The Express Broadcast Net w ork:

A Net w ork for Lo w-Latency Broadcast of Con trol Messages

Kevin Bolding and William Y ost

�

Dept. of Computer Science and Engineering

Universit y of W ashington

Seattle, W ashington, USA 98195- 235 0

Abstract

W e present the Express Broadcast Network

(EBN), a network used for quick and reliable

broadcast of control messages in multicomputer

networks. The EBN can b e implemented with a

single extra wire p er network link and with min-

imal extra hardware at each routing no de. How-

ever, it provides very fast broadcast mechanisms

that take adv antage of all redundancy in the net-

work to deliver messages regardless of faulty net-

work comp onents. W e present extensions of the

basic network to include multiple-wire, multiple-

bit, and bidirectional wire supp ort, as well as de-

scribing basic metho ds of using the EBN for v ar-

ious applications.

1 In tro duction

Massively parallel computers, connecting p ossibly

thousands of pro cessing no des into one large com-

puter, rely heavily on large data networks which

connect the pro cess ors. Typically the data net-

works have very high bandwidth and relatively

low latency in order to e�ciently deliver messages

b etween pro cess ing no des. The network design

and asso ciated routing algorithms tend to b e op-

timized to provide the b est service for the passing

of data b etween pro cess ors. Unfortunately

, net-

works optimized for data transfer do not neces-

sarily provide go o d service for control messages,

which have di�erent network needs.

Data messages need networks that provide high-

bandwidth, reasonably low latency

, and reason-

ably reliable delivery for p oint-to-p oint commu-

nication. Routing algorithms designed for mov-

ing data usually send a single copy of a message

�

This work is supp orted in part by US O�ce of Nav al

Research grant N00014{91{J{1007 and US National Sci-

ence F oundation grant MIP9213469.

through a single (p ossibly dynamic) network path.

F ailures in the network may cause loss of commu-

nication b etween no des and may result in loss of

data until the faults are detecte d and the op erat-

ing system recon�gures the network.

On the other hand, control messages require

little bandwidth, but need very low latency and

extremely reliable delivery for broadcast (one-to-

all or all-to-all) communication. Control messages

may b e used to signal network barriers, changes

in network con�guration, starting or stopping of

computation, or warning of network errors. They

should b e able to reach all connected no des in a

network in a timely manner regardless of faulty

links. When control messages are sent across a

network optimized for data transmission, they are

treated in the same manner as all other messages.

This means that they are likely to exp erienc e large

delays in times of high congestion and they are

sub ject to b eing lost by the network due to com-

p onent failure. Designing a network to give prior-

ity to control messages over data messages helps

alleviate the problem of congestion, but do es not

help when comp onents fail. Also, most data net-

works do not directly supp ort broadcast, so the

broadcast of system control messages must b e ac-

complished by a multitude of single-destination

messages.

In order to provide e�cient transmission of con-

trol messages, a separate network, either physical

or virtual, is needed. A small numb er of cur-

rently pro duced parallel machines have multiple

networks for di�erent functions. The Thinking

Machines CM-5 computer includes three distinct

physical networks: a data network, a control net-

work, and a diagnostic network [4]. The F ujitsu

AP1000 also has three networks, one for data, one

for control broadcasting, and one for synchroniza-

tion [3]. However, the additional hardware needed

to build three separate high-bandwidth networks is very costly

. IBM’s V ulcan architecture uses a

virtual broadcast network built on top of the data

network’s links to implement its fault-tolerance

mechanisms [5]. Unfortunately

, adding a virtual

network on top of the existing network compli-

cates the critical path of the network routers.

Thus, a low-cost, but physically separate control

network is needed for a large-scale machine. T o

this end, we present the Express Broadcast Net-

work, an inexp ensive low-bandwidth, low-latency

network which is extremely redundant and opti-

mized for the broadcast of system-wide control

and synchronization signals.

