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Philip K. McKinley he supercomputer market is now dominated by parallel archi-
Yih-jia Tsai I tectures. Among these, massively parallel computers (MPCs) are
Michigan State University an important class of systems. The memory of an MPC is physi-
cally distributed among an ensemble of computing nodes that commu-
David F. Robinson nicate by sending data through a network. Communication operations
Quincy University can be either point-to-point, with one source and one destination, or col-
) lective, with more than two participating processes. Collective operations
are invoked by nodes to distribute, gather, and exchange data; to per-
form global computation operations on distributed data; and to syn-

chronize with one another at specific points in program flow.
The design of collective communication operations depends on the
MPC’s underlying network architecture. While there has been little con-
sensus on some aspects of communication architectures, such as network
topology, a good deal of agreement exists regarding the most efficient way
to switch messages through the network. Most MPCs use wormhole rout-
ing, in which each message is divided into small pieces that are pipelined
through the network (see “Wormhole-routed architectures” sidebar).
Compared with the store-and-forward switching method used in early

- multicomputers, wormhole routing reduces the effect of path length on
communication time. However, in situations where multiple messages
Most MPC networks use exist in the network concurrently, wormhole routing can exacerbate chan-
nel contention, which occurs when blocked messages hold some com-
wormhole routing to reduce munication channels while waiting for others. Invoking a collective
operation, which can involve many messages, poses this situation.
the effect of path length on In recent years, many projects have addressed the design of efficient
collective communication algorithms for wormhole-routed systems. By
communication time. exploiting the relative distance-insensitivity of wormhole routing, these
new algorithms often differ fundamentally from their store-and-forward
Researchers have exploited counterparts. In this article, we examine software and hardware
approaches to implementing collective communication operations.
this by designing ingenious Although we emphasize methods in which the underlying architecture is

a direct network—such as a hypercube or mesh, as opposed to an indirect

algorithms to speed collective  switch-based network—several approaches apply to systems of either

) type. We illustrate several issues arising in this research area and describe
communication. the major classes of algorithms proposed to solve these problems.
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COLLECTIVE COMMUNICATION
OPERATIONS

A collective operation is usually defined in terms of a.

group of processes. The operation is executed when all
processes in the group call the communication routine
with matching parameters. We classify collective opera-
tions into three types according to their purpose: data
movement, global computation, and process control.
Figure 1 on page 42 depicts seven collective operations
among N processés. For each operation, the left side of fig-
ure elements (a) through (g) shows the processes before
the operation, and the right side shows them afterward.
Data-movement operations come in several flavors. In
abroadcast, one process sends the same message to every
group member, whereas in a scatter, one process sends a
different message to each member. Gather is the dual oper-
ation of scatter, in that one process receives a message
from each group member. These basic operations can be

Wu.rmhole-routed archltectures

‘processes P, P,, . ..

combined to form more complex operations. In all-to-all
broadcast, every process sends a message to every other
group member. In complete exchange, also referred to as
all-to-all scatter-gather, every group member sends a dif-
ferent message to every other group member. Permutation
operations, such as shift and transpose, are also collective
data-movement operations.

Global computation operations include both reduction
and scan. In reduction, an associative and commutative -
operation is applied across data items supplied by each
group member. Examples include sum, max, min, and bit-
wise operations. In an N/1 reduction operation, also
referred to as global combine, the resultant data resides at
asingle process, called the root. In an N/N reduction oper-
ation, every process involved in the operation obtains a
copy of the reduced data. In scan operations, given
, Pyholding data items d,, d,, . .. , dy,
respectively, an associative and commutative operator @
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is applied to the data. The result at each process depends
on the process’s rank. In a prefix scan, the result at process
Pisd, ®d,®...®d, In apostfix scan, the result at process
Pisd®d.,,®...®d,.

The most common process control operation is a bar-
rier, which defines alogical synchronization point in mem-
ber process execution. All group members must arrive at
the barrier before any may proceed.

The remainder of this article describes several tech-
niques for collective communication design in wormhole-
routed systems. Although we focus primarily on
implementations of broadcast operations, many of these
methods may be applied to other collective operations.

