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Abstract pared via analytical modeling and simulation. Section 3
_ This paper presents efficient all-to-all broadcast algo- treats the two-switch case and develops a near-optimal al-
rithms for arbitrary irregular networks with switch-based gorithm. The general case of multiple switches with arbi-

wormhole interconnection and unicast message passingirary topology is considered in Section 4. Conclusions are
First, all-to-all broadcast is considered within a single provided in Section 5.

switch cluster. Both combining and non-combining algo-
rithms are compared via analytical modeling and simula-

tion. The characteristics of optimal all-to-all broadcastop- 2 All-to-all broadcast on a single switch
eration are considered and applied to development of multi-

switch algorithms. The single switch algorithms are consid-  A|l-to-all broadcast among nodes connected to a single

ered on two switch clusters and a near-optimal algorithm gyitch may be performed without link contention by a vari-

is developed which schedules use of interconnecting linkseyy, of methods. Three such algorithms are presented below.
where the potential for link contention exists. Finally, the

Link Scheduling concept is extended to handle arbitrary ir- An extended version of this paper [7] provides an analytical

regular networks. Operation of this algorithm is simulated COMParison of these algorithms. Also, the complete irreg-

provement in performance compared to other algorithms. Paper and the associated issues related to deadlock-free and
adaptive routing for such networks can be found in [7].

1 Introduction 2.1 Logical Ring (LR) algorithm

The availability of switch-based commodity gigabit net-  Thjs algorithm organizes all participating nodes in a logi-
working technologies such as Myrinet [2] and the high per- ca| ring by rank order. In the first step of the requitét-1)
formance of personal computers (and workstations) makessteps, each node sends its message data to the subsequent
parallel computing over clusters a promising alternative to node in the ring and receives a message from the preceding
the use of custom designed parallel computers. Animpor-pode in the ring. In all remaining steps, the message just re-
tant issue to be addressed is the development of efficienkeived is forwarded to the following node and another mes-
implementations of portable parallel programming mod- sage is received from the preceding node. This algorithm
els such as the Message Passing Interface (MPI) [13] forhas the characteristic that all communication from any sin-
switch-based clusters of workstations. gle node’s perspective is with only two other nodes.

MPI defines primitives for point-to-point communica-
tion as well as various collective communication operations 2.2 Simultaneous Broadcast (SB) algorithm
between processes. While considerable research has ad-
dressed the development of efficient algorithms for collec- The SB algorithm perform®& simultaneous broadcasts,
tive communication operations over regular networks such one originating from each node. Each broadcast is per-
as meshes and hypercubes [1, 3, 4, 5, 8, 10, 11, 12, 14]formed by sending the node’s local message data to each
much less work has been done for optimizing collective of the (P — 1) other nodes patrticipating in the all-to-all op-
communication over irregular switch-based clusters [9, 15]. eration. Each node will recei@® — 1) messages.

In this paper we address the collective communication op- Because each node sends only its local data, sends may
eration of all-to-all broadcast (called AGather in MPI) for be performed asynchronously to receiving. Transmission
switch-based clusters with arbitrary topology. may overlap startup costs for all steps after the first. Each

The paper is organized as follows. In Section 2, all-to- node begins by sending messages consecutively to the des-
all broadcast is considered within a single-switch cluster. tinations(rank + step), checking after each send for the
Both combining and non-combining algorithms are com- arrival of an incoming message. This continues until the



network can accept no more messages or an incoming meseptimal performance as defined above. This algorithm is a
sage is detected. At this point, receives and sends begin alspecial case of the more general Link Scheduling (LS) algo-
ternating until all messages have been sent. The node thenithm formally described in the next section. The basic idea
continues to receive until all required messages have beeris that use of the interconnecting link is scheduled among

received. nodes in a way that permits every node to remain busy with
o ) useful work. The algorithm is described below for the two
2.3 Combining algorithm possible cases: the balanced case where there are the same

number of nodes on each of the two switches, and the un-

The combining algorithm consists @fog, P steps dur- | d here th I b £ nod
ing which every node sends a message and receives a meg—:;ng\?vitgﬁse where there are unequal numbers 0T nodes on

sage. The message to be sent consists of the local mes- ! . ,
In general, the algorithm executes in two phases. During

sage data combined with message data received in previ- " ) y :
ous steps. The size of the message sent and the messar?%e first phase, nodes take turns using the interconnecting

received doubles at each step (with the possible exceptio ink to transfer their message data to a node on the other

of the last step). The sum of the sizes of all messagesSWitch- During the steps when it is not a node’s turn to use
sent or received by each node(i& — 1)m. Beginning the interconnecting link, it participates in a local all-to-all
at step = 0, the address of the destination at each step isbroadcast of the local message data. The second phase con-

(rank + 2°t°P) mod P. The address of the source node at sists of performing another local all-to-all broadcast, this
each step i¢rank — 2°t°?) mod P. time distributing the remote data received during the first
phase.

