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Abstract

The typical node of a message-based multicomputer consists of a microprocessor, router and memory. At the
California Institute of Technology, the Mosaic project has integrated such a node onto a single chip. That
reductionin scalefundamentally changesthe scope of node application, since nodesbecomeboth very small, and
inexpensive.

M osaic nodes may be employed to process, to generate, or to receive data. Sincethe router inaMosaic nodeis
independent of the mi croprocessor, computation and routing take place simultaneously. Thesenodesmay beused
to create general purpose gigabit LANs. They may also be used to create special purpose gigabit networks to
interconnect instrumentation within spacecraft or aircraft.

The ATOMIC project at USC/1SI isusing M osaic componentsto prototypeagigabit LAN testbed. Thistestbedis
operational. Networking and administration software provides full TCP/IP compatibility. Packets have been
exchanged between two interfaces at a rate above one gigabit per second (Gh/s).

Anindividual ATOMICinterfaceisbothinexpensiveand small, consisting of one M osaic chip, four SRAM chips
andclock logic. Twointerfaceseasily fit onto apostcard-sized circuit board. Their low cost makesit practical to
include several interfaceswithin ahost, providing aninterior Gb/sdistribution network, multiple access pointsto
theLAN for greater performance or redundancy, and other capabilitiesthat arenot yet fully explored. Theresults
reported in this paper represent actual data obtained from the prototype.

1. Overview

Advancesinintegration now makeit possibleto
place processing, memory, routing, and channel-access
logic within asingle chip. Thisistheresult of a decade-
long trend in message-based computer architecture.
These developments allow designers to include support
for gigabit point-to-point channelsin their architectures.

Successive refinements are seen in the progres-
sion from the Caltech Cosmic Cube of the early 1980s, to
thelntel iPSC, the AMETEK Series2010 and today’s In-
tel Touchstone message-based supercomputers [1].
Closely related is the development of the INMOS Trans-
puter chip series.

An investigation into the new issues that arise
when aGb/sof trafficarriveor depart from ahost isneed-
ed. Will current protocols adapt to these rates? Arethe

operating system methodologies to support networking
sufficient? Are workstation architectures adequate to
send/receive Gb/s streams or should they be radically
changed? Will special servicetypesand bandwidth reser-
vation benneeded? What new applicationsmight arise, as-
suming that Gb/s service is available? To answer
guestionssuchastheseitisuseful tohaveaGhb/stestbedin
which experiments can occur.

This suggests the need for flexibility. The ulti-
mateinflexibility isachieved when all the componentsof
the network are programmable. The ATOMIC effort at
ISl grew out of recognition that Mosaic multicomputer
components provide that flexibility.

Many routing strategies can be implemented by
programming the nodes, and the source-routing strategy
currently adopted in the testbed is only a starting point.
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Distributedrouting algorithms, among others, will also be A
investigated.

Utilizing Mosaic technology allows this project 64 KB
to create a Gb/s LAN testbed where all these issudsecan 2KB ROM| RAM
examinecdand possible solutions studied. This paper dis
cusseshow the AOMIC project applies Mosaic compo 11 MIPs v v
nentsto create that testbednd in the process, what CPU <>
obstacleso Gb/s networking have been discovered and
whatapproaches show promise for overcoming them. Packet
Thenext section of the paper acquaints thetead Interface | 1 '
erwith some aspects of the Mosaic technology developed > Self-Timed >
by Chuck Seitz research group at Caltech. The Mosaic & Router [<&1—
projectis supportethy DARFA and is aimed at exploring 500Mb/s channels
fine-grainedmulticomputers. *
What follows that is a discussion of the testbed Mosaic-C |v

itself, measurements taken from it, and a discussion of is Figurel.
suesclosely related to the questions mentioned above.
Readersvho are familiar with Mosaic can skip ahead to Mosaic-Cnodeis depicted in Figure 1. It contains 64
Section 3, although the material in Section 2e is recent.KBytes of RAM, 2 KBytes of ROM and communicates
overeight external point-to-point channels, four inXke
2. Aspectsof Mosaic Technology directionand four intheY-direction [6]. All eight chan
] . nels may be active simultaneously Software can be
Mosaic messages are of variable (evényte  remotelyloaded via incoming channels.
length. Depending upon the chip version, from four to . .
Figure 2 depicts twtypesof Memoryless Me

eightsimplexchannels are supported. Each channetloper . -2 i
atesat a nominal rate of 0.5 Gb/s, while prototypes haveSaicnodes. They are distinguishedrigving an external

operatedit 0.8 Gb/sA full-duplex link constructed from ~ Memorybusand fewer channels. Each supports 128

apair of these channels provide&/s of transfer capac KBytes of external dual-access memory fl‘““?gfam’
ity. dataand message storage. Memoryless Mosaic nodes are

well suited for interfacing to peripherals. These twe Mo
Alternativepoint-to-point gigabitulticomput saicnode types are didient to construct a Gb/s LAN
er technologies arbeing developed elsewhere, such astestbed.
theScalable Coherent Interface or SCI, IEEE P:1596 [2].
For several reasons Mosaic is a more appropriate choic
for creating a Gb/s testbed. Principal among these wer
Mosaics use of CMOS rather than EQagic levels and
its greater flexibility

