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Abstract 1 Introduction

With rapid development and advances of commodity proces-
sors and networking technology, parallel computing platforms
are shifting from expensive customer-designed MPPs to cheap
and commaodity-designed symmetric multiprocessors (SMPs) and
clusters of workstations, of personal computers (PCs), and even
of SMPs. Using off-the-shelf hardware and software to con-
struct a parallel system provides a large range of scalability from
“desktop-to-teraflop”. Compared with simply buying an expen-
sive MPP box, the cluster approach is highly flexible for users
to construct, upgrade and scale a parallel system. However, the
flexibility also provides multiple system configuration options for
a given budget and a given type of workload. This raises perfor-
mance optimization issues which need addressing. We believe
the following two questions are fundamental for cluster comput-
ing: First, what is an optimal or a nearly optimal cluster plat-
form for cost-effective parallel computing under a given budget

Using off-the-shelf commodity workstations and PCs to build
a cluster for parallel computing has become a common practice.
A choice of a cost-effective cluster computing platform for a given
budget and for certain types of application workloads is mainly
determined by its memory hierarchy and interconnection network
of the cluster. Finding such a solution from exhaustive simula-
tions would be highly time-consuming and expensive; and predic-
tions from measurements on existing clusters would be impracti-
cal. We present an analytical model for evaluating performance
impact of memory hierarchies and networks on cluster comput-
ing. The model covers the memory hierarchy of a single SMP, a
cluster of workstations/PCs, or a cluster of SMPs by changing
various modeling and architectural parameters. Network varia-
tions covering bus and switch networks are also included in the
analysis. Applications of different types are characterized by pa- ) g !
rameterized workloads with different computation and communi- @nd @ given type of workload? Second, what is a cost-effective
cation requirements. The model has been validated by simula- WaY to upgrade or scale an existing cluster platform for a given
tions. Our study shows that the length of memory hierarchy is the Pudget increase and a given type of workload? There are few
most sensitive factor to affect the execution time for many types Ptimization solutions to help users construct clusters in a cost-
of workloads. However, the interconnection network cost of a effective way. Solutions from exhaustive simulations would be
tightly coupled system with a short length of memory hierarchy, Nighly time-consuming and expensive; and predictions from mea-
such as an SMP is significantly more expensive than a normal Surements on existing clusters would be impractical.
cluster network connecting independent computer nodes. Thus, In this paper, we present an analytical model to address the
the essential issue to be considered is the trade-off between the2bove two questions. The model covers platforms of a single
length of memory hierarchy and system cost. Based on analytical SMP, a cluster of workstations/PCs, or a cluster of SMPs by
and case studies, we present our quantitative recommendationschanging various modeling and architectural parameters. Net-

for building cost-effective clusters for different application work- Work models covering two representative networks are also in-
loads. cluded in the analysis. Applications of different types are charac-

terized by parameterized workloads with different computation
and communication requirements. The model is based on the
computation of the average execution time per instruction for an
*This work is supported in part by the National Science Foundation application. Itis dgrlved from the application’s locality property
under grants CCR-9400719 and CCR-9812187, by the Air Force Office and the memory hierarchy of a targeted parallel cluster platform.

of Scientific Research under grant AFOSR-95-1-0215, and by Sun Mi- Using the model, we can quickly determine a nearly optimal plat-
crosystems under grant EDUE-NAFO-980405. form for a given budget and for a given application workload.
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Figure 1: The memory hierarchy from the standpoint of
one processor.

The model can also be used to guide how to upgrade an existing
system in a cost-effective way for a given budget increase. We
have also made efforts to simplify the model for practical usage.

The analytical model is validated by constructing a set of sim-
ulators to simulate different types of clusters, and by comparing
the modeled results with the simulated ones. The comparison in-
dicates that for a single SMP, the modeling results are fairly close
to the simulated results (the difference is below 5%). For clus-
ters of workstation and clusters of SMPs, after properly adjusting
the access rates to remote memory, we are able to obtain mode
ing results fairly close to the simulated results (less than 10%) as
well. The adjustment is necessary to compensate for the share
memory coherence overhead, which is an important part of sys-
tem activities, but difficult to model. Our modeling results are
acceptable for performance prediction and evaluation of paralle
computing on clusters. Finally we present results and implica-
tions of several case studies which use the model to effectively
build a cluster and upgrade an existing cluster for different paral-
lel computing applications.

