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Abstract— Past research on designing processor-cluster
based parallel systems has focused mainly on studying the
packaging technologies affecting the inter-cluster network.
To make such a design approach more attractive, there is
a strong need to understand the details about the topology
inside the cluster, its memory organization, and the impact
of this organization on system performance. In this paper
we analyze the communication costs for accessing inter-
cluster and intra-cluster memories under different cluster
organizations. The merits of these organizations are evalu-
ated based on the performance of a commonly used U_mesh
broadcast algorithm. Our results indicate that tightly cou-
pled cluster organizations with shared access to memory
offer faster intra-cluster communication. This leads to
such organizations to outperform loosely coupled cluster
organizations. We also demonstrate that such faster intra-
cluster access in clustered systems can be exploited to de-
sign better collective communication algorithms. We pro-
pose a new broadcasting algorithm on clustered meshes -
clus_mesh which outperforms existing u_mesh on clustered
systems by up to 20%.

1 Introduction

With advancements in VLSI and packaging technolo-
gies it has become cost-effective to integrate multiple pro-
cessing elements into a multi-chip or board module [1].
This is leading to the development of parallel systems using
such processor-clusters as building blocks instead of sin-
gle processors, thus allowing a modular and hierarchical
approach to building large systems. Prominent examples
of processor-cluster based systems are the Stanford DASH,
Intel Paragon, and Cray-T3D. Typically, the interconnec-
tions connecting the processor-clusters of these systems are
scalable meshes, tori, or multistage networks.

In recent years research related to designing processor-
cluster based systems has emphasized mostly on packag-
ing and cost-efficiency aspects [1, 3]. These results are
geared towards deriving optimal inter-cluster topologies
under packaging and pinout constraints. While deriving
such optimal topologies researchers have primarily empha-
sized on the load on network bisection and evaluated dif-
ferent topologies with respect to average message latency
and throughput. However, the performance of a real system
depends on several other factors like locality of reference,
communication overheads, and performance of frequently-
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used communication patterns. In most of the above works
the impact of intra-cluster organization on the performance
of processor-clustered systems has been ignored.

The intra-cluster organization heavily depends on the
programming model intended for a system. In order to sup-
port shared memory programming it has been shown to be
beneficial to allow shared memory between processors in-
side a cluster [6]. However, it is not clear whether dis-
tributed memory systems need to provide shared-memory
access between sibling processors (processors within a
cluster)? From a naive point of view such sharing does
not seem to be beneficial due to the message passing pro-
gramming model. However, with a closer look it can be
observed that in the absence of such sharing the bene-
fits of clustering to exploit locality of reference are min-
imal. If four processors in a processor-clustered sys-
tem are placed on a single board it is natural that faster
communication between these processors can be achieved
by providing some portions of shared memory between
them (even though higher-level communications will be
message-passing). This will lead to faster message pass-
ing between these processors and the applications can take
advantage of locality. Otherwise processor-clustering may
not lead to any performance gain. If we believe that such
shared memory access are required the next questions are:
1) which intra-cluster organization will provide the best
benefit? and 2) can existing collective communication al-
gorithms take advantage of such memory sharing to deliver
better performance?

In this paper we take on such a challenge to provide an-
swers to the above questions. We study the interplay be-
tween intra-cluster organizations and the performance of
collective communication operations, which are frequently
used operations on distributed memory systems. We first
analyze alternative intra-cluster organizations (star, bus,
direct and crossbar) to study their respective capabilities
to provide faster communication between sibling proces-
sors. We demonstrate that such faster communication can
also lead to faster global operations like broadcasting. Our
results indicate that bus and crossbar organizations can
provide better performance improvement for broadcasting.
We then demonstrate that existing collective communica-
tion algorithms (U_mesh, designed for non-clustered sys-
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tems) may not be sufficient to take advantage of faster com-
munication between sibling processors. We propose a new
broadcast algorithm (Clus_mesh) to deliver better perfor-
mance on processor-clustered systems capable of outper-
forming U_mesh by up to 20-25%. This study provides sig-
nificant insight on how future processor-clusters should be
designed for supporting distributed-memory paradigms.