Unlessa node is the source or destination for a
%essagemessages paggough its router on their way to
Bthernodes without interrupting the processor and with
outbeing stored atthatnode. When a node is either source
or destination, packet data is transferred to or from node

. DMA llerin th ket interface.
2a. MosaicNodes memory by a controller in the packet interface

A node can be utilized to filter messages, ex
Each Mosaic node contaims16-bit micropre ecuteprotocols and arrange that data be delivered in the
cessoran independent router an®&A message inter  form expected by an application or virtual device specifi
face between them [3].The router is implemented by cation. A supervisor can control, reload or augment a
self-timedlogic. It can route trit simultaneously over nodes software dynamically by sending it messages.
all of its external channels without using any processor re A Mosaic chip interfacegirectlyto its commu

sources.Messageare source-routed in two dimensions. icationsmedium. No additional circuitry is required to
Sourcerouting has been suggested as a means tihterconnectwo nodes as long as wire lengths between

createvery high-speed networS]. Source routing is  themare kept within certain parametésee Section 2&).

flexible and responsive. Each message is independently

routedand no end-to-end connection set-up is required2b. SomeMosaic Poperties

Therouting decision in a Mosaic router requires no more

than25ns, and state information in a router is kept only

for the duration of the message being routed.

The router in Mosaic supports a form of cut-
through routing [7] called wormhole outing[3][4],
which does notutilize intermediate bééring when a

Two categories of Mosaic nodes existfelién routeis blocked. Routing is two-dimensionpbsition-
tiatedby whether or not they support external meméry relative,and free of deadlock [8][9]. Each message is an

11hesubset of channels in Memoryless Mosaics is due to the desire to keep the pincount down.
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even number of bytes in length and contains a source
route prefix that consists of aAX-byte followed by aAY-
byte. Each routing byte can specify from -127 to +127
hops, with the sign controlling the +/— (East/West) direc-
tionfor theAX-byteor the+/— (North/South) directionfor
the AY-byte.

X-direction routing occurs before any Y-direc-
tion routing to avoid deadlock. Hop counts are decrem-
ented asthey passthrough eachrouter. Whenthe AX-byte
reacheszero, the X -direction portion of thesourcerouteis
exhausted and the AX-byte is stripped off to expose the
AY-byte. The X-channel portion of that node’s router
then passes the messageto its Y-channel portion. A node
receivesaM osai c messagewhen the AY-byte hasreached
zero. By implication, messagestraverse arestricted two-
dimensional topology that allowsasingle X-to-Y transi-
tion.

A pathisopened between sourceand destination
routers by advancing a message hop-by-hop along its
path, allocating channelsasit progresses. All therouters
along that path ship the message toward its destination as
a cooperative pipeline. At any node, a message may be
blocked because the outgoing channel needed is already
being used by another message. The arbiter in that node
will allow the blocked message to advance when the out-
going channel becomes free. Arbitration operates on a
first-come first-served basis.

Therouters use Request and Acknowledgement
(REQ and ACK) signalsto implement hop-by-hop, byte-
by-byte self-timed flow control on each channel. See
Chapter 7 of An Introduction to VLS Systems [10]. A
TAIL signal is used to indicate the end of amessage. As
thetail of amessage passesthrough arouter, the channels
that were allocated to it are freed.

2

If amessageis blocked due to congestion, data
flow ceases. This freezesthe pipeline until the packet is
again allowed to proceed. Once a message head reaches
thedestination node, all necessary channel resourceshave
been allocated and datamovesthrough the pipeline asfast
asthe source providesit and the destination is able to ac-

cept it.

Byte propagation time from one Mosaic router
to another is nominally 12.5 ns while a routing decision
consumesapproximately 25 ns. Cabledelay is5 ns/meter
and becomesthe dominant factor in determining datarate
for distancesgreater than 60 cm. Theissue of how to con-
vey dataacrosschannelsat Gh/sratesover distancesof up
to 100 meters is discussed below.

2c. Comparison with a Bus

Figure 3 depicts four messages simultaneously
in transit between nodes. Point-to-point channel seg-
mentsmay be used simultaneously. A message sent from
node 1 to node 7 interferes neither with messages sent
fromnode 4 to node 6 nor fromnode 5tonode 2. Neither
does the message sent from node 8 to node 9 provide
interference. Although the chain of Mosaic channels 1-6
is topologically similar to a bus with six taps, its linear
bandwidth scaling properties make it much more attrac-
tivefor block data movement.

2d. Mosaic-C Mesh

A set of 64 Mosaic-C nodes are mounted on an
approximately 20cmy 20cm printed circuit board using
TAB (Tape Automated Bonding) with their channelsin-
terconnected to form an 8y 8 mesh. The resulting 64
node multicomputer is smaller in area than this journal
page and has an aggregate processing rate of at least
700 MIPs. These mesh boards form the basic element of
the M osaic multicomputer. Emerging fromtheedgesof a

For comparison, an interface to the 32-bit variant Futurebus+ backplane may require ten chips.

Source: National Semiconductor, National Anthem vol. 23, March/April 1991, p. 3.
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mesh board are 32 duplex channels. These channels can
be directly connected to another mesh board or can be
connected via cables to remote Mosaic nodes. The cur-
rent cost of thisboard including the 64 Mosaic-C chipsis
less than $5,000.

