
special hardware in the DMA unit. The design shown in
Figure 2(b), together with copying and checksumming by

the CPU, corresponds to Jacobson’s proposed “WITLESS”
interface [16].

Since the cost of implementing checksum hardware is typ-

ically smatl, it is attractive to calculate the transport-level

checksum in hmdware. In particular, when the user buffers

reside on the network interface, or when DMA is used to

transfer data between host memory and the network interface,

calculating the checksum on the network interface means that

the host system software does not have to touch the user data

at all.

4.3.3 Programmable CPU

The programmable CPU on the CAB is a key feature of the

Nectar prototype. The motivations for building the CAB

around a generrd-purpose CPU with a flexible runtime sys-

tem, were that we wanted to experiment with different pro-

tocol implementations and open up the CAB to applications.

For a prototype system, this flexibility is more important

than the increase in performance that could be achieved with

a complete hardware implementation.

In the Nectar prototype, protocol processing can be com-

pletely offloaded to the CAB. The main benefit of doing

so is that the interaction between the host and the network
interface is reduced to a single operation in which the ap-

plication presents or accepts the data. The actual protocol

processing overhead is small compared with the OS overhead

cost of handling interrupts and system calls. A comparison

of the host-host performance of the Nectar-native reliable

message protocol (RMP) and the standard TCP/IP protocol

shows that throughput is similar, although RMP has a smaller

latency [10].

Applications have access to the CAB so that they can

exploit the low CAB to CAB latency. How useful this capa-

bility is largely depends on whether restructuring application

software significantly improves performance. An example

in which this is the case is the dynamic load balancing per-

formed by the CAB CPU in applications such as NOODLES

(see Section 3.3). The centralized load balancer is placed on

a CAB, allowing it to repond to about 10,000 requests for

tasks per second.

4.3.4 Inter-Device DMA

The ability to transfer data directly from the CAB to another

device on the VME bus has been very useful in the prototype

Nectar. Data can be sent to or received from devices such

as frame buffers without going through host memory. Di-

rect DMA both reduces latency to the device and conserves
host memory bandwidth. The ability to provide this feature

depends on the specification of the target bus. Some newer

synchronous busses (such as TurboChannel) do not permit

inter-device transfers, the justification being that it compli-

cates the system design [121.

4.3.5 Other Host Architectures

Multicomputers based on general-purpose networks have the

advantage that they can include a variety of hosts. Some

of these hosts place special requirements on the network

interface. We look at the communication needs for some

interesting classes of hosts: special-purpose supercomputers

(such as iWarp and Connection Machine); general-purpose

supercomputers (such as Crays and IBM mainframes); and

“dumb” devices (such as disk farms and frame buffers).

Speciat-purpose supercomputers currently often lack ad-

equate external I/O bandwidth. Although the internal ag-

gregate memory and interprocessor bandwidths of these ma-

chines are very high, the bandwidth to external networks

and the amount of network buffer space are often small. In

addition, such machines are often not suited to tasks such

as calculating checksums. As a result, it is desirable that

the network interface of special-purpose supercomputer pro-

vides functionality similar to that provided by our CAB, such

as a large buffer area, checksumming hardware, and switch

control and datalink hardware.

General-purpose supercomputers are often capable of cal-

culating packet checksums at near-network bandwidth rates

using pipelined vector units. In addition, such machines have

paths into large central memories with rates greater than a gi-

gabit per second. Thus for general-purpose supercomputers

it is less desirable to provide external buffering and checksum

hardware.

For “dumb” devices, it is highly appropriate to have a

net work interface with a generat-purpose processor. Such an

interface can provide sufficient intelligence to allow a dumb

device to be connected directly to the network.

5 Interconnect Architecture

The other crucial component of a network-based multicom-

puter is the interconnector network itself. This section de-

scribes alternatives for the interconnect and justifies how a

general network, as is used in Nectar, is suitable for a multi-

computer.