2 Processor-cluster based systems

Processor-cluster based systems are two-level architec-
tures as shown in Fig. 1. The processor-clusters are in-
terconnected through a scalable inter-cluster network, e.g.
meshes and tori. The cluster configuration can vary from
a simple star connection as in the Cray T3D to a bus inter-
connection as in the Stanford DASH. These are discussed
in detail in the next section. Currently the number of pro-
cessors in a cluster is usually small, ranging from 2 to 4.
However, with advancements in VLSI, larger clusters are
expected to become common.

network interface

injection/consumption

Inter-ctuster channels

network

(3D mesh) Router —$to other

TOULErs

Figure 1: Typical example of a processor-cluster based system.

Current processor-clustered organizations connect each
cluster to the inter-cluster network via a single interface,
referred to as the network interface. This allows a sys-
tem with a given total number of processors to be in-
terconnected by using fewer network interfaces and net-
work routers leading to a more cost-effective design [3].
The interface offers a number of channels to and from
the network router. These channels (referred to as injec-
tion/consumption channels [2]) are used to inject/consume
messages to/from other clusters. We use ¢ to denote the
number of injection or consumption channels per cluster.
Currently, typical value for ¢ is 1 to 2 [2].

3 Processor-cluster organizations and com-
munication costs

In this section we present four different cluster organi-
zations as shown in Fig. 2, two loosely coupled: star and
direct-network and two tightly coupled: bus and x-bar. The
inter-cluster network connecting clusters is kept the same
when considering different cluster organizations. Let us
analyze the communication delay to transfer m words to a
processor’s own memory from the memory of another pro-
cessor. This basic operation is similar to the shmem.get
primitive [4] supported on the Cray T3D system. In the
following discussion we use parameters as summarized

Table 1: Important Symbols Used in Paper.
b | Bus bandwidth in a bus-based cluster (words/cycle)
Size of each processor-cluster
Number of injection channels per cluster to router
ts | Startup overhead for inter-cluster messages. In loosely
coupled clusters (star and direct-network) it also repre-
sents startup overhead for intra-cluster messages
t’, | Startup overhead for intra-cluster memory transfers in
tightly coupled clusters (bus and x-bar)
tp | Propagation delay per word in inter-cluster network
and also in star intra-cluster network
t, | Propagation delay per word inside tightly coupled
clusters
t | Propagation delay per word inside direct-network
based clusters
N | Total number of processors in a system

N¢ | (= N/e), total number of clusters in system

in Table 1. Explanation of these parameters and discus-
sion on the different clustered organizations are detailed
in [2]. The shmem._ger transfer across clusters requires
inter-cluster message communication. For popular worm-
hole routing a cost penalty of (¢, -+ mtp) cycles can be de-
rived for this operation independent of the cluster organi-
zation. The time for a shmem_get operation from a mem-
ory inside the same cluster depends on the cluster organi-
zation. The communication delay for shmem_get for trans-
ferring m words in the four different cluster organizations
can be derived as: star (5 + mt,), direct (5 + mty), bus
(t, + mty), and crossbar (t; + mt,,). Detailed derivations
and explanations for these expressions are presented in [2].
In this paper we assume typical values of t; = 200 to 1000
cycles, t = 20 to 100 cycles, t, = 10 to 40 cycles/word,
t, ~ t;’ = 5 to 20 cycles/word, and m = 128 words.

Tightly coupled organizations

Loosely coupled organizations

Router

Shared Bus

interface  Crossbar
4 )

i injection

é 0
Router  channels Router

P: processor M: memory

Figure 2: Four alternate processor-cluster organizations.