2 Memory Hierarchy Abstraction

Our target cluster consists of the following computing compo-
nents which form a standard parallel computing platform:

e asingle SMP,
e multiple workstations or PCs, or
e multiple SMPs.

Because the capability and technology of workstations and high-
end PCs are merging, we use the term “workstation” to refer to
both types in the reminder of the paper.

The memory hierarchy of a computing platform plays an im-
portant role in determining the performance of an application pro-
gram running on it. From an architecture point of view, the way a

parallel process accesses the memory hierarchy is shown in Fig-
ure 1. There are five memory access levels for a processor in a
cluster: 1) access to its own cache, 2) access to its own memory or
the shared-memory associated with all the processors in an SMP,
3) access to a remote memory module associated with another
machine in the cluster, 4) access to its own disk, and 5) access to
a remote disk associated with another machine in the cluster. In
general, access latencies to a lower level are smaller than the ones
to a higher level. The access latency to any memory component
at the same level is considered to be identical. Each machine in
the cluster has its own cache, memory, and disks.

The memory hierarchy in Figure 1 covers three targeted paral-
lel computing platforms. For an SMP system, a processor may ac-
cess the memory modules of other processors (at the same level)
with the same latency through Network 1 (see the gray block A in
Figure 1). These memory modules can also be viewed as a single
shared-memory pool by all the processors in the SMP. Network
1 is usually a memory bus inside an SMP. For a cluster of work-
stations, the access to a remote memory module goes through
Network 2 with a much higher latency than the access to the local
memory (see the gray block B in Figure 1). Network 2 is the clus-
ter network, an important part of off-the-shelf hardware. Two rep-
resentative types are bus-based and switch-based networks. Re-
mote disks can also be shared through Network 3, which in most
cases use the same physical networks used for Network 2 (see
the gray block C in Figure 1). Their access latencies are higher
than those to local disks which are performed through I/O buses.
However, whether the access to a remote memory module has a
lower latency than an access to the local disk or not is determined
by the speed of Network 2. With the advances of low-latency,

thigh bandwidth networks, it is more likely that the access to a

remote memory has a relatively lower access latency. For a clus-

0ter of SMPs, uniform memory accesses are performed at level 2,

and non-uniform memory accesses are performed at level 3. Re-
mote disks may also be used. Table 1 classifies the three parallel
systems by the cluster memory hierarchy of Figure 1.

| Parallel systems

a single SMP

a cluster of workstations
a cluster of SMPs

| Additional memory levels|
gray block A

gray blocks B and C
gray blocks A, B, and C

Table 1: Classifying the three parallel systems by the clus-
ter memory hierarchy.

A single memory image is provided either by hardware like
SMPs or by a software layer across Network 2 in Figure 1 to
form a CC-NUMA shared-memory system. A small scale SMP
usually consists of 2 to 4 processors connected by a bus (Network
1in Figure 1). We consider such SMPs in this study. For a cluster
of workstations or SMPs, Networks 2 and 3 in Figure 1 often use
the same physical networks. We discuss two types of commonly
used cluster networks in this paper, the bus-based (e.g., Ethernet,
Fast Ethernet) and the switch-based (e.g., an ATM switch).



3 Parallel Program Characterizations

We consider the single-program multiple-data (SPMD) pro-
gramming model, where a parallel application consists of one

in a cluster {V), the number of processors in a maching, the
processor speed by the number of instructions per sec®nthe
length (or the number of levels) of the memory hieraratly &nd
the memory size in each level of the hierarchy, ( = 1, ..., k);

process per processor on a fixed number of processors through-program parameters, such as the total number of instructions with
out the execution. For each processor, it executes the same proor without memory accessedf( or m) in a program, the access
gram but operates on different data sets. Each process is intendegate to theith level hierarchy X;) and the probability to access

to run equal weight computation tasks for load balancing. The
structure of applications is bulky-synchronous, where phases of
purely local computation alternate with phases of interprocessor
communications and synchronizations.