2 The Express Broadcast

Net w ork

The Express Broadcast Network (EBN) is de-

signed to meet the critical requirements of a net-

work to transmit system control messages, while

costing very little to implement. The features we

intend to supp ort are as follows:

� Low latency

� Broadcast ability

� V ery high reliability

� Performance indep endent of the data network

load

� Scalability

� Reliability and p erformance nearly indep en-

dent of failures in the network

� Low implementation cost

In order to achieve these features at a low cost,

we restrict the network as follo ws:

� V ery low bandwidth

� Synchronous op eration

1

� Broadcast-only op eration { no single source/

single destination op eration

2.1 Description

The primary function of the EBN is to broadcast

messages across the network. A typical implemen-

tation of a broadcast network utilizes a common

bus across the entire network or a subset of the

network. While the physical con�guration is sim-

ple and b est case p erformance is near optimal,

it requires a complicated proto col to resolve con-

tention and p erformance can drop sharply as the

1

It is not necessary that a global clo ck exists, but each

no de must b e able to consistently count the passage of

time.

load grows. In addition, the common bus leaves

the system vulnerable to faults. F or these rea-

sons, we cho ose to implement the EBN as a set

of p oint to p oint links. This creates natural fault

tolerance and reliability through redundancy and

greatly simpli�es channel proto col while maintain-

ing go o d p erformance under all reasonable situa-

tions and acceptable worst case p erformance.

A simple metho d of implementation is to build a

static tree structure into the network, where each

no de has in-degree one and out-degree of greater

than one. A spanning tree could then b e de�ned

and each no de would act simply as a rep eater,

copying its input message onto each of its outputs.

Two limitations to this design limit its usefulness:

each link is a single p oint of failure, and the tree

has only one statically-determined source no de. A

failure on a link causes loss of communication to

all of its descendants. F urthermore, the only no de

that can broadcast in this tree is the single source

no de. Cray Research’s T3D uses a sp ecial network

to implement barrier synchronization and broad-

cast primitives using static trees [2]. This allows

multiple source no des, but still su�ers from single-

p oint failures. T o avoid these problems, the EBN

incorp orates a dynamic redundant tree structure.

The EBN tree structure is dynamic in that any

no de may b ecome the ro ot of the broadcast tree

at will. This is accomplished by requiring that

all no des in the network maintain a \listening"

mo de, checking the incoming links for messages.

When a no de desires to broadcast a message to

the network, it simply sends a message to each of

its neighb ors and internally rememb ers that it has

generated a broadcast message. Each of the re-

ceiving no des then marks itself as having received

a message and copies the message to each of its

remaining neighb ors. A no de which has already

rece ived a message ignores any subsequent mes-

sages. In this way

, all no des in the network receive

the broadcast message. Moreover, the broadcast

mechanism will automatically take adv antage of

any redundancy in the network, expanding around

any numb er of faulty links to eventually reach all

connecte d no des in the network. This is shown in

Figure 1, where the broadcast reaches the entire

network despite the presence of faults.

The EBN has, in its simplest form, two basic

communication primitives: eur ekas and b arriers.

Eurek as [2] are one-to-all broadcast messages and

are used when the entire network is waiting for

a single event. Barriers are used when the net-

work is waiting for all no des to exp erience a com-

mon event. Barriers can b e implemented by hav-

Figure 1: A broadcast using the EBN. A message originates from the black no de, which propagates message to all of its neighb ors. This illustration is shown after the broadcast has spread four hops. the broadcast message wavefront spreads, it bypasses faulty links (marked with X’s) to reach the ennetwing all no des broadcast a messages if have not exp erienced the event. When no sages are broadcast, the barrier is complete. chronization details for these are presente d in tion 4.1.2.