5.1 Interconnect Design

The requirements for an interconnect for a network-based

multicomputer are: high throughput (100-800 Mb/s avail-

able to each host); low latency (100-500 microseconds be-

tween hosts); good scalability (10-1000 attached computers);

support for high-bandwidth multicast communication; and
robustness so that recovery from network failures is simple.

Some of these requirements are similar to those for general-

purpose networks, while others, such as the performance

goats, are much stronger.
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General-purpose LANs based on a shared medium, such

as Ethernet, token ring, or FDDI, do not meet the bandwidth

and latency requirements of a multicomputer. As more com-

puters are attached to the medium, the bandwidth available

to each computer is reduced and the communication latency

is increased. On the other hand, LANs based on high-speed

switches (such as Autonet [22], HPC [13] and Nectar) do

meet the bandwidth and latency requirements of a multi-

computers. In such LANs, each attached computer has an

exclusive link to a local switch and can communicate with

other computers on the same switch at the full bandwidth of

the link. The aggregate bandwidth of the network is very

high.

During the design of Nectar, we concentrated on the net-

work features that are important for multicomputer usage.

For example, we concentrated on minimizing the overhead on

the network interface and during the design of the switch, we

concentrated on providing a low connection setup time and

hardware multicast (see Section 5.3.3), since these features

are important for multicomputer applications. Some features

that would be needed to operate a large network in a general-

purpose environment were not included. For example, we

do not attempt to provide automatic network reconfiguration,

since the configuration of a Nectar system is relatively stable

and changes can be made manually. These features would

result in additionat hardware (including switch control pro-

cessors) and software to manage the network. Autonet on

the other hand explored the problems involved in managing

large, general, switch-based networks. It presents exactly the

same interface as an Ethernet to the workstations attached to

it and it supports automatic network reconfiguration when

hosts or switches are added to or removed from the network.

In the rest of this section, we briefly describe the Nectar

network and then discuss specific issues in the design of a

network for a multicomputer, including flow control, routing,

multicast, and robustness.

5.2 Nectar Network Overview

As described earlier in Section 3, the Nectar network is built

around HUBS, which are 16 x 16 crossbar switches. A HUB

implements a command set that allows source CABS to open

and close connections through the switch. These commands

can be used by the CABS to implement both packet switching,
in which case the maximum packet size is determined by the

size of the input FIFO on each port of the switch, and circuit

switching, in which case the maximum amount of data that

can be sent is arbitrarily large.

In the prototype HUB, the latency to set up a connec-

tion and transfer the first byte of a packet through a single
HUB is ten cycles (700 nanoseconds), Once a connection
has been established, the latency to transfer a byte is five

cycles (350 nanoseconds), but the transfer of multiple bytes

is pipelined to match the 100 Mb/s peak bandwidth of each

fiber link. Furthermore, the HUB controller can set up a new

connection every 70 nanosecond cycle.

Because of the low switching and transfer latency of a sin-

gle HUB, the additional latency in a multi-HUB system is not

significant. Thus it is practical to build multicomputers con-

sisting of small numbers of these HUBS and up to 100 hosts.

Although it is possible to build larger multicomputers using

the current HUB, the network management and configuration
problems become greater with large numbers of HUBS (see

below). A larger HUB crossbar switch (for example, 32 x 32

or 64 x 64) would reduce these problems and allow networks

of hundreds of hosts to be built and managed.

5.3 Design choices

We review the major design choices that were made for the

prototype Nectar system and draw some general conclusions

based on our experience with the prototype.

5.3.1 Flow Control

The network must provide flow control hardware to ensure

that input buffers at the switches and hosts do not overflow.

Lost packets have to be retransmitted by (software on) the

sender and have a very negative impact on both throughput

and latency. Because of the strict performance requirements

for multicomputers, avoiding lost packets is even more im-

portant for multicomputer networks than for general-purpose

networks.