Our execution model of cluster computing is based on the
probabilities of references to different levels of the memory hi-
erarchy in Figure 1. The probability is determined basedtank
distance curvegaken directly from an address stream [2].

The work in [6] uses the same approach for evaluating the per-
formance of memory hierarchies of uniprocessor systems. In gen-
eral, the stack distance of datu#nat one position of the address

stream is the number of unique data items between this reference

and the next reference té. The distribution of stack distances
can be expressed as a cumulative probability function, denoted
by P(z), which represents the probability of references within a
given stack distance af. This fits an LRU-managed and fully-
associative cache hitting rate welkifis considered as the cache
size. The probability density function, denotedify: ), describes

the frequency of references at stack distanc&imilar to other
related work [6, 8], we modeP(z) in the form of

1
P(z)=1- W, (1)
thusp(z) in the form of
_ B e

wherea (> 1) andg (> 1) are workload parameters to charac-
terize locality of a program. The program locality improves with
the decrease of or the increase oft. The memory modules

at different levels in a hierarchy of the cluster can be viewed as

caches of different sizes at different access speed. Thus, the stack
distance model discussed above is suitable for our performance

evaluation of the cluster memory hierarchy.

In addition to locality information expressed in termsxoind
3, we use another parameterto represent the ratio between the
number of instructions which incur any memory referendd (
and the number of total instructions in an application¢ M),
wherem is the number of instructions which do not incur mem-
ory references. Parametgreflects the memory access variations
of application programs. The largeris, the more significantly

the memory accesses affect the application’s performance. Pa-

rametersa, 3, andy may be obtained through address stream
analysis and instruction counting in the execution of a program
on a target cluster, or through a simulated execution of applica-
tion programs.

4 Memory Access Time Prediction

The parameters used in our model are divided into three

the i level hierarchy P;); and budget/cost parameters, such as
the total budget for building a clusteB], the budget increase for
upgrading a cluster®’) and of costs for different system compo-
nents.

We assume that parallel tasks are evenly distributed among all
processors. Based on Amdahl’s Law, the average execution time
of an application on a parallel system is modeled as the sum of
the computation time without network communications (instruc-
tions without memory accesses) and the computation time with
network communications (instructions with memory accesses):

m 1 M 1
nN S + nN(S

1 m+M
—~ (g T M), (3)
where App represents an application program,is the number
of instructions without memory accessas,is the number of in-
structions with memory accessesjs the number processors in
a machine N is the number of machines in the clustérjs the
processor speed as the number of instructions per second; and
is the average memory access time per reference in the cluster.
The total number of instructions in the progranmist+ M. Con-
sequently, we have the average execution time per instruction

E(App)

+T)

_ E(App) 1,1
E(Instr) = eV nN(S +T), (4)
wherelInstr represents a program instruction, ane: —22_.

The cost of a cluster is the sum of the cluster machlne cost and
the cluster network cost. It can be expressed as:

Ccluster = Ncmachine (n) + Noneta (5)

whereCqchine (n) is the cost of a machine with processors,
andC,,. is the network cost to connect one machine in the clus-
ter. We assume that the cluster is a homogeneous platform con-
sisting of identical machines, either SMPs or uniprocessor work-
stations.

One major goal in our study is to determingN and the types
of networks of the cluster by minimizing the average execution
time per instruction in (4), for a given budgé and the other
given architecture, program and budget/cost parameters. This op-
timization problem forms our cost model, and is expressed as:

{

Another goal in our study is a variation of the above optimiza-
tion problem, which is to determine an optimal way to scale or
upgrade an existing cluster system for a given budget increase.
The problem can be defined as follows. For a given existing clus-

minimize E(Instr)

subject to Ceruster < B. ©

groups: architecture parameters, such as the number of machineser with all the given architecture parameters, a budget increase



B’, and new architecture and cost parameters for upgrading, we Furthermore, the probabilities and access rates of the two types
determine a new cluster configuration by minimizing the execu- hold the following relationships:
tion time per instruction in (4).