3 The Express Broadcast Network has a wide riety of p otential applications. It was originalldesigned to provide broadcast of emergency nals in the Chaos ault olerant Router, so w�rst present that application as a short case e also brie y describ e how it could b e used system startup, fast barriers, global ow conand general control for netw3.1 Chaos F ault T t In the Chaos ault olerant Router [1, 6], EBN is utilized as the means by which the handling pro cedures in the network are and synchronized. Figure 2 shows the state sition diagram with the arious transition tions marked. In order to maintain synction of the EBN, there is a Network Delay p erio after each network broadcast to w the cast message to propagate to the entire netwSections 4.1.2 and 4.5 give more details on The Chaos ault olerant Router utilizes ous op erational mo des of the EBN. In the ation state, any router may signal a p error condition by broadcasting, via the EBN, da signal. This is similar to function of the al faulting mechanism in ulcan architecture [5]. At this p oint the enter the System ain state, and all the no cease injection of new packets into the data work in order to drain the system. Completion the system drain is detecte d by a barrier wfor all no des to drain. Once the barrier is plete, the routers ance to the cision If the system drain has not completed by a sp eci�ed time, it is assumed that there is a faultcomp onent in the network that prevents success delivery of some packets, and all remaining pacets will b e dropp ed, emptying the network. all packets are dropp ed, the cision state is tered. In this state, a decision on whether to the diagnostics is made. Once again, the EBN used in the a mo de: any no de that deems neces sary to run the diagnostics broadcasts to network. If there are any a�rmative resp the network runs the diagnostics and, under erating system control, recon�gure s the returns the EBN to the idle state and restarts mal routing op 3.2 System When a parallel computer system is initiated, of the necess ary functions inv es the tion of con�guration and partitioning control

Normal System

Operation Drain

EBN:

~Run-Diagnostics

EBN: Run Diagnostics Network

Packets Drop

EBN:

Diagnostics

Transition

Timed TransitionTimedDecision

Eureka Barrier Complete

System Drain EBN:

EBN:System Drain

Barrier Incomplete

& Timeout

Delay DelayNetwork Network Delay

Eureka Error-

Detected

Figure 2: The ault olerant Chaos Router state transition table. The role of the EBN in its management pro cedures is formation by a master no de. This is a situation which the one-to-all broadcast mo de could simplify the problem. A master no de can ply broadcast the con�guration information to no des. This requires the use of one of the mtransmission proto cols describ ed in Sections and 3.3 Global wThe Chaos ault olerant Router uses the to institute a crude form of ow control in the form of the system drain pro cedure. reason for the initiation of a drain is the tion of a missing packet. The packet may b e delayed by network tra�c and the drain resolve the problem. The EBN could b e used implement a more sophisticated barrier. A no missing a packet broadcasts a message on the which inhibits new message injection. The no then signals again up on delivery of the packreleasing the inhibition on injection. This wlower the drain overhead by avoiding the need a full system Other ow-control functions are also ible with the EBN. The network could b e signed such that at some arbitrary load leva ow-control barrier could b e initiated. In non-minimalrouter, the need to deroute b e a trigger. The ow-control barrier is largely indep endent of the EBN which wsimply provide a rapid and e�cient means of plementation. Rapid setup of barriers using broadcast ws �ner-grained control than is p sible with slower data network 3.4 Application Barriers and The barrier and a functions of the EBN b e made a ailable to software applications in to exp edite their function. Software barriers b e used to provide many useful functions involvisynchronization.

as can b e used when allel pro cess es are attempting to solve the problem using di�erent mechanisms: the �rst cess to complete signals all of the others by a a 3.5

The selection of a master no de for control of tain functions, such as the earlier example ing system startup, could b e simpli�ed with use the EBN. Each no de is assigned a unique prioritlevel. When the network moves to a state whicrequires a master no de, each router listens for other router to ping on the EBN to announce it has taken mastership. A �xed p erio d is b e ignated during which the highest priority pings on the EBN if it is present and active. If p erio d passes without a ping, then a new p erio commences during which the next highest prioritno de pings. This continues until an active no

is found to assume mastership. The fault ant nature of the EBN ensures that all no des receive the highest priority ping, electing master in a consistent manner. If the network b ecome separated by faults, each separate necte d blo ck of comp onents elects its own by this algorithm.