3 All-to-all broadcast on 2-switch networks

In this section, we discuss the execution of all-to-all 3.2.1 Balanced node distribution

broadcast on networks consisting of two switches. The pur-Consider 2 switches wittv nodes on each switchP( =

pose of this is not that this is a common network topol- 2. These nodes are assigned an index, 1 to N, within the
ogy. We discuss two switch networks to illustrate the is- switch to which they belong. The algorithm completes in
sues affecting algorithm performance introduced with re- two phases. During the first phase, tNenodes on each
duced ConnectiVity (and therefore pOtentiaI link Contention) switch perform an N-Step modified SB all-to-all broadcast
without the complexities of the general irregular networks within each switch. A standard SB all-to-all operation takes
explored in the next section. N — 1 steps. The modification is that at step numbehe
Executing the all-to-all broadcast on a network consist- node with index does not participate in the local all-to-all
ing of two switches with a single interconnecting link in-  pyt rather sends its local message across the interconnect-
troduces the potential for link contention. Communication ing link to the node at indexV — i) on the other switch
patterns which approach optimal performance will have the (a remote node). Likewise, at stépthe node with index
following properties: (a) degree of pipelining of commu- (N — ;) receives from the remote node with indéx In
nication components are significant, (b) transmission laten-thjs way, at the end of the first phase the following has been
cies are minimal, and (c) node idleness is minimized. The gccomplished: (a) a local switch all-to-all broadcast oper-
combining and SB algorithms operate as described in theation has completed, (b) all local switch message data has
previous section. There is S|Ight modification to the ring al- been transferred to remote nodes, and (C) all remote mes-
gorithm and we introduce a new algorithm which is a mod- sage data has been received by local nodes. Since each local
ification of the SB algorithm. node now holds exactly one remote message which must be
. . . distributed within the switch, the second phase is simply a
3.1 Switch-Ordered Ring (SO-R) algorithm local (within-switch) SB all-to-all broadcas?t operation, 395(
The operation of the ring algorithm remains essentia”y trlbutlng the data'receiVEd in the first phase. The second
the same as for the single switch case except for ordering ofPhase completes iN' — 1 steps.
the nodes by switch to eliminate potential link contention.
For either switch, only one local node sends to a node on
the other switch and only one remote node receives from

a local node. This communication pattern encounters Noc-gnsider 2 switches. one with nodes attached and the
link contention and therefore is expected to perform about oiher with N* nodes’attached whefl¥ > N* and N +

as well as the ring algorithm on a single switch. The only x« _ p The LS2 algorithm for unbalanced node distri-
additional cost encountered is the additional switching time y tions also has two phases. The first phase on the switch
for the messages being sent between switches. with fewer nodes, however, will have multiple stages.
3.2  2-switch Link Scheduling (LS2) alaorithm For the switqh withV nodes, the first phase consists of
9 ( ) alg an N-step modified SB all-to-all broadcast. Each of e
We introduce a new algorithm, the 2-switch Link steps involves one of the local nodes sending to a node in
Scheduling (LS2) algorithm, which attempts to attain near- the other switch (a remote node). The target addresses of

3.2.2 Unbalanced node distribution



these inter-switch sends {&V* — step)mod(N*). A lo- 1-switch || Balanced| Unbalanced
cal node is involved in receiving from a remote node during Algorithm || (reference)|| 2-switch 2-switch
only the firstN* steps of the first phase. After thé* step Combining 139.69 249.16 593.14
of the first phase, allV* remote messages have been re- SB 137.79 || 1079.47 1082.24
ceived so the node scheduled to receive from outside the RO-Ring 205.78 || 1204.24 1088.22
switch has nothing to receive and therefore continues with SO-Ring 205.78| 206.84 206.84
the next step. At the completion of the first phase, (a) a lo- LS2 - 141.64 184.24

cal switch all-to-all broadcast operation has completed, (b)
all local message data has been transferred to some remote Table 1. Completion time in microseconds for balanced
node, and (c) all remote message data has been received by 2-switch network (16 nodes per switch) and unbalanced 2-
N* of the local nodes. In the second phase, each oithe switch network (11 nodes on one switch, 21 nodes on the
nodes which received an inter-switch message performs a other) for 256 flit messages and 5 microsecond startup time.
broadcast to all other local nodes. The second phase still
requiresN — 1 steps (because there ave— 1 destinations

for each broadcast) but each node needs to receive a ma switches, each with a single bidirectional interconnecting
imum of only N* messages. Therefore, this second phase ink. The balanced scenario divides the nodes equally be-

will require less time to complete than that for the balanced ngzig t;: zvrlrggt]r?(?alllf Oznlelfggéggﬁ Lé?]zaémfcehd:r']\gdfls ghne