Flow control in Nectar is performed by hardware on the

CABS and HUBS under the control of CAB software. The

source CAB tests the status of the input buffer on its local

HUB before sending a packet. It can check the status of

buffers on intermediary HUBS and the destination CAB by

using HUB commands provided for this purpose. These

commands allow the next packet to start flowing when there

is room in the buffer at the other end of a link.

The acknowledgments that tell a CAB or a HUB that there

is space in the next buffer are generated by hardware on the

next HUB or by software on a destination CAB. On the

HUB, the acknowledgment is generated when a packet that

is currentty stored in the input buffer starts flowing out of the

buffer. On the destination CAB, the acknowledgment is gen-

erated by the datalink software because only the software can
know when there will be space in the input buffer. ~pically

the datalink software will send the acknowledgment when it

has started the DMA to transfer the packet in the buffer to

local memory.

Implementing flow control in software has a small over-

head cost: it reduces the datalink throughput by less than

10VO for 1 kilobyte packets. Nectar implements the flow

control in software for flexibility reasons: we want to try

out and compare different strategies. Providing full hard-

ware flow control between HUBS and CABS would reduce
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the overhead.

5.3.2 Routing

For a network the size of Nectar, the routing need not be

dynamic or adaptive. Deterministic routing is sufficient, and

is in fact preferable since it avoids deadlocks. Deterministic

routing can be implemented using source routing. Source

routing has the advantage of making the switches very sim-

ple as they need no control software or hardware for rout-

ing. Source routing does place a small burden on the CAB

dat.slink software to determine routes to remote CABS and

to supply the commands needed to open inter-HUB links. A

CAB establishes a routing table as part of its initialization by

querying the local HUB to determine to which other HUBS it

is connected, and doing so recursively on these other HUBS.

As is the case with flow control, implementing routing in

software adds a small performance penalty: it costs about

1-2% in performance for 1 kilobyte packets.

Nectar uses deterministic source routing because it allows

the switches to be very simple. However, for larger networks,

source routing has a problem: for packets that must traverse

multiple HUBS, the probability of making a connection de-

creases rapidly with the number of hops. As a result, this

approach is only practical for a small number of HUBS. This

problem can be fixed in a number of ways. First, dynamic

or adaptive routing can be used. This can be done via source

routing or by using more intelligent switches that can try a

number of alternate routes based on the destination of the

packet. Alternatively, routers or bridges can be placed be-

tween subnetworks consisting of a small number of HUBS

to buffer data that has to travel across too many HUBS. In

practice, we expect that a combination of both approaches

will be needed for large networks.

5.3.3 Multicast Support

High-bandwidth multicast is more important for multicom-

puters than for general-purpose LANs because multicom-

puter applications make significant use of multicast for dis-

tributing large amounts of data [19]. Two examples of mul-

ticast usage are the initialization of data structures and the

distribution of data updates and commands by a master to

slave processes. Thus it is desirable that the interconnect

provides support for multicast as part of its routing support.

Strangely enough, most system-specific interconnects do not
provide support for multicast even though it would be useful

for applications.

The multicast used by multicomputer applications is dif-

ferent from the multicast or broadcast typicatly provided in

generat-purpose networks. The multicast used for network
management in general-purpose networks is typically unreli-

able (i.e. there is no guarantee that atl members will receive

the message) and the members are not known to the sender.

This form of multicast is typically used to retrieve informa-

tion from (replicated) servers whose location is not known.

The multicast implemented on Nectar is reliable, and the

multicast group is created by the sending application. It

is implemented by atlowing a CAB to have multiple open

outgoing connections within one switch. Thus a CAB can

set up a multicast connection and send the same data packet

to multiple destination CABS.

The source routing used in Nectar makes multicast simple

as each host can independently establish its own multicast

groups, In networks with switch-based routing, routing in-

formation for multicast connections must be entered into

the routing tables in the switches. The processor manag-

ing the routing table in a switch must manage the multicast

groups and inform the hosts attached to the switch about the

network addresses that corresponds to particular multicast

groups. This adds complexity to the switch.