4

The EBN, consistent with the low amount bandwidth needed for control messages and the quirement that the implementation costs b e klow, can b e implemented using only a single p er link. While space (additional wires) time (time enco ded messages) can b e to provide greater bandwidth and a greater riety of messages, the single wire implemencan provide full EBN functionalit. e �rst scrib e an implementation utilizing a pair of directional wires on each link which allows single-bit messages, and then describ e to multiple-wire, multiple-bit, and wire implementatio4.1 Basic orkThe EBN is construct ed using broadcast no to join links. These no des may b e connected gether in any shap e that maintains connectivitof the network, regardless of the shap e of the dep ende nt data network. The connectivity of EBN may b e increased over the data network order to minimize broadcast , or in order to cut costs. However, for the sake ease in physical layout,the network of the EBN is envisioned to b e the same as of the data network so that the EBN wires can b bundled with the data network wires. Moreovb ecause the EBN requires only a small amount logic, it can easily b e added, at design time, to data network routing chips already required in parallel mac4.1.1 Networ the basic implementation,we assume the no des are connected with unidirectional (single source/single destination). o bidirectional communications b etween two no two separate wires must b e used. A set of rectional wires connecting each no de and its so ciated pro cess or is also . Dep up on the desired functionalit,a small numb er control lines on the pro cessor link may also b Once the network is set up, the EBN’s are very simple. At reset, each no de enters an active state. Each no de \listens" to each link. Whenever any input link b ecomes active, no de switches to the active state. In this state, no de re-broadcasts the incoming message to all its neighb ors by driving all outgoing links, ing the pro cess or link, to the active alue. Thevery pro cessor that is connecte d by the netwis noti�ed of the active Since the work required at each EBN no de limited, a message in the EBN should gate through each no de with minimaldela. pip elined design might implement this as two cles: one for transmission across the wire and for the broadcast. The broadcast dela, the for any no de to broadcast a message to the ennetwork, is limited by the pro duct of the no delay and the diameter of the netwThe broadcast delay across the network induces a p otential problem in that during the agation of one broadcast message, another may initiate a second broadcast. Requiring no no de can initiate a broadcast when it is in the active state due to a previous broadcast duces the problem. However, the second may have initiated its broadcast b efore the message had propagated to it. , single-bit messages, this do es not present a lem b ecause all messages at a given time are terpre ted the same wa, regardless of their no de. The only neces sary addition is a metho d maintaining network synchronization so that sages will b e interpreted by all no des in the 4.1.2 SynchronBecause the single-wire EBN can only broadcast single bit message, every no de in the network mremain in at least lo ose synchronization in to agree on the interpretation of a message on EBN. The EBN itself is used to keep the macsynchronized. Each EBN no de keeps track of state of the network according to a proto col. Because the propagation of a broadcast message is not instantaneous, syncnization is maintained by allowing time for network to settle b etween messages. or ple, the network may start with each no de in idle state. When a no de initiates a broadcast the network, each no de switches to an active