scenario. ' o ' ' the other.y '

of 'F% %hset;’g\;\g?heggn]\\:vitggdgfé;ge gjﬁﬁg?ﬁg ﬁﬁ)sr;scl)sfts . Table.l shows the performancg resu!ts forthe two scenar-

these stages, the following occurs: (a) messages are serfS considered here. For these simulatiang¢communica-

by local nodés to remote nodes in.a scheduled fashion aq'on startup time) =5 mlcro§econd gnd the message length
iously described, (b) the fir&f* remote messages are 3s 256 flits. Results for the single switch case Wlth'these pa-

previously ! 9 rameters are given for reference. For these experiments, the

received, one per local node, and (c) a modified SB all-to- . i -
all broadcast is executed, distributing the local messages Io—fOIIOWIng parameters were uset}:(communication startup

cally. During each of the following stages of the first phase, gq%) (\)/ ar‘]r;%xaﬁégﬂe”m??;ﬁ?ﬁ (ggll(aprg?z\?v?tté?]n:ugn()eo
modified SB all-to-all broadcasts are performed, distribut- nandsecon dg (switz:urifng timegacros)s: the router cross-
INg messages received from remote nodes in the Previoug) v for a flit) :miG 0 nanoseconds,; (time to inject a flit
stage while anothe¥V* remote messages are received. This into the network).— 16.0 nanosechJnds angh, (ime to
continues until a total ofV messages have been received. . o - ’ s

The second phase consists of the distribution of the remote-0"=UMe a flit from the network) = 16.0 nanoseconds.

messages received in the final stage of the first phase.

4 All-to-all broadcast on irregular networks

3.2.3 Analysis and performance of LS2 algorithm of arbitrary size
In the balanced case where the number of nodes on each ofh For irregull?r ncla'-tv&orks of qrblt(ary size anchr:]ompIeliqty,
two switches is the same, the LS2 algorithm is near-optimal. "€ Potential for link contention increases. The rank or-

: o dering ring (RO-R) algorithm, the default implementation
That is, (a) communication components are overlapped for : X
all possible steps except one, (b) all nodes remain busy withSUPPlied by MPICH [6], becomes less attractive as the po-

useful work during the entire execution of the algorithm, €ntial for link contention increases. Two algorithms which
and (c) there is no unnecessary communication. The On|yperform well for arbitrary irregular networks are discussed
point at which communication overlap does not occur is P€lOW.
at t_he transition from_ the first phase to the §ec0_nd phase4.1 Switch-Ordered Ring (SO-R) algorithm
Whichever node receives from the remote switch in the last
step of the first phase must wait until receipt of that message  For an irregular network, an efficient ordering of nodes
is complete before beginning the second phase. for the ring algorithm is found by performing an in-order
The performance degrades when the numbers of nodesraversal of the BFS tree that was generated to determine
on the two switches are unequal. The LS2 algorithm doesnetwork routing characteristics. Although this ordering
not make optimal use of the interconnecting link when the does not eliminate potential link contention completely, the
node distribution is not balanced. Once there are no morepotential is greatly reduced.
messages to be sent from one switch, the link becomesidle The lists of nodes on each switch are concatenated in
in that direction. It is possible to improve the algorithm the order found traversing the BFS tree to determine the
to make use of this link during the entire execution of the node ordering for the SO-R algorithm. This ordering has
algorithm with improved results. a simple implementation and provides good performance
We consider two scenarios to illustrate the performancefor arbitrary irregular networks. Performance of the SO-R
issues and possible solutions for all-to-all broadcast com-algorithm for a 10-switch, 128 node irregular topology is
munication on 2 switches. Each consists of two 32-port shown in Table 2.



4.2 Link Scheduling (LS) algorithm 128-node
Algorithm | irregular topology

Here we extend the concepts of the LS2 algorithm pre- Combining 20542.14
sented in the previous section to handle arbitrary irregular SB 28537.30
networks. This algorithm permits an enhancement to the RO-Ring 22632.85
LS2 algorithm which improves performance. SO-Ring 1868.07
The LS2 algorithm requires logically organizing the LS 1361.36

switches in the irregular network into a ring. Essentially,
the LS algorithm involves nodes on each switch performing  Table 2. Completion time in microseconds for 128-node
three tasks: (a) sending currently held data blocks to nodes irregular network with 256 flit messages and 5 microsecond

on another switch (the remote destination switch), (b) dis-  startup.

