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Abstract

A case study of performance and dependability evalua-
tion of fault-tolerant multiprocessorsis presented. Two spe-
cific architectures are analyzed taking into account system
functionality, actual workloads, failures of system compo-
nents as well as the inter-component dependencies. Since
the eval uation of such complex systems hasto be performed
already during the design phase, simulation models are de-
veloped and used to provide insight into the system behav-
ior and to uncover weak points and bottlenecks. Object-ori-
ented software design and process-oriented simulation
techniques are used for model construction allowing so-
phisticated performance and dependability analysis of
massively parallel systems.!

Keywords: performability analysis, reconfiguration poli-
cies, workload modeling, simulated fault injection

1. Introduction

Multiprocessors become more and more important to
solve computationally extensive and time-consuming prob-
lems in science, industry, and engineering. Since failure
probability increases with rising number of components,
fault tolerance is an essential characteristic of massively
paralel systems,; they have to provide redundancy and
mechanisms to detect and localize errors as well as to re-
configure the system and to recover from error states. These
fault tolerance mechanisms are typical features of the so-
called gracefully degrading systems that continue working
with deteriorated performance if componentsfail.

Computer systems have to be evaluated as early as pos-
siblein order to compare alternative design approaches and
to facilitate the change of acurrent design, i.e., methods are
needed to analyze the target systems already during the ear-
ly design phase. Since the real system is not available for
benchmarking or monitoring in this stage, the system de-
signer hasto rely on theoretical methods such as analytical
and simulation models.

1. This paper is submitted to Euromicro’s 4th Workshop on
Parallel and Distributed Processing PDP ' 96,
Braga (Portugal), January 1996

To reflect the important features of multiprocessors we
have devel oped simulation-based models of the target sys-
tems including their essential functionalities (e.g. the
scheduling and routing mechanisms), actual workload,
and fault tolerance mechanisms. Number-crunching algo-
rithms solving scientific problems represent typical work-
load for the target systems. Additionally, fault tolerance
mechanisms developed for the real multiprocessors are
implemented and tested via the simulation models.

We want to emphasize the fact that performance and
dependability are not analyzed separately, but a perform-
ability analysis- acombined performance and dependabil -
ity analysis- of the overall systemisconducted (Fig. 1). In
Chapter 2. the modeling approach is discussed. The target
systems and their simulation models are presented in
Chapter 3. The systems are analyzed in Chapter 4. and a
summary including an outlook is given in Chapter 5.
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Fig. 1 Performability Analysis

2.  TheModeling Approach

Smulation models of the target architecture are power-
ful means delivering accurate results and avoiding some
constraints of analytical modeling such as state-space ex-
plosion and unrealistic simplifying assumptions, for in-
stancethe‘ memoryless' property in Markovian models. In
comparison to Petri net- and Markov-based analytical
models, simulation-based models offer greater accuracy



and flexibility. Surveys of different modeling techniques
and various tools can be found in [6], [11].

In order to perform a sophisticated analysis of fault tol-
erant multiprocessors the system-level smulator SmPar
has been developed for performance and dependability
evaluation [5]. To implement SmPar the Depend tool [3]
is taken as the underlying simulation engine which pro-
vides basic components such as simulation classes for
fault-tolerant servers and link connections. It has success-
fully been used for the analysis of a TMR-based system and
for the simulation of software behavior under hardware
faults [4]. SmPar provides new enhancements to facilitate
the model development and the performance and depend-
ability analysisof massively parallel fault tolerant systems.

The main characteristics of the modeling approach are
process-oriented simulation and object-oriented software
design. Another essential feature is the fault injection into
components of the simulation model in order to interrupt
and disturb their regular and predefined behavior.