as it receives the message. Every no de then cutes a delay of length greater than or equal to worst-case delay across the network to ensure every no de has received the broadcast and the state transition b efore any new transition initiated. During this time, any action by the message is p erformed. After the delay pires, the no de, dep ending up on the proto col the presence or absence of a new syncsignal on the EBN, either returns to the idle and execute s another delay in order to ensure all no des are idle or makes a transition to active state. ,the network is to its original all-idle state, and normal op Barrier messages require slightly more synchronization. A barrier is constructed as lows: a a message is used to synchronize of the no des, as describ ed ab ove. After a syncnization dela, each no de simultaneously casts a a message if it has not satis�ed criteria for entering the barrier. Since a from any source reaches all no des, all of the no in the network are noti�ed if any no de has not yentere d the barrier. If no resp onses are receivthe barrier is considered complete and pro cess can While the router will control the EBN with the data network routing pro cess, the no intelligence will still b e lo cated within the pro ing no de. The EBN’s function is limited to viding communication services, and maintainisynchronization of the network. All other conbased on EBN communication will b e p by the pro cessing no de by means of commtion with the EBN router via dedicated conlines. Thus, the EBN do es not create all messages must b e created either by softwin the pro cessing no de or by controller hardwoutside of the 4.2 Multiple-wireUsing single-wire channels limits messages single-bit messages. While messages may have ferent meanings dep ending up on the state of network at the time that the message is sent, may b e necessary to send di�erent messages ing the same network state. This can b e achievby using multiple-wire channels. The numb er distinct messages that can b e sent in the state is the numb er of distinct alues that can b sent on the wires, w for log w However, the extension to multiple wires induces a new problem. A simplifying used in the design of the single-wire EBN is the meaning of a message is indep endent of source: all messages mean the same thing. is no longer the case since two sources could multaneously b e broadcasting di�erent in the multi-wire scheme. Prioritizing the sages solves this problem. A strict ordering of p ossible messages must b e made, so that a sage is given strict precede nce over all of lower priorit. Then, whenever a no de receivand forwards a message, it continues to listen messages of higher priority arriving on any of incoming links. If a message arrives at a no de has already received a message of lower prioritthe new message will b e broadcast by the no just as if the �rst message had never b een receivAll no des, including the sources of lower-prioritmessages that were pre-empted will receive highest priority message. These sources can savtheir originalmessages for re-broadcast at a time. One problem remains: higher priority sages may preempt others at any time, the time for the broadcast of a message very This can b e �xed by constraining the of new messages. A no de may not create any messages, of any priorit, after it has received broadcast message from another no de. This duces the worst-case time for the completion of broadcast to prop ortional to twice the of the network since the no de farthest away a broadcasting no de may source a higher ity broadcast just b efore the original reaches it. Each of these broadcasts takes prop ortional to the diameter of the network complete, so the total op eration is prop to twice the diameter. Thus, each EBN no de have to maintain itself in "listening" mo de for long enough p erio d to ensure that the current sage will not b e pre-empted b efore the no de makthe transition to a new 4.3 Bit-serialMessages may b e extended by time enco ding bits on each signal wire, an orthogonal pro cess extending the numb er of wires. The same is achieved via di�erent implementations. tiv, it is simply a tradeo� of time vs. space order to achieve a greater space of p ossible sages on the EBN. Time enco ding allows an tended serial broadcast in the one-to-all mo de, while the alent extension in greatly extending the numb er of wires in the

is clearly not feasible. Of course, a hybrid with multiple wires and multiple bit messages also a legitimate extension of the EBN. broadcast messages have a two phase In the �rst phase, a no de wishing to a one-to-all message broadcasts a setup Any collision of messages will b e resolved means of priority bits enco ded into the setup sage. At the end of phase one, a single no de established broadcast rights to the entire netwand all no des are listening for that message. Eacno de will have marked as the parent direction channel from which the broadcast request that timately ailed was received. This sets up pseudo-static tree for the ensuing one-to-all broadcast. Any no de that received more than instance of the same broadcast signal on the cycle may resolve the con ict arbitrarily in a parent direction. The second phase consists broadcasting the data p ortion of the message the entire network, which can b e done con ict. , the source no de relinquishes trol and the network returns to its idle The lack of control lines asso ciated with EBN makes it necessary that a multiple-bit sage b e either of �xed length or that there b e termination sequenc e to ag the Synchronization b ecomes complicated b ecause the p ossibility that messages of di�erent ity will arrive at a router out of phase and di�erent channels. Any router may up date message that it propagates and the current ent direction if it rece ives a new, higher prioritmessage, therefore it is p ossible for a router b e the recipient of an overlapping stream of messages from which it must decide on one propagate. It will resolve this situation by agating any fully received message of higher ority than any message either previously gated or currently waiting to b e propagated. sages received while the router is in the pro cess propagating another lower priority message b e bu�ered for the next op en propagation The bu�er will b e dynamic with only the est priority message preser ved while all others dropp ed. In the presence of multiple this proto col can result in a lot of frantic activitbut with new message injection inhibited in anrouter that has received or injected a message inthe network and with the damping of lower ority messages, the highest priority message make monotonic progress across the netw4.4 Bidirectional By using bidirectional wires, which can b e drivby either connected no de