BROADCAST AND MULTICAST TREES
Many algorithms for collective operations are based on

atree of point-to-point, or unicast, messages. A broadcast

tree involves all nodes in the network; a multicast tree

involves a subset of these nodes. Multicast trees are needed
if the application is allocated only a subset of nodes or the
operation involves only a subset of the application
processes.. A multicast tree should involve solely those
processors at source and destination nodes, since inter-
rupting other processors wastes computing resources.
Although a broadcast operation can be implemented with
amulticast tree algorithm, this special case is often treated
separately, since the participation of all nodes leads to sim-
pler and more regular message-passing patterns.

Hamiltonian path

Because first-generation MPCs used store-and-forward
switching, many early tree-based algorithms used only
nearest-neighbor communication. Perhaps the simplest
broadcast “tree” is a Hamiltonian path. Figure 2a illustrates
such a path in a four-dimensional hypercube, or 4-cube.
The path, which starts at node 0000 and ends at node 1000,

Routing can be either deterministic (the path between
a givensource and destination is fixed).or adaptive (the
path is influenced by current network traffic); Although
research in adaptive wormhole routing is promising,
most routing algorithms presently used in commercial
systems are deterministic. Dimension-ordered routing,
the most commonly used method, forwards a message
through dimensions of the topology in strictly ascend-
ing (alternatively, descending) order. This method pre-
vents deadlock by imposing an ordering on channel
acquisition. Moreover, its predictable nature offers
designers of collective operations more control over
the constituent messages than does adaptive routing.

The port mode! of the system defines the number
of internal channels connecting each local processor
to its router. These ports can share one physical link or
be implemented with separate links. In a one-port sys-
tem, a node must transmit (or receive) messages
sequentially. Architectures with multiple ports allevi-
ate this bottleneck. Figure B1 shows a one-port router
in a 2D mesh. Figure B2 shows an all-port router in a
2D mesh, in which every external channel has a corre-
sponding port. A system can also possess a k-port archi-

tecture, where the number of ports is greater than one
but less than the number of external channels. The
number of input ports can also differ from the number
of output ports. The port model is important in design-
ing collective operations, which usually require nodes
to send and/or receive multiple messages.

Finally, many wormhole-routed systems multiplex
multiple virtual channels onto each physical commu-
nication channel 2 Each virtual channel has its own flit
buffer and control lines. Virtual channels can be used
to eliminate deadiock, but how they are used in a par-
ticular system determines potential message con-
tention, thereby affecting the design of coliective
communication operations.
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is based on a binary-reflected Gray code. In either a store-
and-forward or a wormhole-routed network, the time
needed to complete a broadcast operation in this manner
is (N—1) xt,, where N is the number of network nodes and
t, is the time required to send a unicast message.

Spanning binomial tree
An approach that makes better use of the dense hyper-
cube topology is the well-known spanning binomial tree
(SBT) algorithm, which is illustrated for a 3-cube in Figure
2b. The message-passing steps appear in brackets. In the
first step, the source node sends the message to the neigh-
"bor whose address differs from its own in the lowest (alter-
natively highest) bit position. In the second step, these two
nodes send the message to their respective neighbors in
the next dimension. This recursive doubling process con-
tinues until, in the last step, half of the nodes in the hyper-
cube forward the message to the other half through the
highest dimension. This algorithm requires n message-
passing steps to reach all nodes in an n-cube.

Message-partitioning

This technique is often used to reduce the execution
time of collective operations. An early example is the edge-
disjoint spanning tree (EDST) broadcast algorithm for
" | hypercubes. In this algorithm, the message is partitioned

into n segments, each transmitted along a different span-
ning tree, as illustrated in Figure 2c. By spreading mes-
sage segments among more channels than the SBT
algorithm does, the EDST algorithm broadcasts a message
oflengthlin time O ((I/n) log,N) = O (D). '

Other collective operations

Broadcast and muiticast trees can be used to support
other collective operations. For example, Figure 3a depicts
ascatter operation using an SBT in a one-port, eight-riode
system; the numbers in brackets represent message-pass-
ing steps. Each node stores its own message and forwards
the others to its children. The gather operation is. imple-
mented by reversing the direction of message transmis-
sion, as shown in Figure 3b. The same structure can be
used to implement N/1 reduction, in which the reduction
operation is performed pairwise on data items as they pro-
ceed toward the root. An N/N reduction operation, and
the special case of barrier synchronization, can be imple-
mented by distributing that result to all nodes using the
same SBT.