The behavior of the system is modeled by light-weight
processes. The process-oriented approach provides an in-
tuitive model devel opment in depicting the system from the
point of view of a participating entity. Therefore, itiswell-
suited for the design of large-scale models and for the mod-
eling of complex inter-component dependencies. A com-
prehensible introduction into the technique of process-
oriented simulation can be found in [10]. The overall sys-
tem behavior is described by acollection of asynchronous-
ly interacting processes. Processes depict the function-
alities of the system components such as processors and
switches. Besides, the process-oriented simulation envi-
ronment allows actual user-defined distributed programs
(written in C or C++) to be executed within the simulation
model to perform detailed analysis and to test the efficiency
of implemented fault tolerance algorithms. These programs
represent user-defined workload such as distributed numer-
ical algorithms as well as system software for routing and
reconfiguration tasks.

Object-oriented design is the construction of a software
system as a structured collection of abstract data type im-
plementations [8]. Data abstraction and inheritance are
central features of the object-oriented software design of
large-scale model s representing massively paralel systems
[7]. Reusahility and scalability of the models are supported
by the possibility of inheritance and derivation. In several
phases of inheritance and derivation, very powerful and
specialized classes can be provided by keeping an hierach-
ical and clear model design without reimplementing every
class from scratch. Additionally, the class hierarchy facili-
tates the reusability and maintainability of complex simu-
lation models by hierarchical model construction and step-
by-step refinement.

In accordance with the object-oriented software design
[8] classes are implemented in the object-oriented lan-
guage C++ encapsulating the functionalities of the proces-
sors, switches, and links. Objects of the ssimple classes are
combined to the highly complex structures of multiproces-
sors. When the model of the target multiprocessor isinitial-
ized, objects of these classes are instantiated and
dependencies between the obj ects are defined depicting the
characteristics of thereal system. The physical connections
between the processors, switches, and links are simulated
via logical dependencies between corresponding objects.
The model can easily be modified, for example, by replac-
ing the current class of the processor by another class, sm-
ulating the real processor in more detail or representing a
completely different type of processor.

Faults can be injected in objects of every basic class,
disturbing and interrupting the predefined fault-free behav-
ior in order to examinetheinfluence of faultson the overall
system. The model designer can define his or her own fault
model by assigning functionsto the basic classeswhich are
called as soon as faults are injected; if no such fault func-
tion is defined, the implemented default fault model is as-
sumed which is outlined in Section 3.3.

3. TheTarget Architecturesand their
Model Representation

In this chapter we describe the architectures of two mul-
tiprocessors as well as the respective simulation models.

3.1 Distributed Shared-Memory Architecture

MEMSY (Modular Expandable Multiprocessor Sys-
tem) isamassively parallel multiprocessor architecture de-
veloped at the University of Erlangen-Nurnberg for large-
scale scientific and technical computations, based on the
concept of distributed shared communication memory [1],
[2]. Itsprincipal design goal isto enhance the shared mem-
ory paradigm with the possibility of unlimited scalahility;
thisis achieved by the arrangement of processing nodesin
an easily extensible, regular structure. Only the communi-
cation memory and the interconnection network for ac-
cessing the shared memory modules consist of specialized
hardware. The processing nodes are built from state-of-
the-art microprocessors.

The processing nodes form atopology with constant |o-
cal interconnection complexity: Toroidal grids of tightly
coupled nodes are stacked so that each node of an upper
level has access to the communication memories of the
four nodes directly below. Asthe number of nodes of each
level isfour times smaller than the number in the grid be-
low, the global structure resembles a pyramid. Scalability
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is possible due to the constant local connectivity: The
structure can be extended by adding more levels of gridsor
by enlarging the number of nodes per grid. An experimen-
tal prototype of MEMSY is currently operating; it contains
20 (4+16) nodesin two levels (see Fig. 2; the toroidal con-
nections are not shown). Each processing node consists of
a standard Motorola MVME188 board system (with four
MC88100 RISC CPUs) plus additional hardware for the
memory interconnection.