tributing these currently held data blocks among the nodes

on the local switch, and (c) receiving data blocks from an- )

other switch (the source switch). Since nodes on the localeach with 7 to 21 nodes attached. There are 1 to 5 exter-
switch communicate only with nodes on two other switches, nal links to a switch with no more than 2 links between
data blocks must be forwarded around the network until all 2ny 2 switches. The results of these simulations are shown
non-local data blocks have been received at each switchin Table 2. The LS algorithm completes in 27.1% less
There is a steady stream of data blocks needed by nodes ofime than the SO-R algorithm. This improvement reflects
the local switch flowing into the switch and a steady stream the increased communication component pipelining possi-
of data blocks required at the remote destination switch ble with the LS algorithms. Another significant result is
flowing out of the local switch. the 9_4% impr_ovement over the rank ordereq rin_g (RO-R)
erational phases. The setup phase entails determining thEYance possible when the algorithm depends on the mapping
switch ordering by traversing the routing BFS tree. Each of logical rapk rather than adjusting based on knowledge of
node finds its remote source and remote destination switchfhe underlying network topology.

from this ordering. The logical organization of the switches 5 Conclusions

may be thought of as a ring.

In the first phase, there are one or more stages. During In this paper, we have shown efficient ways of imple-
each stage, a local modified SB all-to-all operation occursmenting all-to-all broadcast on the emerging clusters of
while sending remote messages to nodes on the remote degvorkstations based on commodity switch-based networks.
tination switch and receiving remote messages from nodesWe also characterized the performance of standard imple-
on the the remote source switch. The data distributed bymentations of this operation, suggested simple enhance-
the modified local all-to-all broadcast is the local data in the ments which provide significant benefit, and introduced
first stage and the data received in the previous stage therenew algorithms which approach optimal performance in
after. Figure 1 shows the communication pattern for a par- some cases.
ticular switch in a 15-node irregular network with 4 local For single switch clusters, the LR, SB, and Combining
nodes, 5 nodes on the remote source switch, and 3 nodealgorithms were considered. It was shown that selection
on the remote destination switch. Phase 1 completes in aof the best performing algorithm is a function of both net-
number of steps which is a multiple of the number of local work characteristics as well as the message length and num-
nodes and when all required remote messages have beeler of participating nodes in the all-to-all broadcast opera-
sent and received. To maintain a flow of only the required tion. These algorithms were compared both analytically and
data blocks into and out of the local switch, the sequencethrough simulation.
of remote receiving and remote sending reverses for every An enhancement to the ring algorithm was proposed
stage. The first node to receive a remote message in ongvhich gave significant performance improvements for 2-
phase must be the first to send it to the remote destinationswitch clusters. A 2-switch Link Scheduling algorithm was
in the subsequent phase. proposed which was link-contention free, node-contention

The second phase consists of any nodes which receivedree, and enabled pipelining of communication components.
a remote message in the final stage of the first phase perExecution of this algorithm was simulated for both balanced

forming a local broadcast of that message data. and unbalanced 2-switch networks with associated perfor-
mance improvements over other algorithms.
4.3 Simulation experiments and results Finally, two algorithms were proposed for arbitrary ir-

regular networks. The Switch-Ordered Ring algorithms
We simulate execution of the three algorithms presentedprovides an efficient ordering for the logical ring of nodes,
in the single switch section as well as the SO-R and LS al- and the general Link Scheduling algorithm was introduced.
gorithms on an irregular 128-node system. We again useThe LS algorithm uses the same switch ordering as the SO-
a 5 microsecond startup time and 256 flit message length R algorithm but enables pipelining of communication com-
The 128-node irregular network consists of 10 switches, ponents with associated performance improvements.



receive pattern send pattern
. step| PHASE1|| PE1 PE2 PE3 PE4 PE1 PE2 PE3 PE4
Source switch

5 nodes 1 stage 1 2 3 4 S1 D3 1 2 3
2 3 4 S2 1 4 D2 1 2
3 4 S3 1 2 3 4 D1 1

4 S4 1 2 3 2 3 4 D1

5 stage 2 S5 1 2 3 2 3 4 D2
6 4 S5 1 2 3 4 D3 1
4 nodes 7 3 4 S4 1 4 D3 1 2
8 2 3 4 S3 D2 1 2 3
9 stage 3 2 3 4 S2 D1 1 2 3
10 3 4 S1 1 4 D1 1 2
11 4 S1 1 2 3 4 D2 1

12 - 1 2 3 2 3 4 D3
Des‘isnif;g;witch 13 | PHASE 2 4 - 2 3 - 3 4 1
14 3 4 - 2 - 4 1 2
15 2 3 4 - - 1 2 3

v

Figure 1. LS algorithm communication patterns for a switch with 4 local nodes. In this example, there are 5 nodes on the source
switch and 3 nodes on the destination switch. Assume a total of 15 nodes participating in the all-to-all broadcast so this switch
must send a total of 12 messages to the destination switch and receive a total of 11 messages from the source switch. Source and
destination nodes are identified by their respective indices in the switch. Messages originating from the remote source switch are
identified by Sz and messages destined for the remote destination switch are identifiee\eBerez is the node index.
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