Extensive modelling and simulation has been
performed at Caltech to determine the message routing
performance of a supercomputer constructed of a tiled
mosai ¢ of mesh boards[3][11]. The channel-bisection of
amesh isthe minimum number of channelsthat must be
cut to partition the mesh in either the X- or Y-direction.
For an n x n mesh that is 2n channelsin either direction.

Assumethat each node continuously sendsmes-
sages to other nodes in the mesh with the destination
nodes chosen randomly. Under those conditions the
achievable throughput across a bisection is approximate-
ly 50% of its maximum theoretic capacity. Sinceindivid-
ual Mosaic channels nominaly provide 0.5 Gb/s of
capacity, each channel in a bisection should provide
0.25 Gb/s of capacity in itsdirection. An 8 x 8 mesh is
expected to provide 4 Gb/s of throughput across each of
itsfour edges.

2e. Interconnecting Mosaic Nodes
Over Distances of Many Meters

M osaic channels may beinterconnected using a
number of technologies. Simple ribbon cables are ade-
guate for distances up to afew meters without any addi-
tional logic. Ribbon cables provide a robust and very
inexpensive interconnection. Their 26 conductors alter-
nate ground with the 11 channel signal lines. TheMosaic
chip output drivers are designed to drive 3 meter cables.
NodataerrorshavebeenseenintheLAN evenwhiledriv-
ing 9 meter cables. Channels are self-timed. No clock
signal need be propagated.

Data Integrity

Mosaic channels exhibit extremely high datafi-
delity. Signalling is non-interfering, with the sending

router transmitting 8 Data, plus REQ and TAIL signalsto
thereceiving router, that subsequently returnsACK. The
sending router’ssignal hold timeand byte-by-byteflowis
controlled by the receiving router.

Mosaic channels transmit no error detection or
correction information. This was a cause of some con-
cern. A series of data transfer validation tests were run
over Mosaic channelsto characterizetheir bit-error rates.
The Mosaic channel data was transmitted via on-board
plated traces and between hosts by ribbon cables.

Various checkerboard data patterns were sent
from Mosaic nodes over ATOMIC and checked upon
their reception. Typically, test sources sent packetsover a
multi-hop path. For short distance transmission viarib-
bon cables and chip-to-chip on-board transmission, the
bit-error rate is very low. No errors have been seen to
date, with 1.0 Petabit (1015 bits) of data transmitted in
over 2,000 hours of validation testing.

This suggests that neither CRC nor parity are
needed for Mosaic channel transmission within achassis
or when the channel distance between adjacent Mosaic
chipsiswithin afew meters. Thislevel of fidelity should
not necessarily be expected for longer distance transmis-
sion over differing physical media.

Cable Data Rate

The REQ/ACK negotiation of Mosaic channel
transmission makes the transmission rate sensitive to in-
ternodedistance. Nominally, aM osaic channel may turn-
around in 12.5ns. This is true for internode distances
over ribbon cables of upto 60 cm. Asinternode distance
rises above that, the channel transmission rate fals.

Retaining the 12.5 ns channel cycle rate over
distances of up to 100 meterstypically encountered in a
LAN isaccomplished by decouplinglocal ACK reception
from remote ACK generation. The transmitting end al-
lows locally generated ‘fake’ ACKs to get ahead of the
ACKsreceived from the far end by an amount no greater
thanthe size of areception FIFO. Each stage of the FIFO
provides an additional 60 cm or so of ‘slack’ distance



while preserving full data rate over the cable. These
SLACK chipsweredesigned by Wen-King Suat Caltech.
Sampleswill soon be tested in ATOMIC.

SLACK functionality combined with ribbon
cables does allow nodes to be located many meters apart
while preserving the channel datarate. Ribbon cablesare
not an attractive mediumto be running aboveceilingsand
inside walls. Furthermore, dispersion between signal
lines must be considered over many-meter distances. It
may benecessary to utilizerepestersevery several meters
alongacable. The ATOMIC project will soon useribbon
cables, with SLACK repeaters installed, to separate
workstations from one another over tens of meter dis-
tances.

Fiber-Optic Transmission

The practical solutionto the problem of carrying
channel dataover longer distance may arrive when fiber-
optictransceiversfor Mosaic channelshecome available.
Thisis an area actively being pursued by the ATOMIC
project. Link controller chips that incorporate SLACK
functionality are being commercially designed that pro-
videaninterfacebetween Fibre Channel fiber-optictrans-
ceivers and Mosaic channels.

Summary

Inthe absence of blockagetherate at which data
is carried by a Mosaic channel is determined by the fol-
lowing factors: therate at which the source providesdata,
therouter processing rate, by the cable segment delay, and
finally, the rate at which the destination accepts data.

3. Creatinga LAN using Mosaic
Technology

M osai ctechnol ogy wasdevel oped for message—
based multicomputing. The channel specifications and
memory configuration of M osaic nodesreflect that appli-
cation domain. In particular, node memory bandwidthis
roughly equivalent to the nominal rate of one channel.
The ATOMIC projectisusing Mosai c hodesto createagi-
gabit LAN and they adapt well to that task. However, if
nodes were designed specifically for networking, some
aspects of their current design would likely change.