Thefact that each MEM SY-node is afull-fledged paral -
lel computer is also reflected by the operating system
MEMSOS: Per node a standard UNIX System V kernel is
running with symmetric multiprocessing capabilities (re-
ferring to thefour CPUs) aswell as extensionsfor accessto
the communication memory, inter-node-interrupts, and
management of applications with processes distributed
over various nodes. Because the nodes are running a multi-
user, multi-tasking operating system, and are accessible
through standard network services like Telnet and Remote
Login, itisnot unusual that someor al nodes are shared be-
tween several distributed applications and other user-ori-
ented processes like editors or compiler jobs. In general,
this is not a problem because four CPUs are available per
node. However, from the viewpoint of an application it is
possible that one or more nodes participating in computing
are slowed down due to heavy load and the fact that appli-
cation processes have no special priority compared to other
UNIX-processes running on a node. The impact of such
performance degradation of the nodesinvolved in an appli-
cation isinvestigated in Section 4.1.

3.2 M essage-Passing Ar chitecture

The target message-passing architecture is a Parsytec
GC multiprocessor [9]. This massively parallel machineis
designed for scientific and technical applications requiring
huge computing power. High performance is achieved by
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Fig. 3 Data Network of the Parsytec GC

the large number of processing elements and their inter-
processor connections providing high bandwidth. In addi-
tion, this system takes into account the increasing proba-
bility of a failure of system components. Redundant
processors may replace faulty ones and the communica
tion paths are redundant to reduce communication delays
aswell asto tolerate failures of links and switches. The ar-
chitecture consists of a data network forming a three-di-
mensional grid on which the user application runs. The
nodes are connected to every neighbouring node via 8
communication links. Each of the nodes corresponds to a
cluster containing 17 INMOS T9000 processors which are
redundantly connected via four crossbar-like INMOS
C104 routing switches (Fig. 3). Only 16 out of the 17 pro-
cessors of acluster are used for application programs; the
17t processor serves as spare component. Besides, an ad-
ditional network - the so-called control network which is
not shown in the figure - supervises and controls the com-
ponents of the data network.

33 Simulation M odels

The following three model components are the basic
constituents of the overall simulation model providing the
essential functionalities of the target components as well
as default fault models. The model designer can define an-
other fault model for all the basic objects by simply writ-
ing functions which are called when afault isinjected:

« The processor object P is supposed to perform process-
es, to schedule them, and it hasto receive and send mes-
sages. If the model designer does not provide another
fault model, P gjects any jobsin progress and stops han-
dling messages as soon as a fault isinjected.

¢ Therouting switch object R receives and forwards mes-
sages in accordance with a predefined routing scheme.
A faulty switch no longer communicates with its links,
and all messages buffered in the switch are lost.

« Thelink object receives messages at aport and forwards
them to another port. When alink object isinjected by a
fault, it stopsforwarding messages from theincoming to
the outgoing port or the messages are corrupted.
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Fig. 4 Basic Objects of the Simulation Models

The relationships and dependencies among the basic
components of the simulation environment represent the
topology and functionality of the target system. Based on
the three basic components more complex objects are cre-
ated which model parts of the multiprocessor such as the
clusters of the Parsytec GC consisting of 17 processor ob-
jectsand 4 routing switch objects connected by link objects
(object CLU in Fig. 4 and Fig. 5).

Similarly, 5 processor objects and severa link objects
are combined in an object representing the smallest unit of
the MEMSY topology (object PYR in Fig. 4 and Fig. 6).

After the user has defined the number of clusters in the
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Fig. 5 Object MPgc: Model of the Parsytec GC
(only two of the three dimensions are sketched)
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Fig. 6 Object MP,;: Model of MEMSY

three spatial dimensions of the data network, the required
set of cluster objects CLU isinitialized and the topol ogy of
the Parsytec GC is automatically modeled by defining the
communication paths between the clusters. The model of
MEMSY isinitialized in asimilar way; the user inputs the
number of basic pyramids in the two dimensions, and the
according pyramid objects PYR are initialized and put to-
gether. Thefinal objects MPg and MP), are models of the
overall target multiprocessors (Fig. 5 and Fig. 6).