EXPLOITING DISTANCE-INSENSITIVITY
IN MIESHES

Many new-generation wormhole-routed MPCs use low-
dimensional mesh and torus topologies, which are more

Data item (méssagé) i
Message sending

Local data

Global computation
operatioq .

Figure 1. Semantics of various collective operations: (a) broadcast from process 1; (b) scatter from proéess
1; (c) gather at process 1¥; (d) all-to-all broadcast; (e) complete exchange; (f) N/N reduction; and (g) prefix

scan.
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easily constructed than hypercubes. Although these
topologies exhibit larger internode distances than hyper-
cubes, the relative distance-insensitivity of wormhole
routing largely obviates this problem for unicast commu-
nication. In collective operations,using multiple-hop mes-
sage paths increases parallelism and decreases contention
among constituent messages.

Dimensional broadcast trees

Many algorithms for broadcast communication in
wormbhole-routed mesh networks are based on algorithms
designed for store-and-forward hypercubes. An algorithm
described by Barnett et al.? uses a recursive doubling
process within each mesh dimension. Figure 4 illustrates
this algorithm’s operation in an 8 X 8 2D mesh. In each
message-passing step, each node holding a copy of the
message is responsible for a part of a row or column. The
node divides its part in half and sends a copy of the mes-
sage to the node in the other half that occupies the same
relative position. The algorithm thus takes advantage of
the pipelining effect of wormhole routing while avoiding
channel contention.
- In general, this algorithm requires

2 fosw ]

message-passing steps in a d-dimensional mesh in which
the width of dimension i is w;. This result is optimal in
some cases, such as when the width of every dimension is
apower of 2, but not in all cases. For example, ina 10x 10
mesh, the dimensional approach requires eight steps,
whereas the lower bound is[ log, 100 | =
7 steps. The lower bound on the number of

(c)

Figure 2. Hypercube broadcast trees based on near-
est-neighbor communication: (a) Hamiltonian path;
(b) spanning binomial tree; and (c) edge-disjoint
spanning trees.

steps
I-i()gz (Hf‘io W; )—]=l71032 (N)_]

can be achieved by constructing an SBT
containing N vertices, placing the source
node at the tree’s root, and randomly pop-
ulating the rest of the tree with the remain-
ing nodes. Of course, channel contention
among messages can produce delays that
are not reflected by simply counting the
number of steps.

Contention-free multicast trees

Figure 3. Using broadcast trees in other collective operations: (a)

In studying the problem of multicast scatter and (b) gather/reduction.

E Node holding message [dNode not holding message

&

Figure 4. Dimensional broadcast in an 8 x 8 mesh (steps 1 through 6 from left).
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‘communication in wormhole-routed systems, McKinley

et al.3 proposed a method that achieves the lower bound
while avoiding channel contention. Like the broadcast
algorithms described above, this approach uses recursive
doubling. The U-mesh algorithm for n-dimensional mesh
topologies first sorts the source and destination addresses
lexicographically into alist, denoted as @. The source node
successively divides @ in half. If the source itself is in the
lower half, it sends a copy of the message to the first node
in the upper half. That node delivers the message to all
other nodes in the upper half by invoking the same algo-
rithm recursively. If the source is in the upper half, it sends
a copy of the message to the last node in the lower half.
The source continues this procedure until ® contains only
its own address. Figure 5 illustrates the U-mesh algo-
rithm’s operation in a 6 X 6 2D mesh.

It has been shown that ordering the source and desti-
nations in this way results in contention-free multicast
operations.® Variations of this algorithm have been
proposed for the hypercube and torus as well. All these
algorithms require[ log, (m+1) |message-passing steps
to reach m destinations, which is the lower bound
for any multicast operation, including the special case
of broadcast.