The combination of channels, router, storage
and processor inside M osaic nodes offersgreat flexibility
when designing a network. Memoryless Mosaic nodes
can be used in host interfaces while Mosaic-C nodes can
beused muchlikerouters(IMPs) inthe ARPANET toim-
plement hop-by-hop, store-and-forward routing. Node
processors could run distributed routing algorithms, im-
plement fair queueing, and so on.

In that type of network packets are written into
nodememory and thenread out again. Therefore, channel
performance is limited to no more than 1/2 the node
memory bandwidth. A singleM osaic channel canoperate
at 100% of the memory bandwidth of a Mosaic—C node.

However, anoderouter can forward datafrom four chan-
nelssimultaneously. For that reason we areinvestigating
network designs in which channel speed rather than
memory bandwidthisthelimiting factor on performance.

ATOMIC uses mesh boards to interconnect the
hostsattachedtoit. Each host hasanetwork interfacethat
containsat | east oneMemorylessMosaicnode. Thechan-
nelsthat emerge from it are typically attached via cables
toamesh board. Alternatively, hosts may be chained to-
gether, with one or both ends of the chain attached to a
mesh board. Extensibility isprovided by interconnecting
mesh boardsto one another viachannelsnot already allo-
cated to hosts. This is somewhat analogous to the way
that Ethernet hostsare attached to concentrators. Itisalso
similar to HUB-HUB interconnection scheme used in
Nectar [12]. Thisisillustrated in Figure 4, where 4x 4
meshes are illustrated for clarity. In practice, 8x 8
meshes are used.

3a. Implication of Topological Irregularity

Any node within amesh of Mosaic-C nodescan
send amessage to any other nodein the same mesh using
Mosaic's link-layer source routing. A path between any
two nodes can be expressed as a number of X-hops fol-
lowed by some number of Y-hops. However, the symme-
try of mesh interconnection isbroken when remote nodes
are connected to the edges of amesh.

That lack of symmetry prevents Mosaic's link-
layer source routing from being sufficient to interconnect
any two nodes. InFigure4, node A can reach node B us-
ing the (x,y) source route prefix (3,4). Three hopsinthe
+X direction reach the highlighted node, fromwhich four
hops in the +Y direction reach B. However, B cannot
reach A using a single X-then-Y route, since the route
B [CAdecessarily requires a Y-direction to X-direction
transition somewherein B’scolumn and that isforbidden.
Note that node C is partitioned from both A and B.

Each Mosaic node contains its own processing
and storage capability. One solution to thisinterconnec-
tion problem isto usethose capabilitiestoimplement sto-
re-and-forward functions. Each Mosaic nodeisloaded at
initialization with software that implementsan ATOMIC
network layer allowing complex sourceroutesto be com-
posed of aseriesof Mosaic routes. Since Mosaic routing
is deadlock-free, a source route composed of several
successive Mosaic routesis also deadlock-free.

The ATOMIC source route B CA_cbuld now be
thereverseof A [ B, axpressedas[(0,-4) (-3,0)]. Thefirst
MosaicroutefromBis(0,-4), whichdeliversthepacket to
the highlighted nodein the lower-right corner. That node
then sends the packet with the source route [(-3,0)]. The
(-3,0) Mosaicroutecausesthepacket toarriveat A, which
isthedestinationfor thispacket. Similarly, thepathB D1
is[(0,-4)(4,-1)(-1,0)].

This facility provides many paths between
nodes and often thereisa set of equivalent shortest paths
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betweemodes. In the case Af1 C or C A those sets  780ns of buffering at the 5001b/s channel rate. &in-
have four elements. This property could be used for tendto study flow control algorithms suitable for this en
bandwidthreservation, quality of service assuranceeor  vironment.

dundancyin case of component failure. Each of thisse .

anissue that we expect to pursue in future work. 3b.  Dual-ConnectingNodes to a Mesh

Noticethat any Mosaic source route that begins
atthe East or \&st edge of a mesh carach any node ata
North or South edge. This property can be exploited to
connectemote nodes to a mesh so that any node canreach
anyothernwithout requiring the stag-and-forwad opera
tion of an AOMIC compositegute Dual-connection to
amesh can be seen in Figure 5, wherertaérection in
putof a Memoryless Mosaic host node is used.

Although store-and-forward provides complete
routinggeneralityit does dect the network transfer rate.
Internalmemory bandwidth is limited to the channel data
rate. When a packet arrives at a noderdhgertransfers
itinto an internal bdér. Store-and-forwardequireghat
apacket be both written and read, that menbarydwidth
limitation restrictsa store-and-forward operation to 1/2
thenominal 500Mb/s channel transfer rate.

Conflict for channel resourcesay only occur

Sinceinternal bufering is used for the PFOMIC whenmore than one source is transmitting to shene
layer store-and-forward routing, packets can be lost ifdestinatiomode. There is one shortpstth between any
intrnal buffers overflow Under an assumption that two nodes and that path does metuire an AOMIC
8 KBytesis reserved for software, 4Bytes of bufering compositeroute, which is a distinct performance advan
is available within each mesh node. That representsage.Dual-connection of remote nodes to a mesh dees in

-]
L " | O - Host Node

[J - Mosaic-C Node

Figure5. Dual-Connectiorto a Mesh




cur a cost. The number of nodes that can be directly
connected to an n x n mesh is reduced from 4n to 2n.
However, packets cannot be lost in a mesh due to buffer
overflow since no store-and-forward buffering is used.