The multiprocessor objects MPg and MP), are totally
scalable by varying the number of clustersand pyramidsin
the three respectively two dimensions of the networks.
These objects are the interfaces to the user-written control
program, i.e., the user has to call methods of these objects
to load user-defined processes on the processors. These
processes can be real distributed application programs as
well as operating system routines. Besides, programs to
perform fault diagnosis and reconfiguration of the simulat-
ed multiprocessor can run concurrently to distributed
number crunching algorithms modeling realistic work-
load. In the Parsytec GC model MPg- messages are sent
from the sending processor object through the intermedi-
ate link and switch objects of the network to the receiving
processor object. Asin the target system, successfully re-
ceived messages are acknowledged.

Additionally, the MPg- and MP), objects provide
methods to define the fault injection, to get information
about the current system state, and to output fault reports.
The system analyser defines and controls the experiments
by simply calling methods of these objects.

4. Reaults

In this section we present the two specific analyses of
our target multiprocessor architectures performed by using
the SmPar simulation models.

4.1 I mpact of Node Per for manceDegr adation
on Execution Timeson MEM SY

Each MEM SY-node consists of four CPUs - but from
the viewpoint of the application programmer they are con-
sidered as one computational resource. A MEMSY appli-
cation takes full advantage of the computing power of a
node by creating several UNIX-processes per node; as
long as no other jobs are started on the node, up to 4 pro-
cesses are running completely parallel. Because accesses
to the communication memory are satisfied directly by the
hardware (i.e. the memory management units and the sys-
tem bus), the load generated by the operating system is
negligible after an initialization phase. If however more
than four processes per node have to be scheduled, the op-



erating system distributes the CPUs in atime sharing man-
ner among the processes. With regard to a single
application, this can be considered as performance degra-
dation of the node: For each additional process started, the
computing power available for one specific application is
diminished.

In order to investigate the impact of the performance
degradation of one or more nodes due to application-exter-
nal load under controlled conditions, a typical distributed
algorithm solving the many-body-problem has been exe-
cuted onthe MEM SY simulation model. Thisalgorithm re-
quires a complete information exchange between all nodes
after every computing phase; taking into account the dis-
tributed memory structure of MEMSY, this is realized as
distributed broadcast exploiting the toroidal connection
within the grid-level. Between the computing phases, the
processes exchange data packets of varying size with
neighboring nodes via their communication memories by
performing ring-shifts in horizontal and vertical direction
until the information from all the other nodesis available at
each node of the grid.

The influence of application-external load was simulat-
ed by decreasing the number of CPUs working for the ap-
plication; the following cases were taken into account:

e exp_0: noexterna load, all CPUsworking for the
application.

e exp_1: 1CPU on 1 node was taken from the
application.

e exp_2a: 2 CPUs on 2 different nodes were taken from
the application.

e exp_2b: 1 node was working for the application with
only 2 CPUs.

e exp_3a: 3 CPUs in 3 different nodes were withdrawn
from the application.

e exp_3b: 2 CPUs in 1 node and 1 CPU in another node
were unavailable for the application.

e exp_3c: in 1 node, only 1 out of the 4 CPUs was
working for the application.

The experiments have been conducted with two differ-
ent message sizeson asystem with four basic pyramids; the
results are shown in Table 1. In the experiment with larger
message size, the total runtimeislessincreased - this can
be explained by the fact that the nodes are exchanging mes-
sages for the most part of the time and the reduced node
performance has no significant impact on the overall run
time. The experiments have shown clearly that the overall
run time of the application depends to a high degree on the
slowest node involved in the computation - it is for exam-
ple considerably worse to have only 2 CPUs in 1 node
(exp_2b) participating in the application than 3 CPUs in 3

different nodes (exp_3a). Besides, the impact of the appli-
cation-external load is not at all negligible: Deterioration
of thetotal run time of more than 30% if only 1 node of the
A-level contributes to the application with 3 instead of 4
CPUs indicates that measures should be taken to compen-
sate for the additional load or to restrict the number of the
additional processes (see Table 1).