Broadcast with message-partitioning

Because the dimensional broadcast and U-mesh algo-
rithms do not require message-partitioning, they result’
in relatively simple code and few comsmunication start-
ups. Message-partitioning, however, can improve perfor-
mance for long messages. An example of this approach to
broadcast in meshes is the scatter-collect algorith/m,2 ‘
whose operation in an 8 x 8 2D mesh is illustrated in
Figure 6. The source node partitions the message and per-
forms a scatter operation across the row of the source
node, with each node receiving a particular segment.of
the message. This operation could be implemented using
the approach in Figure 3a, which requires three steps to°
reach eight nodes. Next, each node holding a part of the
message performs a scatter in its column. In the third step,
the nodes in each row form a logical ring and circulate
segments around the ring until all nodes in that row hold
all segments. Finally, a similar circulation in each column
results in a copy of the entire message at every node. This
algorithm avoids channel contention, and pipelining mes-
sage segments offers good performance for broadcasting
long messages.* Similar message-passing patterns can be
used to implement both N/1 and N/N reduction opera-
tions. ‘

0o 0O

source node destination node othernode  intermediate router

0 o

B Entire message 1/8 of message 1/64 of message <<+ Scatte} opérétion --

Figure 6. Scatter-collect broadcast operation in an 8 x 8 2D mesh: (a) scatter in oné roW, threé steps; (b) scat-

Wormbhole across network
— .

. i

ter in columns, three steps; (c) collect in rows, eight steps; and (d) collect in columns, eight steps.
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O O

original other node
source node

O o

destination node  intermediate router

Figure 7. Collect phase of scatter-collect multicast (example from Figure 5).

Multicast with message-partitioning

U-mesh? is optimal when the message is small enough
so that start-up latency dominates unicast latency. A scat-
ter-collect extension of this algorithm can provide better
performance for longer messages. The source node uses
the U-mesh tree to scatter message segments to the desti-
nations. These nodes then form a logical ring and circu-
late the message segments until all destinations have
received the entire message. When the ring is constructed
according to lexicographic ordering, this circulation
process is contention-free.

Suppose that the U-mesh tree depicted in Figure 5b
were used to scatter segments of a message to the nine des-
tinations. The corresponding logical ring is shown in
Figure 7. Let us consider a message of length ! flits divided
into 10 segments. (See previous sidebar for definitions).
Ignoring start-up latency, if nine segments are scattered
using the tree in Figure 5b, nodes (1, 0) and (5, 4) receive
their segments at time 10(//10) t, = It where t;is the chan-
nel’s flit transmission time. The nine-step circulation of
segments requires time 9(I/10) It;, bringing the total to 1.9
It By comparison, using a simple U-mesh tree for the mul-
ticast operation would require time[ log, 10 | Ity=41t,.

Another approach comprising a family of pipelined mul-
ticast algorithms was recently proposed by De Coster et al.*
The algorithm begins with the source node partitioning
the message into p packets. The source sends all packets in
succession to its first child in the tree. When the source has
sent the last packet to the first child, it begins sending the
packets to the second child. A child stores each packet it
receives and also forwards a copy to its own children.
Although the tree is based on a lexicographic ordering of
the source and destinations, its particular structure can be
tailored to the number of nodes m and the number of pack-
ets p. For example, if p = 4, the tree shown in Figure 8a is
optimal for the multicast example in Figure 5a (interme-
diate routers are not shown). On the other hand, if p = 10,
the optimal “tree” is simply a path, as shown in Figure 8b.

Returning to our timing

in Figure 8b is 1.8It;, an improvement over the earlier scat-
ter-collect multicast algorithm. Further, if p = 100, the time
is only 1.08 It;. This algorithm is contention-free, and
experimental results have demonstrated its effectiveness.*

TAKING ADVANTAGE OF MULTIPORT
INTERFACES

The system’s port model, which determines how many
messages a node can send or receive concurrently, is also
important in designing collective operations. Collective
algorithms that exploit multiple ports have been designed
for both meshes and hypercubes.

Broadcast trees in meshes

The Extended Dominating Node (EDN) model® supports
the systematic construction of collective operations for
multiport wormhole-routed systems. The model is based
on the concept of dominating sets from graph theory. A
dominating set D of a graph G is a set of vertices in G in that
every vertex in G is either in D or is adjacent to at least one
vertex in D. The EDN model broadens the concept of node
domination to include nodes reachable in a single com-
munication step under a given routing algorithm (for
example, XY routing in 2D mesh networks). Multiple lev-
els of EDNs define the message-passing steps comprising
a collective operation. The key in applying the EDN method
to the development of collective operations lies in finding
EDN sets that form regular and recursive patterns.