3c. Y-to-X Transformation

The router determines whether a message
should go out an X or Y channel based solely on which
typeof channel the message arrived on and themagnitude
of the first byte. A message entering on an X-channel
goesout an X-channel if thefirst byteisnon-zero. A mes-
sage entering on a Y-channel goes out a Y-channel if the
first byteisnon-zero. If themessageenterson an X-chan-
nel and thefirst byteiszero, the messageis passed to the
appropriate+/— Y-channel after stripping thezero byte. A
message that arrives on a Y-channel with a zero leading
byteis delivered to the Mosaic processor after stripping
the zero byte.

An outgoing Y-channel may be connected to an
incoming X-channel or viceversa. Therouting result re-
mains well defined. However, thereis atype of ‘parity’
restriction. Thefinal Y routing byte stripped must pre-
serve the evenness of the delivered message’s length.

3d. Mesh Interconnection Using Y-to-X
Transformation

Asdiscussedin 3b, if amesh only attachesto du-
al-connected nodes, any message entering this mesh via
an X channel can reach any node strictly by meansof Mo-
saic routing without store-and-forward. In Figure 6 we
show two meshesinterconnected by two Y-to-X channel
transformations. The lower mesh viaone of itsY output
channelscan reach an X input channel of the upper mesh.
Similarly, the upper meshviaoneof itsY output channels
can reach an X input channel of the lower mesh. If both
meshes only attach to dual-connected nodes, any hodein

either mesh can reach any other node strictly by means of
Mosaic routing.

Asanexample, consider theroute (4,3,3,2) from
host A to B in Figure 6. With four +X hops the packet
from A reachesthehighlighted nodeat theright edgeof its
mesh. Thecurrent exhausted routing byteisdiscarded by
that node, which now beginsto routein the +Y direction
using the remaining routing data (3,3,2). With three +Y
hops the +X input of node | isreached. The current ex-
hausted routing byteis discarded by I, which now begins
to route in the +Y direction using the remaining routing
data(3,2). Onehopinthe+Y direction reachesthe X-di-
rection input of aleftmost node in B's mesh with the re-
maining routing data (2,2). The remaining two hops are
now treated as +X hops by the nodesin B’s mesh. When
these are exhausted the highlighted node in B's mesh is
reached, where the next routing byte (2) is treated as Y-
routing information and B is reached with the final two
+Y hops. TheroutefromBtoAis(-3,2,-3,-4). Theuseof
node | is necessary to guarantee that the destination Mo-
saic node receives packets of even byte length.

3e. Induced Routing Cycles

Mosaic routing avoids deadlock by preventing
cyclesfrom forming in any route. Thisis accomplished
by routing completely inthe X-directionbeforeroutingin
theY-direction. A Y-to-X transformation violatesthat re-
striction by explicitly allowing X-direction Mosaic rout-
ing after Y-direction routing, making deadlock possible.
Routing deadlock can be procedurally prevented by im-
posing an ordering on meshes to prevent any route from
being used that could form cycles.

We shall experiment with and analyze various
interconnection mechanisms. The danger of a deadlock
being used as an avenue for aloss-of-service attack may
argue against the use of Y-to-X transformationsin acom-
mercia setting. Alternatively, the inclusion of channel
deadlock recovery via‘ progress  detection hardwaremay

Figure 6.




be practical. This could aso be done in software, al-
though response would be much slower. Thesearetopics
for future research.

3f. Address Consultant - AC

The ATOMIC LAN is unusual. Hosts do not
have a network addressin the usual sense. ATOMICin-
terfaceshave no network addresssincethey areaddressed
relativeto asender’sposition. Since Mosaicisapoint-to-
point technology and does not implement broadcasting,
themechani smsfor determining theroute between source
and destination cannot rely upon broadcast. A facility
such as the ARP protocol in the Ethernet will not work,
althoughthe ATOMI Clayer could implement abroadcast
facility. This raises the important issue of how to map
hosts to source routes.

Assumethat at |east one host process, called an
Address Consultant (AC) resides somewhere on the net-
work. ThisAC learnsthe LAN’stopology and the loca
tion of each host onit. Thistopology information can be
determined dynamically by each AC. In combination
with alimited amount of network layer support added to
the Mosaic nodes and host interface drivers, it becomes
possiblefor each host to interrogate an AC for the source
routeto aparticular destination. AC softwareisalready in
use in the prototype LAN.

In the current prototype LAN, an AC daemon
runson each host that is connected to ATOMIC. AsACs
encounter each other, the lower ranking AC in each en-
counter goesinto adormant state, only processing address
resolution requests from the local host. If the highest
ranking AC’shost should crash, or the network should be-
come partitioned, the dormant ACs remap the network,
establishing new highest ranking AC(s) as necessary.

Returning to Figure 4, the sets of shortest paths
between AD B and BO A havefour elements. Theset for
CO D has two elements. The multiplicity of paths be-
tween nodes can be used by the AC for the purposes of
bandwidth reservation, service guarantees or failure re-
covery.