For given architecture and program parameters, the execution = Xzi(o), = Aziw)
performance in (3) and (4) can be determined if the average mem- A2(0) + A2(b) A2(0) + A2(b)
ory access timé& is known. ThereforeT is the key variable to

e Substituting the above expressions into (8), we obtain:
be modeled in this study. We adopt the same model as the one

used in [6], in computing the average memory access Time t = 1 %
. Az2(0) + Az2(b)
T = Pit; A2(0)T2 — %(n - 1))\2(0)27'22 1 l
; e Dmen TG RO

t +t2/ plx)dz + ... + tk-/ p(x)dz, (7) A uniprocessor system is a special case of an SMP. If we sub-
s1 P stituten = 1 into (9), we obtain a result identical to the one

presented in [6] for a uniprocessor system.
Similarly, if n processors share disks through an I/O bus, the
average access time to the disks can be modeled as:

where P; andt; are the access probability and the average ac-

cess time respectively to the memory hierarchy atithdevel,

i = 1,..., k. Simultaneous accesses to the same level of the mem-

ory hierarchy from several processors cause contention, and make

the average access time to that level significantly higher than that i3 =

without contention. The average access time varies due to varia-

tions of network architectures and of the number of simultaneous wheres is the access rate to disks, is the access time to a disk

accesses. without contention, and we assume that all barrier operations are
In an SMP, each processor has its own cache. Since the cachgerformed in the main memory.

is dedicated to each processor, the average access time to it from  SinceXz(o0) > A2 (b), we havehy = Az(0)+A2(b) = Xz2(0).

its own processott() is a constant, and equals to the cache access Substitute (9) and (10) into (7), and transform it, we obtain the

time without contention;). The average access time to the main average memory access tififor an SMP:

memory ¢-) is determined by the accesses to ordinary variables

T3 — %(n — 1))\37'9;2

1-— (n — 1))\37’3

(10)

o) (oo}

and accesses to variables used for barriers, and is modeled as: T = ¢+t / p(z)dz + ts / p(z)dz
381 82
to Potz(o) + Pbtz(b), (8) 1 Nor — %(n B 1))\37_22

whereP, and P, are the access probabilities to ordinary and bar- = n+ 7_5( 1 (n—1)hers
rier variables, and» (o) andt.(b) are the average access times L 5 9
to ordinary and barrier variables, respectively. Assume the ac- Asts —(n—DAgms 11 4.+ l) (11)
cess rate to the memory for ordinary variables from a processor 1—(n—1)As7s 2 3 n’’

is A2(0). The access time to the memory without contention is & \here
constant £z). The accesses to the memory byrocessors can - -
be modeled as a memoryless, general, and one-server (M/G/1 M
yiess, g ' ( ) A2 = p(x)dx x S =~S p(x)dz,
+M J,

gueue [7], and the average access time is approximated as: m &
£2(0) = T — 3(n — 1A2(0)75 and similarly, _
= Do o= [ s
We denote the barrier time in processs X;, and X as so
the barrier cycle time of the whole system. We haVe = The derivations of various timing models f for the clus-
maz{X1, X2, ..., X, }. Using Order Statistics [7, 9], we have ter of workstations connected either by bus-based networks or
the expectation oK: switch-based networks, and the cluster of SMPs connected by
n bus-based or switch-based networks are presented in [3] due to
E[X] = 1 Z 17 the page limit.
Az(b) = Because our target solution variables are integer types in (5)

and (6), the optimization is a typical integer programming prob-
lem. Fortunately, in the real world, the problem domain is not
very large, because is a small number for an SMP, ard is
t2(b) = B[X] — L. also not a large number for a cluster, especially as the power of
A2 (b) each machine has rapidly increased. We can determine these in-
Then, the average access time to barrier variables is expressed arseger varla_bles and solve the optimization problem by enumer-
ating solutions, and choosing the best as the optimal solution.
0 ifn=1 The quality of our predicted solutions are determined by the cor-
ﬁ(b)(% + ot %) if n>1. rectness and the accuracy of the model in predicting the average

where\.(b) is the access rate to barrier variables. Thus, the av-
erage (waiting) time for a barrier is:

t2(b) =



memory access timd; for each of the three cluster platforms.
For given architectural and application program parameters, the
average memory access tim&sjn the three types of cluster plat-
forms, can be modeled and predicted. Consequently, the average
execution time per instructiod (Instr) is determined. By enu-
merating all practically possible’s, the numbers of processors

in each machine¥N’s, the number of machines in the cluster, and
types of networks with the aid of numerical calculations, we can
determine an optimal cluster platform for a given budget, and for
a given class of parallel applications.