, the numb er of needed to build the EBN can b e halved. Howeva proto col must b e enforced in order to ensure data is not lost by driving b oth ends of a concurre n. Since there is no explicit hardwon the network which arbitrates mastership of bidirectional channel, the lines are driven by op collector outputs in the no des along with passivpull-ups, avoiding the physical hazard of hatwo active drivers of opp osite sense on the The logical hazard of two messages driven onthe same line is only a problem if the no de is a state in which a numb er of di�erent are p ossible. The problem is easy to detect. router will not initiate transmission across a that is already in use, therefore, any collision o ccurs will involve in-phase messages. A that has a message to propagate that is of priority than the message it is currently in pro cess of receiving will wait until the message fully received and then, if needed, will utilize cycles that immediately followto reply with own Because the EBN connections to the no de I/O p orts, the no de can monitor its own transmission. If the transmission do es not matcwhat was sent, then the no de concludes that other side is transmitting in synch and a is detected. While it is p ossible that the from one side of the link will b e uncorrupted, is not p ossible for b oth sides to see messages from colliding messages. At the end the transmission, there will b e a dedicated in which either side can pull down the line as sign that there has b een a collision. Both will see this signal and initiate a proto col forces and alternates mastership to one end of link at a time. This temp orarily creates a unidirectional link which allows for the of link ownership The use of bidirectional channels is to the use of multi-wire channels and mmessages. Any combination can b e utilized. cause the message collision problem arises when there is a choice of messages that can b sent, it is not a problem when single-wire, bit networks and proto cols are

e use the term ctional to refer to half-duplewires, which can b e driven in only one directionat a

E�ectivNumb er of Injected 64-No de Mesh E�ective Diameter with Random

Figure 3: Network diameter vs. numb er of (randomly injected) faulty links for an 8 � 8 mesh netw4.5

The time to complete a broadcast in the is prop ortional to the diameter of the netwd, where d is de�ned as the longest minimaltance b etween any two no des in the network, ing faulty onents into ount. or networks, broadcast is b ounded by d � s, where is the delay incurred during each hop a takes. The e�ect of multiple-bit messages is multiply the broadcast time by a constant prop ortional to the numb er of bits in a The granularity intro duced by the need to wfor the complete transmittal of the current sage b efore a new, higher priority message can b propagated provides a constant cost term. fore, neither of these e�ects will cause more a constant factor change in p or any network, the worst p ossible alue of d N , the numb er of no des in the network. Howevmost networks have a much smaller diameter. instance, a n-dimensional mesh with no faultcomp onents has a diameter d = p

N . comp onents fail and are con�gured out of the work, the diameter may grow. However, b the EBN sends messages on all p ossible paths source to destination, the diameter stays near minimum for small numb ers of o gauge the rate at which the diameter a network grows as faults o ccur, we p the wing exp eriment: Randomly-placed faults were injected into a two dimensional network. After each new fault was injected, network diameter was determined. e continthe pro cess until all links in the mesh were The results show that the network diameter tially tends to increase as um length b etween no des b ecome blo cked. However, as numb er of faults increases , a p oint is reacwhere the next faults severs the path that termines the diameter and disconnects the two no des connected by that path. The eter of the two resulting subnetworks is less the network diameter prior to the last fault. The results are not monotonic from p oint and the diameter may increase of decrease

with each new injected fault. Even, the diameter b egins to shrink, dropping to a of zero when all links are faulted and the netwis totally disconnected. A plot of the network ameter vs. the numb er of injected faults for typical exp erimental run is shown in Figure The maximumnetwork diameter achieved in pro cess for each random sequence of faults wthen tabulated. The overall exp erimental shown in able 1, indicate that the maximum work diameter for two-dimensionalmeshes the condition of random faults is roughly prop tional p

N . This is signi�cant b ecause of need to delay state transitions for a p erio d p ortional to the network diameter. The delay will therefore grow slowly relative to N . app ears that setting the delay for a network eter of 5 p

N gives a su�cient worst case The exp eriment was rep eate d with entire faulted instead of simply links. This is the lent of injecting four simultaneous link faults. maximum network diameter achieved is 15% 30% less than for link faults due to earlier nection of the netwConsideration must b e made of the p oten

Mean

Std.