The dynamic programmability of nodes allows
an AC to command an interface to transmit packets at a
controlled rate. It can aso dynamically redefine each
host’srouting table. Trafficloadscan bemonitored and a
new route assigned to avoid congestion, an old route redi-
rected to decrease congestion, or aset of routesredirected
tomakeavailableanew path of sufficient capacity. There
are many possibilities to be investigated.

3g. ATOMIC vs. Switch-Based LANs

Onthesurface, an ATOMIC meshrouter may re-
sembleaswitch. It bears some similarity to aspacedivi-
sion crossbar switch with a self-routing property [13].
But unlike traditional switch elements, each Mosaic-C
node containsitsown CPU and program store. Each node

can buffer and perform afunction on the messagesthat it
receives. A Mosaic-C noderouter issymmetricintwo di-
mensions and independent from the processor. It may
transmit or receive in any of four external directions si-
multaneously and may do that while node computation

continues without interruption.
i=n —-%I
i=2
i=1
creasing share of the output channel to

out  eachinputi, withinput i’sshare equal to
loaded condliti oR&2 the #psieaf #h¥he router ensures local
but not global fairness. However, no input will be per-
manently blocked asit can be when priorities are fixed.
Thisexampleissimplified. A crossbar element hastwo
inputs, while Mosaic-C routers have five inputs.

Mesh Routing Flexibility

A dual-connected mesh can behave much like a
crosshar with no internal buffering. This produces head-
of-line (HOL ) blocking, where the horizontal mesh input
channelsviefor accessto vertical output channels. With
no use made of mesh internal buffering, if k packets con-
tendfor the same output channels, k—1 input channel swill
remain blocked and so k-1 output channels remain idle.
Theremay exist packetsdestined for oneof theidleoutput
channelsthat are queued behind blocked packets.

Meshflexibility can be used in conjunction with
the AC to alter gross mesh routing behavior. By making
use of the storage within the mesh, HOL blocking can be
avoided. This occurs when the AC assigns composite
routesthat store all input packets at the nodes on vertical
output channels from where they are forwarded.

Assume that all messages are of equal
length. If a crossbar operates synchro-
noudly, it assigns afixed priority to each
of itsi = 1,,ninputs. The input channel
closest to the output has the highest
priority. The first-come-first-served ar-
biter in M osai c routersensuresthat when
contention occurs messages are for-
warded in their order of arrival hop-by-
hop. This assigns a geometrically de-

This can be done dynamically in response to
changing traffic characteristics. It can be done for some,
but not all input channels. It can bedonefor some, but not
al output channels. Flow controls can also be pro-
grammed into the mesh. The geometrically decreasing
share of an output channel discussed above resultsin un-
fairness under heavily loaded conditions. Nodes can be
programmed to ensure that channel accessis more fairly
distributed.

Some Comparisons

In Table 1 the performance of an ATOMIC
switchiscompared to both the Autonet switch and Nectar
HUB [15][12]. The advantage of distributed routing used
inan 8 x 8 mesh is pointed out by comparing mesh per-
formance to that of an Autonet switch. A mesh contains
64 routers, each independent, while an Autonet switch



Table 1.
Switching Performance for 80 Byte Packets
aggregate
channel switch
pkts/sec latency bandwidth bandwidth
Autonet 2.0 480ns 100 Mb/s 1.3 Gb/s
Nectar M5 700ns 100Mb/s 1.6 Gb/s

ATOMIC NP5M 200ns 500Mb/s 16.0 Ghis

containsonerouter. An8 x 8 dual-connected meshisex-
ternally similar to a16 x 16 Nectar HUB crossbar.

ATM-Based LANs

Asynchronous Transfer Mode (ATM) has been
suggested as an implementation technology for local as
well aswide-areanetworks[17][23]. ATM messagesare
of fixed length. Eachis53 byteslong. with five bytesre-
served for header, leaving a 48 byte payload. Severa
teams are creating prototype ATM host interfaces [16]
[18][19]. The Autonet follow-on, AN2, will have ATM
switches [20].

ATOMIC sends variable length packets and it
usesthe distributed computational and routing capability
of amesh. That sets ATOMIC well apart from ATM-
based LANs. Thefragmentation and reassembly required
when ATM carries higher layer traffic are not required in
ATOMIC. That isone reason why ATOMIC host inter-
faces are small, inexpensive and fast. However, nodes
could be programmed to implement the AAL (ATM
Adaptation Layer) for |P and associate source routeswith
circuit identifiersif that was desired.

One additional point should be stressed. The
low cost of nodes coupled with their programmability
makesit practical to utilize them in workstation architec-
ture[21]. Thenetwork isthen extended into theworksta-
tion. This allows internal devices to have their own
independent Gb/s interconnect in addition to direct net-
work access. It has also been suggested that ATM could
be used for this, although switching would be external
[22][23].