5 Simulation Experiments

We validate the accuracy of the model in this section by com-
paring the model results with the simulation results.

5.1 Simulators

We used MINT [10] (Mips INTerpretor) as our simulation tool
since our interest is primarily in the memory hierarchies of clus-
ters. MINT provides a program-driven simulation environment
that emulates multiprocessing execution environments and gen-
erates memory reference events which drive a memory system
simulator, called the Back-end. We developed five hierarchical
memory system simulators, which correspond to the five parallel
platforms using bus-based and switch-based networks, to serve
as the back-ends of MINT. The simulators were run on an SGI
workstation. By varying the configuration parameters such as the
sizes of each level of memory hierarchy, we obtained the simu-
lated execution times for a given application.

The simulated memory hierarchy of a parallel system is the
one discussed in Section 2. For an SMP, we assume that a
snooping-based protocol is used to maintain the cache coherence
In detail, the cache line size is 64 bytes, the cache is two-way
set-associative, and the replacement policy is least-recently-used
(LRU). The write invalidation protocol is used as the cache co-
herence protocol. Two- and four-processor SMPs are simulated
because these configurations are used by many SMPs available i
the market. Disks are employed as the backup storage.

For a cluster of workstations, a directory-based protocol isem- .
ployed. The block size is 256 bytes. Each block of the memory ¢
has three states: shared, uncached, and exclusive. The states ar
identical to those in the snooping protocol. The state transition
and the transactions are also similar to the snooping protocol,
but with explicit invalidate and write-back requests replacing the
write misses that are formerly broadcast on the bus.

In a cluster of SMPs, the shared memory consists of two parts,
the local memory shared by multiple processors of an SMP, and
remote memory of other SMPs. To maintain the cache coher-
ence in such a system, we applied a hybrid protocol. A directory-
based protocol is used to maintain coherence among SMPs, and
a snooping protocol is employed to keep the caches in an SMP
coherent. We extend the directory in each node (SMP) to include
the processor id. The directory entries are shared by the two pro-
tocols.

The principal architecture parameters we used in the simula-
tors are given as follows. (They are represented in the unit of

cycles, and are consistent with the values given in [4] and [5]).

e The basic parameters

One instruction execution: 1.
Cache hit: 1.

Cache miss to local memory: 50.

Memory miss to local disk: 2000.
e The SMP system parameters

— Cache miss to remote cache: 15.
e The cluster of workstations parameters

— Cache miss to a remote node: 45075 (10 Mb Eth-
ernet), 4575 (100Mb Ethernet), and 3275 (155 Mb
ATM switch).

— Cache miss to remotely cached data: 90150 (10 Mb
Ethernet), 9150 (100Mb Ethernet), and 6550 (155 Mb
ATM switch).

e The cluster of SMPs parameters

— Cache miss to local memory: 50.
— Cache miss to remote cache within an SMP: 15.

— Cache miss to a remote node: 45078 (10 Mb Eth-
ernet), 4578 (100 Mb Ethernet), and 3278 (155 Mb
ATM switch).

— Cache miss to remotely cached data: 90153 (10 Mb
Ethernet), 9153 (100 Mb Ethernet), and 6553 (155
Mb ATM switch).

5.2 Applications

We used three SPLASH-2 computational kernels [11] and one

edge detection program [12] as our applications. TheyF&E,

A_U, Radix andEDGE We selected them as our benchmarks be-
cause the three SPLASH-2 kernels are representative components
of a variety of computations in scientific and engineering comput-
ing, while EDGE is a real-world application which detects edges
foman image map.

e TheFFT kernel is a complex 1-D six step FFT algorithm.
The data consist of some complex data points to be trans-
formed, and another set of data points used as the roots of
unity. Both sets of data are partitioned into submatrices so
that each processor is assigned a contiguous subset of data
which are allocated in its local memory.

e TheLU kernel factors a dense matrix into the product of a
lower triangular and an upper triangular matrix. The dense
matrix is divided into blocks and the blocks are assigned
to processors using a 2-D scatter decomposition to exploit
temporal and spatial locality.