4 Evaluation of different processor-cluster
organizations

In this section let us evaluate the above cluster orga-
nizations for efficiently supporting broadcasting, a collec-
tive communication algorithm which occurs frequently in
applications. Similar analysis can be easily extended to
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other collective communication operations such as multi-
cast, gather, reduction, and barrier synchronization. The
U_mesh algorithm has been proposed in [5] as an op-
timal algorithm to achieve multicasts and broadcasts in
non-clustered mesh interconnected systems. To perform
a multicast/broadcast to (N — 1) destinations the algo-
rithm orders the N — 1 destinations and source into a
dimension-ordered chain and achieves the operation in
[logy N contention-free steps.

The U_mesh algorithm can be easily extended to clus-
tered meshes to achieve broadcasting in contention-free
steps in a two phase approach: an inter-cluster phase fol-
lowed by intra-cluster phase in each cluster. In the inter-
cluster phase the broadcast data is sent to one processor
in each cluster. For a given system with N¢ clusters, this
phase requires ([log, N¢]) steps of inter-cluster message
communication. Assuming the broadcast data consists of
m words, the time for the inter-cluster phase can be derived
as ([logy Nc1)(ts + mtp) [2].

The time for the intra-cluster phase is a function of the
cluster organization. For the four different cluster organi-
zations discussed earlier, Table 2 summarizes the time re-
quired for this phase. The basic approach for broadcasting
inside a cluster is to employ, whenever possible, a U_mesh-
like divide and conquer strategy. Detailed derivations of
the expressions in Table 2 are presented in [2].

Table 2: Time required for intra-cluster phase of the U_mesh un-
der different cluster organizations (: < cand b < c are assumed).

Cluster Intra-cluster broadcast time
organization (network cycles)
star ([logy 2] + [efi] — 1)(ts + mtp)
direct [log, c](ts + mt;)
bus ([log, b] + [c/b] — 1)(ts + mt})
crossbar [log, c](t; + mt;)

Figure 3 depicts plots comparing the time for broadcast-
ing in a given system with a total of N = 256 processors
with different cluster organizations. The impact of increas-
ing cluster size (¢ = 1 to 16) processors and the number
of injection channels per router (¢ = 1 and 4) was stud-
ied. From the plots it can be observed that the tightly cou-

Umesh, i =1, N« 268
11000 - 11000

Umesh,i= 4, N = 256
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9000

Latengy cycies)
Latency (eycles)

o 2 4

6 8 1 6 8 10
cluster size (c) ‘cluster size (¢)

Figure 3: Impact of increasing cluster size on U_Mesh perfor-
mance on four different clustered organizations.

pled, bus and crossbar configurations, consistently outper-
form the loosely coupled, direct and star configurations, by

at least a margin of 5% to 20% even for smaller cluster
sizes. This demonstrates that tightly-coupled cluster con-
figurations are indeed necessary to offer faster intra-cluster
access and to fully exploit communication locality.

5 Broadcasting on clustered meshes

Tightly coupled cluster organizations lead to faster intra-
cluster communication. However, existing algorithms like
U_Mesh[5] designed to be optimal under the assumption of
flat communication cost may not remain optimal in clus-
tered systems with differential intra- and inter-cluster costs
and available multiple injection/consumption channels per
cluster. In this paper we consider each cluster having two
injection channels (i = 2) to the inter-cluster network
router. Let us consider an example of the U_mesh algo-
rithm for achieving a broadcast in a system with 9 clus-
ters, C0 — C'9, each having ¢ = 4 processors, as shown in
Fig. 4. U_Mesh requires 6 steps to complete the broadcast
from processor 0 in CO. Let S denote a slow inter-cluster
communication step and F' denote fast intra-cluster com-
munication step. Each arc representing a communication’is
numbered by the step in which it occurs and by S or F de-
picting inter- or intra-cluster communication, respectively.
For sake of clarity only important intra-cluster steps have
been depicted in Fig. 4. The completion time in this exam-
ple, derived by tracing the longest arc-path to the last des-
tination is 4S5 + 2F cycles. From Fig. 4 it can be also ob-
served that U_mesh uses only ore injection channel from
each cluster thus not exploiting the multiple injection chan-
nels available in clustered systems effectively.