Questions of Mesh Geometry and Sze

Although strict communications symmetry isa
concern for those who design telecommunications
switches, asymmetric designsmight bebetter suitedtothe
needs of a LAN. In most LANSs today there exist key
hosts, such asfile servers, bridgesand gateways, that pro-
duce and consumethe mgjority of network traffic. It may
be possibleto take advantage of thisto construct mesh ge-
ometries that provide favored attachment positions to
some hosts but not others, whereby traffic to/from fa-
vored hosts can proceed without ATOMI C store-and-for-
ward routing.

If all remotenodesaredual-connected toamesh,
the mesh must take on an n x n geometry, since each in-
coming X-channel must be matched by its own outgoing
Y-channel. If remote nodes are not dual-connected to a
mesh, the geometry need not be square.

The size of amesh has a bearing on the number
of hoststhat can beattached toit and properly serviced. A
large ATOMIC LAN isconstructed by reserving channels
for interconnection to other meshes. How large should
meshes be so that a large LAN composed of intercon-
nected meshes operates efficiently, with little inter-mesh
blockage or congestion? Can mesh geometry be ex-
ploited to provide favored channels for mesh-to-mesh
traffic?

Each of theissuestouched upon above areinter-
esting. Each can beinvestigated by performing extensive
simulations and will be subjects for future research.

3h. Optical Cable Interface Cost

Thisbringsustoamajor obstacle: theabsence of
reasonably priced Gh/s cable transceivers. The Fibre
Channel and SONET are representative of standards for
high-ratetransmission of dataover long distances, where-
asin LAN application what is needed is high-rate trans-
mission over relatively short distances. Prototype
fiber-optic LAN links will be expensive. Although vol-
ume manufacture will reduce price, the Fibre Channel
may be inappropriate for cost effective installation in
point-to-point based LANSs. Fiber Channel hasacomplex
300 page standards specification and is not designed pri-
marily for LAN application [14]. It transmits datain a
strictly framed and encoded format for distances of up to
10 km.

FDDI provides a demonstration of what hap-
pens when host interface costs are too high. For Gh/s
LANSsto become practical, wejudgethat the cost per host
should not exceed $2,000 in current U.S. dollars. The
$2,000 target may be difficult to reach. Although an
ATOMIC hostinterfaceisvery inexpensive, asisitsshare
of the mesh interconnect, the current cost for fiber-optic
cableandtransceiver el ectronicspushesthetotal cost well
over the target figure and will grossly dominate total in-
terface cost.

By way of contrast, interfaces that use ribbon
cables with SLACK repeaters are inexpensive. If dis-
tancesbetween nodes aretypically several metersor less,
e.g. within a hogt, the issue of optical interface cost is
unimportant. Ribbon cables suffice and are much less
costly. Transmission via bit-serial copper media, either
shielded twisted-pair or coaxial, isimpractical at gigabit
rates for the distances typically found in LANs[24].

Some fiber-optic researchers believe that sub-
stantial cost reductions could be made when the applica-
tion domain for gigabit fiber-optic transceiversislimited
to asynchronous point-to-point communication at dis-
tances no greater than 150 meters. Wefeel that thisisan
areawhere more industry effort should be focused.



4. Preliminary Testbed Experiments

In late October 1991 the firstTOMIC LAN
testbedwas created at ISIThe prototype consisted ini
tially of two Sun-3 model workstations. Eagbrksta
tion had a VME bus to which amterface board was
attached.A BSD UNIX device driver and network inter
face driver were written, providing complete TCP/IP
compatibility They arattached via an Ethernet gateway
to the Internet.

4a. Intra-Host and IntefHost Tansfer Rates

Empiricalmeasurements on Sun-3 workstations

show performance bounds theflect the Surs own soft
wareand VME bus limitationsRecently substantial ef
forts have improved BSD UNIX kernel memory

managemerandpacket processing, but that still does not longer packets.

allow the testing oATOMIC interfaces at anywhere near
their capacity Therefore, trdfc generation andesting
softwarewere placed directly intthe nodes themselves
onthe network side of the VME bus.

A packet size of 1,500 bytes is typical of the

maximum size used for TCP packets carried over an
Ethernet,while 54 bytes is the approximate length of a

53-byteATM (Asynchronous flansfer Mode) celllt is
also about typical of &lnet interactive packets. These
two sizes weraised for performance characterization in
additionto the physically minimal packet size of two by
tes, that allows accurate determination of -packet
overhead®

The full-duplex data capacitpf channels be
tweenMemoryless Mosaic nodes is shown in Figare
Link-layer overhead was removed to accurajgytray
channel data carrying capacitiPackets were sent from
thesource nods'shared memoygver channels and back
into the shared memory of the destination node.

Eachnode wasprovided with 128 KBytes of
25MHz SRAM omanized as 16-bit words. This limits

MemorylessMosaic Nodes

<
<

»
>

Bytes/Packet Packets/sec. Data-Mb/s
2 1,316* 103 21
54 794* 103 343
1,500 64* 103 763

Figure?.

sinkedfaster than that rateThe channel can operate at
500Mb/sif 35 MHz SRAM is used.

Theperpacketinterrupservice overhead limits
eachnode in aninterface to approximately 650,000 pkt/s
or 1.5ms/pkt. Memory bandwidtlimits performance for
For 1,500 byte packets, 95% of the
400Mb/slimit was achievedSince a 32-bit VME bus is
limited to bandwidth of no more than 3&@b/s, it is clear
that ATOMIC cantransport data between subsystems and
peripheralst rates at least comparable to that of buses.