Figure 9 illustrates how the EDN method can be used to
implement broadcast in a 16 x 16 2D mesh network under
XY routing. In the first two message-passing steps, called
start-up steps, the source node delivers the message to the
four highest level EDNS, that is, level-three EDNs. These
EDNs proceed to “dominate” the 12 level-two EDNs by
delivering the message to them in step 3. By the end of
step 4, every level-one EDN has received the message from
either a level-two or -three EDN. In step 5 (not shown),
the messages are delivered to all remaining nodes when

comparisons, if the message
is divided into four packets
(p = 4) and start-up latency
is negligible, multicasting a D
message of length [ flits

using the tree in Figure 8a
requires nine steps of send-
ing packets of size (I/4), for D
a total time of 2.25 It.
However, if the message is

source node

destination node

3-6 4~7

1-4 i-j ¥ : -
’_i, in steps i through j

(@p=4

(b)p=10

packets sent across link

partitioned into 10 packets,

the total time using the tree  Figure 8. Alternate multicast trees for example in Figure 5; (a) p =4 and (b) p = 10.
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the EDNs send to appropriate neighboring nodes, since
every level-zero node (unshaded) is adjacent to at least
one EDN (shaded). In general, the EDN broadcast algo-
rithm requires at most (k + 2) steps in a mesh of size 2k x
2k, The EDN model has also been applied to other collec-
tive operations, including reduction and permutations.>

Broadcast trees in hypercubes

Ho and Kao® developed a broadcast algorithm for all-
port wormhole-routed hypercubes. The algorithm uses the
concept of a dimension-simple path to recursively divide
the network into subcubes of nearly equal size. A path P =

Vo, V1, . - - , Vgin an n-cube is called dimension-simple if there
exists a sequence i,, i, . . . , iy of distinct cube diménsions
such that for all v;, j > 1, v; is obtained from v, ; by comple-
menting the bit at dimension ;. The path Pis called ascend-
ing if i; < i, <. .. < i; For example, an ascending
dimension-simple path from node 0000000 in a 7-cube is

0000000 — 0000001 — 0000011 — 0000111 —
0001111 — 0011111 — 0111111 — 1111111. ’

In an all-port wormhole-routed hypercube in which
dimension-ordered routing is performed by resolving

[¢] Source node M Level-3 EDN Level-2 EDN  [7Level-1 EDN [JLevel-0 node —» Message transmission.

Figure 9. EDN broadcast in a 16 x 16 mesh: (a) start-up steps 1 and 2; (b}) step 3; and (¢) step 4, the

penultimate step.

@® Source code
| O Router forwarding message
Destinati d

Figure 10. Ho-Kao broadcast algorithm as executed on an all-port 7-cube: (a) overall algorithm and (b) two-
step broadcast in a 4-cube. ‘

Computer



addresses from top to bottom, one node can send a mes-
sage to all nodes along such a path simultaneously (some
staggering may occur due to message start-up latency).
In this manner, an n-cube can be partitioned into n + 1
subcubes such that each subcube contains one node on
the dimension-simple path. Figure 10 depicts the opera-
tion of the Ho-Kao broadcast algorithm in a 7-cube. The
number of steps required by this broadcast algorithm is
optimal to within a multiplicative constant.

TOPOLOGY-INDEPENDENT
APPROACHES

Although many collective communication algorithms
have been designed for specific topologies, several
researchers have taken a fundamentally different
approach. Their idea is to design families of parameter-
ized algorithms that can be tuned to perform well on dif-
ferent architectures under various system conditions.
Examples include the postal model” and the more general
LogP model.? These approaches typically assume a “fully
connected” model of communication in which the com-
munication costs are equal between all node pairs. This
model is consistent with systems whose nodes are inter-
connected by a switch, and it approximates the behavior
of systems using a wormhole-routed direct network.