In either scheme, there must atso exist higher-level proto-

cols that manage the membership of multicast groups [11].

These protocols allows hosts to use the same multicast group

address (e.g. IP address) to refer to the same set of hosts.

5.3.4 Robustness

Robustness is as important for multicomputer networks as

it is for general-purpose LANs. Although the error rates in

modem fiber-optic networks are relatively low, is still neees-

sary to implement end-to-end checksums and reliable proto-

cols above the physical layer. The network must be able to

recover from errors quickly, otherwise the performance of the

multicomputer will degrade rapidly. In contrast, traditional

multicomputers typically rely on parity or error correcting

codes, since their interconnects have extremely low error

rates. If an uncorrectable bit error is detected, the whole

multicomputer fails.

End-to-end protocols can recover from network errors that

corrupt user data, but cleating with errors that affect con-

trol information is more difficult. Network failures in this

category include events such as lost flow control acknowl-

edgements or corrupted HUB commands. In the prototype

Nectar system, it is the responsibility of the CABS to deal

with this type of errors. A source CAB attempts to recover

from a failure by resetting the input buffers at each of the

HUBS along the route to the current destination CAB. This

recovery attempt typically results only in a partial recovery:

atthough the source CAB will have ensured that it has left

no partially completed connections or packets in network

buffers, it will not have been able to reset the flow control

state information. If the loss of a flow control acknowledge-
ment was the cause of the failure, then recovery will not be

complete until the destination CAB notices that it has not

received a packet or the rest of packet, and sends out an extra

flow control acknowledgement.
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In general, requiring the network interfaces to perform

error detection and recovery is difficult because they may not

be able to gather complete information about the state of the

network and therefore cannot recover correctly from network

failures. For networks of switched media, error detection and

recovery should be supported within the switches to make the

network robust. The switches should close connections and

reset flow control information after some maximum time has

been exceeded. By having each switch reset its locat state,

the failure modes in the whole network me simplified and

error recovery is automatic.

6 Summary and Concluding Remarks

Network-based multicomputers represent a new way of con-

structing parallel systems. In this approach, a parallel system

can incorporate existing hosts as its processors. Some of

the advantages are that one can select processing nodes that

match the requirements of the application, and that existing

system and application software can be reused (Section 2.1).

For a network-based multicomputer to deliver high-

performance, both its network must meet the following re-

quirements: the host-network interface must have low over-

head, and the network must have much lower communica-

tion latency and more predictable communication bandwidth

than general-pu~ose LANs. Moreover, the network needs to

have much greater flexibility and reliability than the system-

specific interconnect of a traditional multicomputer.

As described in this paper, we have found the Nectar pro-

totype to be a useful vehicle for learning about building

network-based multicomputers. To achieve high bandwidth,

it is important to minimize the number of copy operations

in the host-network interface. For short packets however,

the cost of copying the data is negligible, and minimizing

the interaction between the host and the network interface

is more important. Regarding the network interconnect, the

Nectar project concentrated on the network aspects that are

important for multicomputers. An interconnect based on

crossbar switches proves to be attractive, since it can provide

a high bandwidth in a cost effective way. Unlike traditional

broadcast based network, switch-based networks can deliver

increased bandwidth as nodes are added, and unlike the regu-

lar interconnects used in traditional multicomputers, they can

be configured to meet the needs of a continuously changing

set of heterogeneous systems. Hardware support for reliable

multicast to a specific subset of nodes, as opposed to the un-

reliable broadcast typically supported on general networks,

proved to be a useful feature for a lot of multicomputer ap-

plications.

Our experience with Nectar shows that network-based
multicomputers can achieve performance comparable to tra-

ditional multicomputers based on dedicated interconnects.

In this paper, we have described architectures capable of

achieving this goal for workstation hosts, and we have also

shown that the systems software can take advantage of the

architectural features. For these reasons, we believe that

network-based multicomputers are a viable architecture for

parallel processing.
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