d

+ 3 d

+ 3 p

d able 1: Maximum diameter of 2-dimensional mesh networks with random faults. The mean maxim

d

, and standard deviation, � , are rep orted for 100 trials. The mean plus 3� column the numb er that b ounds the actual maximum 99.8% of the e�ec ts of correlated faults. As is shown by ab ove exp eriment in which no des where instead of links, simply applying faults in proximity will not cause an increase in netwdiameter b eyond that observed under random jection. Even if the faults are carefully it takes a signi�cant numb er to increase the ameter of the network to 5 p

N . or a fault cause the network diameter to increase, it has force the minimum path b etween two no des backtrack (make negative progress). Intuitiv,would take more than 3 p

N

d, not faults to increase the network diameter from 2 p

to 5 p

N . Any problem that could generate suca set of correlated faults would have to b e globalnot lo cal. The exp ectation for systems the EBN is that p erio dic maintenance and would b e p erformed and the fault rate will b e sucthat large numb ers of faults cannot accum4.6

The EBN do es not require that the end no des each link b e synchronized, but synchronous b havior will simplify the proto col. It is neces that each no de have a means to count the sage of time. Because of the need to delay transitions for a p erio d prop ortional to the end delay across the network. In an asyncsystem, timed state transitions by the router machine controller will need to b e made more bust, probably through the use of a syncing signal on the EBN. Asynchronous b ehawould require more complicated proto cols on links that would allow for internal synction of a received message by the EBN no de. di�culty of implementing an asynchronous col on bidirectional lines would probably limit usefulness of that implementation 5 F uture W

While the network itself is inherently fault ant b ecause of the multiple paths b etween no in most networks combined with the broadcast ture of signal propagation, there is a need by links themselves to incorp orate additionaltolerance. The failure of an EBN signal, stuck active, must not b e allo ed to imitate a legitimabroadcast message. There are a numb er of wato protect the line integrity including the use of heartb eat that would signify the health of a line the addition of a complementary line (or a paritline if the network were to b e implemented more than one line). The tradeo�s need to b e sidered . The heartb eat adds complexity to the proto col and could add erable overhead cost to the propagation time the broadcast message. The additional line(s) simpler to implement but have a heavy ovcost in pins and The addition of a low latency broadcast work to a data network could make tal changes p ossible in the way that the netwis controlled. As describ e d in the discussion ow control, �ne-grained global control is p

ble in situations in which only lo cal control or vcoarse high latency global control can b e achievusing the data network. This characteristic p otentially b e useful for problems such as lo ck avoidance or recov. There is the p otenfor very p ositive tradeo�s in which active conreplaces routing algorithm complexit6 Most current multicomputers use a single work to transmit all data and control , the network is usually for the needs of transmitting data from no to no de, namely providing high-bandwidth single-source, single-destination messages. trol messages have di�erent requirements such very low , broadcast abilit, and very able deliv. Moreover, control messages require very much network e have designed the Express Broadcast work with the needs of control messages in while striving to keep the implementation minimal.The EBN can b e implemented with a single wire p er link, and with minimalsupp ort. However, it takes antage of all dundancy a ailable when sending broadcast sages, allowing very reliable delivery of conmessages. e have develop ed extensions to allofor multiple-bit,multiple-wire, and wire ariations of the basic EBN links. Also, whave shown by example how the EBN’s mo des of op eration can b e combined to prosimple control structur es 7

It was in discussions with Larry Snyder that idea of the Express Broadcast Network was b orn. Many of the concepts presente d in this wwere due in part to him as w[1] Kevin Bolding and Williamost. Design a router for fault-tolerant networks. In al lel Computer outing and tion Workshop, pages 226{240, May [2] Cray Research.

ay T3D System A

Overview Manual, [3] Hiroaki Ishihata et al. Third generation sage passing computer AP1000. In of the Int. Symp. on omputing, [4] Charles Leiserson et al. The network arctecture of the connection machine CM-5.

c. Symp. on al lel Algorithms and A es, pages 272{285,[5] Craig B. Stunkel et al. Architecture and plementation of ulcan. In dings the Intl.

al lel essing osium, 268{274,[6] William ost. Cost e�ect ive fault tolerance network routing. Master’s thesis, University ashington,