e TheRadix sort kernel sorts integers based on a method pro-
posed in [1]. The algorithm is iterative, performing one it-
eration for each radix digit of the keys.



e Edge detection(EDGE): The parallel edge detection pro-

gram we used is from [12]. This program combines high | Program|[ Problemsize [ o | 6 | v |
positional accuracy with good noise reduction. The algo- FFT 64K points 1.21 | 103.26| 0.20
rithm iterates over four steps: (1) blurring (2) registering LU 512 x 512 matrix | 1.30 | 90.27 | 0.31
(3) matching (4) repeating or halting. The algorithm is par- Radix | 1M integers, 1024 1.14 | 120.84 | 0.37
allelized by partitioning the image in rows among multiple EDGE | 128 x 128 bitmap | 1.71 | 85.03 | 0.45

processors. A barrier is performed after each iteration.

Using the simulators, we first collected the memory access Table 2: Characteristics of the 4 programs.

traces on one processor for the four applications. The traces were
analyzed to present each program’s temporal locality, and to pro-
duce the stack distance curves. Using the standard least square
techniques, we fit equations (1) and (2) to the data, and deter-
mined the values af and g for the applications.

We first collected the values ef and 3 of the four applica-
tions on a one-processor system. As we know from the discussion
on parallel program structures in Section 3, when an application
program is symmetrically distributed and run anprocessors,
its maximum stack distance reduces approximately by a factor
of n, and the cumulative access probability at the corresponding

ﬁ1emory access, the maximal number of processors of an SMP is
getting smaller. The cache sizes for them are usually 256 or 512
Kbytes, and the main memory sizes are 64 or 128 Mbytes. We
selected these commonly used SMP configurations to verify the
accuracy of the model. Table 3 lists these configurations.

| Name [ n | Cache [ Memory |

reduced distance remains almost unchanged. Thus, if the cumu- Cl | 2 | 256KB | 64MB
lative probability function for an application running on a one- c2 2 | 512KB | 64MB
processor system is in the form of (1), then the cumulative proba- C3 | 2 | 256KB | 128MB
bility function for the same application running omaprocessor C4 | 2 | 512KB | 128MB
system can be approximated by C5 | 4| 256KB | 128MB
C6 4 | 512KB | 128MB

(nz/B+1)2~" Table 3: Selected SMPs (the CPU speed is 200 MHz).

We use the above revised formula as the approximation in the fol-

lowing model computation when there is more than one processor

in the system. The parameter values of the four applications are ~ Figure 2 presents the modeled, simulated average execution
listed in Table 2. time per instruction £ (Instr)). The time unit is10~%, 1075,

The value ofy gives the ratio between the number of instruc-  10~7, and10~? second for FFT, LU, Radix, and EDGE respec-
tions involving memory accesses and the total number of instruc- tively. The results show that the differences between the simu-
tions of a program. This ratio provides information of memory lated results and modeled results are very small (less than 5%),
access frequency, but not of locality, which is determinedhby ~ which means that the model is sufficiently accurate when mod-
andg. A program with good locality accesses data in a relatively eling the SMPs. The difference comes from the approximation
short distance of the memory hierarchy. This good locality fea- of the probability functionP(z) in comparison with the actual

ture is characterized mainly by a low value @f(increasinga reference probabilities.
could also improve the locality). For example, program EDGE The overhead of cache coherence is another factor. We do
has the highest memory access frequency=(0.45), but it has not take into account the effect of cache coherence activities in

the best program locality considering its highasvalue (1.71) the modeling. Modeling this process is very difficult and will
and lowest3 value (85.03). On the other hand, program Radix make the model too complicated to use. In the simulation, we
has the worst program locality among the 4 programs because itevaluated the memory bus traffic caused by the cache coherence
has the lowesty value (1.14) and the highegtvalue (120.84). protocol. It is 6.3%, 4.7%, 7.2%, and 2.1% of the total traffic on
In a separate study, we have also examined the program localitythe bus for applications FFT, LU, Radix, and EDGE, respectively.
of the TPC-C commercial workload with a relatively small scale It indicates that it only affects performance slightly. That is the
data set on an SMP multiprocessor, and found that the value of reason why the modeling results are still close to the simulated
3 is over 10 times higher than that of any scientific programs we ones even though we do not model the memory bus traffic caused
presented in this papet = 1.73, 3 = 1222.66 and~y = 0.36. by cache coherence activities.

