet switching system, based on the DS-Link techno logy.

The network is per forming reliably, and has provided quantitative measurements of the
perfor mance of 2-dimensio nal gr id, torus and Clos topologies. The results show that,
although gr id networks are easier to physically implement, the Clos networks clear ly give
better performance. Given the type of traffic, the required throughput and the maximum
latency, it is possible to use the results presented to evaluate the suitabilit y o f a given
topology to meet those requirements. The network designer needs to consider not only the
average latency, but also the effect of the long latency tail occurring in packet switching
networks due to contention. The measurements presented give an upper limit of the
network performance obtainable but the per formance will be reduced further if the network
inter faces are unable to handle the low packet overheads required.

In practice, the system is extremely stable and measur ing the upper limit of the error rate
was governed pr incipally by unstable Ethernet interfaces and mains power failures. The
work presented here will be extended to cover other topologies and a systemat ic study of
perfor mance of IEEE 1355 DS-Link networks will be carr ied out. Compar isons with other
techno logies, for example switched 100Mbits/s Fast Ethernet, will be undertaken.

This successful demonstration of IEEE 1355 techno logy confir ms its suitabilit y for
commercial explo itation.

Acknowledgements

We are ver y grateful for the support of the European Unio n through the Macramé project

(Esprit project 8603). Encouragement throughout was given by Professor Erwin Gabathuler

(Universit y o f Liverpool) and Professor Peter Welch (Universit y o f Kent).

References

[ 1 ] IEEE Std. 1355, Standard for Heterogeneous Inter-Connect (HIC). Low Cost Low Latency Scalable

                    Serial Interconnect for Parallel System Construction, IEEE Inc., USA 1995.

[ 2 ] The STC104 Asynchronous Packet Switch, Data sheet, SGS-THOMSON Microelectronics, April

                    1995.

                    http://www.st.com/stonline/books/pdf/menu/bookshop.htm

[ 3 ] R.W. Dobinson, B. Martin, S. Haas, R. Heeley, M. Zhu, J. Renner Hansen Realization of a 1000-node

                    high-speed packet switching network, ICS-NET ’95 St Petersburg, Russia.

                    http://www.cern.ch/HSI/dshs/

[ 4 ] C. Clos, A Study of Non-blocking Switching Networks, Bell Systems Technical Journal, vol. 32, 1953.

[ 5 ] A. Klein, Interconnection Netw orks for Universal Message-Passing Syst ems, Proc. ESPRIT

                    Conference ’91, pp. 336-351, Commission for the European Communities, Nov. 1991, ISBN 92-826-

                    2905-8.

[ 6 ] P.W. Thompson, Globall y Connected Fault-Tolerant Systemsin J. Kerridge ( ed.), Transputer and

                    Occam Research: New Directions, IOS Press, 1993.

[ 7 ] Networks, Routers and Transputers, edited by M.D. May, P.W. Thompson, P.H. Welch, ISBN 90 5199

                    129 0.

                    http://www.hensa.ac.uk/parallel/www/nrat.html

[ 8 ] International Standard IEC 801-4, Electromagnetic co mpatibility for industrial-process measurement

                    and control equipment, part 4, Electrical fast transient/burst requirements, CEI Geneva, 1988.