4h. HostInterface Performance

PrototypeATOMIC host interfaces contain two
Memorylessvosaic nodes. Each node operatelepen
dently, so that performance for duplex communicat®n
limited to 800Mb/s. Figure8 demonstrates the rates
achievabldor a duplex connection between hosts. As be
fore, perpacket overhead limits performance for small
packets,but now cable induced delay limits channel
bandwidthfor long packets. Vh the incorporatiorof
SLACK function,channel bandwidth for long as well as
shortcables should remain near that shown in Figure 7.

NearTerm Node Enhancement

The SRAM in current hoshterfaces limits net
work channel performance to well below the rate at which
anode router can operate. A channel can only carry data
asfastasitis sourced or sinked and both are limited to 400
Mb/s. Using 16-bit words, to saturate one simplex ehan

simplexchannel bandwidth in these particular interfacesnelrequires 40 MHz SRAMs. Memoryless Mosaic chips
to 400Mb/s, because data can neither be sourced nothat operate at 38 MHz have already been fabricated.

3Measurement$aken on Ethernet LANs populated primarily by Sun Microsystems workstations show that NFS (Network File
System)and ND (Network Disk) protocols represent approximately 80% dictra?ackets less than 50 bytes in length represent
30%of traffic. Approximately 10% of trdit was NFS remote procedure call, with pack#tength between 124 and 168 bytes
[25]. As LANSs rely more upon request/response protocols this class may become dominant as suggested by recent measurements.
[26].

RibbonCables without SLACK Host B
HostA 1.5 meters ost _
Memoryless Mosaic Nodgs <— _—— — Memoryless Mosaic Nodgs
Bytes/Packet Packets/sec. Data-Mb/s
2 1,316* 103 21
54 794* 103 343
Figure8. 1,500 47* 103 566
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Thus a50% improvement in statistics presented aboveis
available by using the more recent chips.

Mosaic technology is designed using scalable
designrules. AsCMOS fabrication movesfrom 1.2 p to
0.8 u feature sizes, both clock rates and router speed can
be expected to improve by at least 50%. Rates of 960
Mb/s are attainable without widening the 8-bit data path
that Mosaic channelsusetoday. Widening the channel to
16-bitsallowsthat rateto double. Sixteenbit channelsare
already used by the Intel Touchstone MRC (Mesh Router
Chip, itself based upon the Mosaic router).

4c. Host Limitations

Creating a gigabit workstation architectureis a
challenge. Workstation, protocol, and operating system
architecturesarecurrently inadequatefor gigabit commu-
nication. Thisis recognized and has been the subject of
extensive study [5][17][29][30][31][32].

To pick an example, most busesoperatewel | un-
der gigabit rates. It is unrealistic to expect VME-based
designs, that arelimitedto 32-bitsat 10 Mxfer/s(transfers
per second), to be capable of handling 0.5 Gb/s. A 64-bit
Futurebus+ at 25 Mxfer/siscapable of Gb/srates, but the
cost of interfacing to it is very high.

We fedl that that problem can be inexpensively
solved by incorporating nodes into the workstation’s
major peripheral subsystems [21]. This brings multiple
interconnected Gh/s channels into the architecture inex-
pensively, provides direct network access to subsystems
and allows parallel formatting and protocol processing.

At gigabit rates unnecessary data copying must
be avoided. Packet copying often occurs at the interface
between the operating system and the network. This
problem is solved by allowing the network device to ad-
dressitshost’smemory. The processor inanodeis capa-
bleof manipulating shared datastructureswhiletheDMA
packet interface could read from or store into them.

Memoryless Mosaic nodes, that are currently
limited to 128 KBytes, can address a larger segmented
memory space. By making thedual-ported SRAM larger,
thebuffersassociated with network 10 could betreated as
apart of the operating system buffer pool. Thisdesignis
similar in spirit to aNectar CAB [33].

Between the application and the operating sys-
tem kernel, it is common for a packet data copy to take
place. No consensus has been reached on solving this
problem. Breaking down the boundary between the
application and the protocol stack is one likely solution
[34].

5. Closing Comments

Message-based multicomputer nodes have be-
comepractical to useoutsidetheir originally intended do-
main. They provide an effective and very genera

mechanism for the distribution and routing of dataat Gh/s
rates. Mosaic multicomputer nodes incorporate routers
and use point-to-point communications channels. This
providesthemalinear scaling property not shared by one-
at-a-time communications technologies, such as buses,
Ethernet, FDDI and DQDB.

Mosaic nodes can be used to construct Gh/s
LANs. Nodes can be used to create programmable
routersand host interfaces. The buffering and processing
power within each node provides design flexibility not
normally associated with communication subsystems.
Thiscan be exploited to dynamically alter the behavior of
an entire communications system or a portion of it.

The ATOMIC LAN isan operating exampleof a
Gb/s testbed constructed from Mosaic message-based
multicomputer nodes. Inadditiontoitspurposeasadem-
onstration vehicle, the presence of a gigabit LAN pro-
vides alaboratory in which to test proposed solutionsto
problems that arise with greatly increased network
bandwidth and to develop new applications and devices
for the emerging gigabit domain.
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