The3 value continues to increase as the size of the workload data

setincreases. )
5.3.2 Clusters of workstations

5.3 Model Validation

The cluster of workstations is constructed as a shared-memory
system. The shared memory image is assumed to be supported
by a software layer. Compared with SMPs, the cluster of work-
Bus-based SMPs with 2 or 4 processors are very popular in the stations has an additional memory level above the shared mem-
market. Due to the speed gap increase between the CPU and thery, the local memory. The local memory absorbs most of the

5.3.1 SMPs
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Figure 2: Comparisons of modeled and simulated Figure 3: Comparisons of modeled and simulated
E(Instr) on SMPs. E(Instr) on clusters of workstations.

references to the higher level (remote memory). So the overall 5.3.3 Clusters of SMPs

memory traffic on the cluster bus/switch is relatively low. But

since the shared memory is composed of the local memory of all We used SMPs with two CPUs and four CPUs to build the clus-
workstations, the shared memory coherence overhead is not reter. The network varies from a traditional 10Mb bus, through a
duced. In addition, larger block sizes and longer shared memory 100Mb bus to a 155M switch ATM. Table 5 lists the platforms we
access latencies incur additional cost. All make the coherence Used in the validation.

overhead effect on the performance more significant than those
in SMPs. This overhead must be considered in the performance

| Name|[ n | N | Cache| Memory | Network |

evaluation.
Cl2 [ 2| 2 | 256KB | 64MB 10Mb bus
C13 | 2| 2 | 256KB | 128MB 100Mb bus
[ Name| N | Cache [ Memory | Network | Cl4 | 4 | 2 | 256KB | 128MB | 100MD bus
C7 | 2 [ 256KB | 32MB 10Mb bus C15 | 4| 2 | 256KB | 128MB | 155Mb switch
C8 | 4 | 256KB | 64MB 100Mb bus
C9 4 | 512KB | 64MB 100Mb bus Table 5: Configurations of selected clusters of SMPs (the
Cl10 | 4 | 256KB | 64MB | 155Mb switch CPU speed is 200 MHz).
Cl11 | 8 | 512KB | 64MB | 155Mb switch

Table 4: Selected clusters of workstations (the CPU speed |, 5 ay similar to the arrangement to the cluster of worksta-

is 200 MHz). tions, we adjusted the access rates to the remote memory in order
to compensate for the overhead caused by coherence activities,
which are not modeled in our formulas. We still adjusted the rate
There are two general ways to address this problem by adjust- by a factor of 12.4% for each application. Figure 4 presents the
ing the model parameters: (1) adjusting the average access timecomparisons. The time unit is the same as that in Figure 3. The
to the remote memory, and (2) adjusting the average access ratefifference is within the range of 8% for all applications.
to the remote memory. The second approach seems more reason-
able in our scenario, and we used it. In summary, through validation, we find that the modeled sys-
We selected five cluster platforms (C7 to C11) as shown in temis sufficiently close to the simulated system. For the cluster of
Table 4; we then modeled, and simulated the execution of the Workstations and cluster of SMPs, an adjustment of 12.4% of the
four applications on them. Through experiments, we find that by access rates to the remote memory makes the difference between

adjusting the average remote memory access rate by a factor ofthe modeled results and simulated results reduce to less than 10%,
12.4%, the differences between modeled results and simulated re-which is acceptable in most application environments. However,
sults for all applications are below 10%. Figure 3 presents the re- comparing the computation time needed for simulation and mod-
sults with such adjustments. The time unitis 7, 107, 109, eling, the difference is extremely high. The modeling compu-

and10~° second for FFT, LU, Radix, and EDGE respectively. tation for each of all the above configurations took between 0.5
and 1 second, and required only about a hundred bytes of mem-



G--©FFT (Model)
G—oO FFT (Simulation)
5 | &--6 LU (Model)
&—= LU (Simulation)
\ 3 - - &1 Radix (Model)
g | \ E—F Radix (Simulation) |
1S \ /x--AEDGE (Model)
= A——A EDGE (Simulation)
83l
5
[&]
%
w2
1 L
Cl2 C13 Cl14 Ci5
Configurations of clusters of SMPs
Figure 4. Comparisons of modeled and simulated

E(Instr) on clusters of SMPs.

ory. In contrast, it usually took more than 20 minutes to obtain
one simulation result, let alone the time spent on developing the
simulators.