Umesh broadcast algorithm in 9 clusters, requiring 48 + 2F cycles.

Figure 4: Example broadcasting with U_mesh algorithm.

5.1 A new algorithm - Clus_mesh

We propose a new broadcasting algorithm, Clus_mesh,
for clustered systems which effectively exploits a) faster
intra-cluster communication (F' < S) and b) more injec-
tion channels from each cluster. The algorithm presented
in this paper is designed for systems with two injection
channels per cluster. However, a similar approach can be
used to design an algorithm for systems with higher num-
ber of injection channels per cluster. The key idea behind
Clus_mesh for a system with 2 injection channels, is as fol-
lows. The first processor in any cluster to receive the broad-
casting data performs a fast intra-cluster communication to
involve one more processor in the same cluster. The two
processors then exploit the two injection channels to send
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out two concurrent inter-cluster messages in two different
directions to cover two more clusters. The potential gain
arises from the faster step within the cluster which allows
more clusters to be covered in lesser time.

Figure 5 depicts the communications performed to
achieve broadcasting in 9 clusters. In the first step source
processor 0 sends the data element to processor 16 in the
center cluster (C4), which then performs an intra-cluster
communication to involve another processor 17 in its clus-
ter. In step 2 processors 16 and 17 perform inter-cluster
communications to processors 4 (in C1) and 28 (in C7),
respectively. This leads to two injection channels being
effectively used in C4. Such steps are recursively re-
peated. The total broadcasting time as derived in Fig. 5
with Clus_mesh is 3.5 + 4F cycles. Comparing this to the
48 + 2F cycles for a similar broadcast using U_mesh, we
derive that in this example Clus_mesh outperforms U_mesh
if § > F. For broadcasting in larger systems, including 2D
mesh interconnected systems, Clus_mesh has been shown
to similarly outperform U_mesh [2].

€0 ] c2 C3 c4 C5 6 c7 Cc8 2F
g N

clus_mesh broadcast algorithnnon 9 clusters requiring: 3S + 4F-cycles.

Figure 5: Example broadcasting with the new Clus_mesh algo-
rithm.

5.2 Comparison of Clus_mesh and U_mesh per-
formance

Figure 6 compares the time taken by Clas_mesh and
U_mesh on a system having N clusters each of size ¢. In
the two plots in top row of Fig. 6 the cluster size is kept
fixed at ¢ = 2 while studying the impact of increasing
number of clusters from No = 2 to 1024. The experi-
ment was performed for different relative values of S and
F,S/F =2 and 10. It can be observed that for S/F' = 2,
the Clus_mesh is not able to deliver significantly better per-
formance than U_mesh. As .S/ F isincreased to 10 the gains
from Clus_mesh become apparent. The relative gain over
U_mesh was observed to be up to 25% for a wide range of
system sizes. We also observed that the gains are higher as
the number of clasters is increased.

The impact of increasing cluster size while keeping the
total number of processors in the system fixed, are pre-
sented in the bottom row of plots in Fig. 6. In each plot as
the cluster size is increased the number of clusters in the
system falls. This can lead to a fall {2] in the relative gains
of Clus_mesh over U_mesh as depicted in the plots. How-
ever, we observed that for realistic cluster sizes and large
system sizes as expected in the near future, Clus-mesh out-

performs U_mesh.
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Figure 6: Comparing performance of Clus_mesh and U_mesh al-
gorithms.

6 Conclusion

In this paper we have analyzed various cluster orga-
nizations for designing processor-cluster based multipro-
cessor systems. Using U_mesh broadcasting algorithm
we have demonstrated the need for tightly coupled clus-
ters to take advantage of higher integration available in-
side processor-clusters. With differential communication
costs in the intra- and inter-cluster, we have also demon-
strated that the U_mesh algorithm does not remain optimal
on clustered systems. We have proposed a better algorithm,
Clus_mesh, for broadcasting on clustered meshes. In future
work we are studying the interplay of other collective com-
munication algorithms like gather and complete exchange
on clustered system design.
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