The postal model

One of the main parameters of these models is the com-
munication delay. The postal model’ is based on a para-
meter A = t,/t,q, Where t, is the time it takes for an
originator to send a message, or sending latency, and ¢, is
the total time that passes until the destination receives the
message. This model accommodates situations in which a
node can transmit multiple messages before the first des-
tination receives a message; the analogy is sending letters
through the postal system. Let us assume that Ais an inte-
ger and time is measured in rounds, with the duration of a
round equal to the sending latency. In broadcast, the value
of A affects which type of tree achieves the best perfor-
mance. Figure 11 shows two different broadcast trees, each
involving eight nodes, when A = 2. Next to each node is
the number of the round in which it receives the message;
a node sends the message to its children in left-to-right
order. The binomial tree in Figure 11a, although optimal
when A = 1, requires six rounds to complete the broadcast
operation, while the tree in Figure 11b requires only five.”

The binomial tree is based on the recursive doubling
or—from the perspective of the entire group of nodes—
recursive halving. Broadcasting in the postal model is
‘based on the observation that, depending on the value of
A, a partitioning method other than halving may result in
better performance. An optimal A-tree for m nodes and a
specific value of A is constructed by using a generalized
Fibonacci function:?

JNl(t—1)+Nk(t—7»), ifr>n,

N, ()=
otherwise.

>

N,(t) represents the maximum number of nodes that can
be reached in time t on a one-port architecture exhibiting
A If t < 4, only the source itself can hold the message at

i J
message that starts in round ¢

6
© and completes in round j
(a) (b)

Figure 11. Comparison of broadcast trees with 1 = 2:
(a) binomial tree and (b) lambda tree.”

time t. If t > A, the number of nodes reached is the sum of
two terms. The first term, N,(t — 1), denotes the number of
nodes that have been reached by the penultimate round.
The second term, N,(t— A), denotes the maximum number
of nodes that can be reached in the last round. As with
other algorithms, performance can be further improved
by partitioning large messages into multiple packets and
pipelining the packets on the branches of the tree.”

Systems issues

Additional factors must be considered when applying
such models to actual systems. For example, the value of
Atypically depends on the message size and is usually not
an integer. Even for a fixed value of 4, the optimal structure
of the broadcast tree depends on the number of nodes m.
Bruck et al.® proposed maintaining a relatively small
lookup table indicating how to partition destination sets
for specific ranges of m. In addition, although channel con-
tention is ignored under a fully connected model, experi-
mental results showed that ordering the destinations
lexicographically, as in the U-mesh algorithm, can improve
performance.?

PATH-BASED ROUTING

Thus far, we have described several issues in designing
collective operations for systems that provide only unicast
communication in hardware. To improve performance,
some collective operations may be supported directly by the
system architecture. In one approach, used in the TMC CM-
5 and the Cray T3D, collective operations are implemented
in a special network separate from the primary data net-
work. In another approach, the data network is enhanced
with “generic” functionality that can support several col-
lective operations. We concentrate on the latter approach,
whose resultant algorithms are more closely related to those
methods described in the rest of this article.

One such technique is intermediate reception, which
enables a router to copy the flits of an incoming message to
the local processor’s memory while simultaneously for-
warding them toward another destination. In this way, a
message can be routed as a single worm through several
destination nodes, depositing a copy of the message at each.
This approach is sometimes called path-based routing,*
while the constituent messages are termed multidestina-
tion worms." Intermediate reception has been used in the
University of Michigan HARTS (Hexagonal Architecture for
Real-Time Systems) machine, which has a wraparound
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various topologies under different base
routing algorithms, including determinis-
ticand adaptive types. In this approach, an "
operation is implemented as a sequence of
phases, with each phase comprising one or
more multidestination worms. The multi-
phase method avoids delays due to exces-
sive path length, which may arise if one
worm is used to reach many nodes in a large
mesh. Given the relatively minor modifica-
tions to routers needed to implement mul-
tidestination worms, such multiphase
methods are likely to be used to improve the
performance of many other collective oper-
ations.®

WORMHOLE ROUTING HAS PLAYED A MAJOR

Figure 12. Examples of path-based routing: {a) dual-path and (b)
‘multipath.

hexagonal mesh topology, and in a version of the Caltech
mesh-routing chips.