6 Case Studies

In [3], we give three case studies on how to use the cost model
to guide the design of a cost effective parallel platform for a
specific kind of workload (applications). The first case is for a
small budget ($5,000) request, which can only financially cover a
cluster of workstations rather than SMPs, considering the current
market prices for SMPs. In the second case, we consider a bud-
get as high as $20,000. This budget provides the designer with
more choices for the configuration, meanwhile making the deci-
sion even harder without the support of any analysis tools. The
third case study illustrates how to use the cost model to upgrade
an existing system when additional money is available.

We show that the execution performance of a parallel program
could vary significantly on different cluster platforms of the same
cost. For example, the execution times of the FFT program were 4
times higher on a slow Ethernet of workstations than that on a fast
ATM network of workstations, where the number of workstations
in the Ethernet cluster is 4 and each workstation has a 200 MHz
CPU and a 64 MB memory, and the number of workstations in
the ATM cluster is 3 and each workstation has a 200 MHz CPU
and a 32 MB memory.

Our study also shows that the length of the memory hierar-
chy is the most sensitive factor to minimize the execution time
for many applications. This factor is playing a more important

of memory hierarchy and system cost. Here are some principles
we obtained from the study, and recommend to follow in building
a cost-effective cluster system:

¢ Ifthe workload is highly CPU bound indicated by a smgall
and has a good program locality & 100), data accesses to
higher levels of the memory hierarchy will be rare. Thus, an
optimal cluster choice would be a slow network of a large
number of high-speed workstations. Program LU is an ex-
ample.

If the workload is highly CPU bound indicated by a small
and has a relatively poor program locality & 100), data
accesses using the network will be frequent in a network of
workstations. Thus, an optimal cluster choice would be a
fast network of a small number of high-speed workstations.
Program FFT is an example.

If the workload is memory bound indicated by a largéout

has a good program locality(< 100), data accesses are
likely kept within a computing node. Thus, an optimal clus-
ter choice would be a slow network of workstations with a
large capacity of memories. This platform will take advan-
tage of both parallel computing among CPUs and parallel
data accesses among memory modules. Program EDGE is
an example.

If the workload is memory bound indicated by a large
and has a relatively poor program locality & 100), data
accesses to higher levels of the memory hierarchy will be
frequent. A choice of SMPs would minimize the execution
time of this type of workload although the number of pro-
cessors could be limited. Program Radix is an example.

If the workload is both memory and 1/0O bound indicated
by a largey, and by a very largg, the computation would
mainly depend on the performance of data transfer through
a network. Thus, an optimal choice would be an SMP or
a fast cluster of SMPs. Commercial workload TPC-C is an
example.

Regarding the system upgrading, we recommend that
money be first spent on increasing cache/memory capac-
ity to reduce the network usage. If the network activities
are more or less independent of the cache/memory capacity,
upgrading the cluster network bandwidth should be the first
priority.

7 Conclusions

We have developed an analytical model to help cluster
builders and users to quickly determine an optimal platform for a

given budget and for certain types of application workloads. We
are currently working on three supporting tools and integrating

role as the speed gap between processors and memory hierarchthem together: (1) an efficient tool to collect application program

access continues to widen, and as the memory hierarchy length
continues to increase. However, the interconnection network cost
of a tightly coupled system with fewer levels of memory hierar-

chy, such as an SMP is significantly more expensive than a normal

memory access traces, (2) a trace analysis tool to compute the
application parametess, 3, andvy, and (3) a tool to support the

generation of all possible cluster configurations meeting the bud-
get requirements. We believe software that integrates these tools

cluster network connecting independent computer nodes. The es-will provide a timely and effective vehicle to support the design
sential issue to be considered is the trade-off between the distanceof cost effective parallel cluster computing.
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