Multidestination worms can be prefixed with a listof des-
tination node addresses or offsets between destinations.
Once the message header reaches the first destination node
in the list, the router at that node strips its own address from
the head of the list and forwards the remainder of the mes-
sage worm to the next destination. The routing rules should
be liberal enough to allow many intermediate destination
nodes to bevisited by one message without incurring dead-
lock. One solution is to base all routing decisions on a
Hamiltonian path (HP) in the hetwork, which prevents
deadlock by imposing a total ordering on channel usage.
Lin et al.™® used this method to develop a family of path-
based multicast routing algorithms for 2D meshes. In the
most basic of these algorithms, termed dual-path (and illus-
trated in Figure 12a), the source node of a multicast gener-
ates at most two multidestination worms. One worm visits
all destination nodes that appear after the source on the HP,
and the other visits destinations appearing before the
source. To reduce path lengths, the algorithm lets messages

“skip over” some nodes on the HP, provided that the nodes

visited by any message worm appear in the same relative
order as defined by the HP. This algorithm can be extended
to generate up to four concurrent multidestination message
worms in a 2D mesh, as shown in Figure 12b, by partition-
ing the mesh into quadrants.

Panda et al.™ and Boppana et al.? showed that the port
model of the system is critical in preventing deadlock in sys-
temis supporting path-based routing. Boppana et al. showed
that equipping each node with two input ports and restrict-
ing their use (one for “forward” and one for “backward”
messages) can prevent deadlock in path-based systems.

‘Panda et al. showed that when multidestination worms con-

form to dimension-ordered routing, n + 1 input ports per
node are sufficient to prevent deadlock in a k-ary n-cube.
Finally, multiple multidestination worms may be combined
to form a single collective operation. Panda et al. used this
concept to design multicast and broadcast algorithms for
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ROLE in reducing the cost of unicast com-
munication among nodes in MPCs.
Achieving similar improvements in the per-
formance of collective operations, however,
has required redesigning these algorithms
to exploit the distance-insensitivity of this switching tech-
nique. While our discussion has primarily addressed broad-
cast and multicast operations, similar techniques have been
used in designing other collective operations, such as all-
to-all breadcast, reduction, and scan. These topics, as well
as adaptive routing, fault tolerance, and switch-based inter-
connection networks, are important in their own right, and
surveys of research and commercial projects in these areas
would likely be of great interest to the community. 1.
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Collective communication libraries

Colfective communication appears in all three major meth-
ods of programming distributed-memory computers. First,
collective operations are inherent in message-passing algo-
rithms such as sorting and searching, as well as in matrix-
related algorithms such as linear system solvers, eigenvalue
solvers, and transform operations.! Second, many constructs
in data-parallel languages can be translated into collective
operations during compilation.2 Third, collective operations
are used to support synchronization, shared-data invalida-
tion, and updating in implementations of distributed shared
memory.? As a result, many commercial and publicly avail-
able communication libraries offer primitives for collective
operations. In addition, the recently proposed Message
Passing Interface (MPI) standard® contains an entire chapter
on collective operations. Of course, while the interfaces and
semantics are well-defined, implementations of these oper-
ations usually depend on the architecture.

To improve flexibility, scalability, and portability, several
research groups are developing unifying models and frame-
works for designing and implementing collective commu-
nication libraries. The Basic Linear Algebra Communication
Subprograms (BLACS) library® supports Scal.apack, a dis-
tributed-memory version of the Lapack numerical linear
algebra package. BLACS assumes a logical 2D grid node con-
figuration and provides global and row/column broadcast
and reduction operations.

In developing the InterCom collective communication
library for multidimensional meshes and hypercubes,
Barnett et al.? focused on data size. Operations are imple-
mented as hybrid algorithms that work well with both short
and long vectors, and accommodate operations among

implemented.on an Intel Paragon. ;
Extensive work on! collective commumcahon libraries.is
bemg conducted by lBM researchers Bala et al ? mcorpo-

arbitrary subsets-of nodes. The InterCom Ilbrary has been s

rated several novel features into CCL, a collective communi-
cation library for the IBM SP1 system. The concept of process
groups lets applications define, partition, and invoke col-
lective operations across groups of processes dynamically
without using explicit member lists. Semantics in send,
receive, and barrier operations are defined formally to guar-
antee correctness. Since CCL was designed under the
assumption of a fully connected topology, many of the algo-
rithms can be tuned for better performance in specific envi-
ronments. The operations are parameterized to account for
message size, startup latency, and port model.”
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