small messages large messages
runtime || absolute | relative || absolute | relative
exp_0 222286 | 1.0 264.158 | 1.0

exp_1 30.2822 | 1.3623 || 265.158 | 1.0038

exp_2a | 311584 | 14017 || 265.958 | 1.0068
exp 2b || 38.7822 | 1.7402 || 267.283 | 1.0118
exp_3a || 315528 | 1.4195 || 266,587 | 1.0092
exp_3b || 387822 | 1.7447 || 268.083 | 1.0149
exp_3c || 637822 | 2.8604 || 276.742 | 1.0476

Table 1 Results of the Simulation Experiments

Referring to the operating system MEM SOS, a specia
run-queue with increased priority for the processes in-
volved in distributed applications could be a possibility to
avoid exaggerated slowdown of computations. Another
method currently under investigation is the utilization of
the B-level-nodes as ‘ spare-processors - if one of the A-
level-nodes gets overloaded to an intolerable extent, the
belonging B-level-node could either ‘lend’ one or more of
its CPUs or take over the task of theloaded node complete-
ly. The integration of adaptive load-balancing into the op-
erating system seems to be desirable - future experiments
withthe MEMSY simulation model MPy, will be useful to
investigate possible strategies.

4.2 Evaluation of Reconfiguration Policiesin
a M essage-Passing Ar chitecture

The Parsytec GC system is analyzed by injecting faults
into the processors of the SmPar model. After error detec-
tion and localization of the faulty component, the system
has to be reconfigured, i.e., spare processors replace faulty
processors and continue their tasks. Each of the clusters
contains a 171" processor as spare (cf. Fig. 3). Asthe user
is shielded from the actual network topology and the sys-
tem isreconfigured automatically, areconfiguration policy
has to be specified and implemented in order to determine
the spare processor to replace the faulty processor depen-
dent on the state of the overall system.

Loss of performance in terms of longer execution time
can be caused by the following reason: Processes running



on physically neighboring processors exchange messages
relatively fast. After a reconfiguration these processes are
possibly assigned to not-neighboring processors, i.e., they
belong to different clusters of the multiprocessor; commu-
nication between processes assigned to different clusters
cause time-consuming intercluster data exchangesincreas-
ing the overal run time of the application program.

Different reconfiguration policies are considered and
compared with regard to application programswith various
communication patterns. ldentification numbers are as-
signed to the clusters ranging from 0 to number_of _clus-
ters-1. We assume that a processor failsin cluster fcl and a
spare processor is selected in cluster scl; fcly, fcly, and fcl,
are the grid coordinates of cluster fcl. The distance d be-
tween two processors corresponds to the distance of the
clusters the processors belong to; d is defined as:

d= ‘fclx—sclx‘ + ‘fcly—scly‘ + ‘fclz—sclz‘

Thefollowing six reconfiguration policies are eval uated
in the experiments described in this chapter:

* rec_a: The spare processor is chosen according to the
internal order of the clusters. If the spare processor of
cluster O isintact and free, it replaces the faulty proces-
sor; otherwise, if the spare processor of cluster 1 is till
intact and free, it is selected; otherwise the spare proces-
sor of cluster 2 is checked, etc.

* rec_b: The spare processor of cluster fcl takes over the
processes of the faulty processor, if it is fault-free and
unused. Otherwise, the clusters fcl+1, fcl+2, fcl+3,etc.
are searched for an available spare processor.

e rec_ c. The cluster is randomly chosen until a cluster
scl with an unused and intact spare processor is found to
replace the faulty one.

* rec_d: The spare processor of cluster fcl replaces the
faulty processor (scl = fcl), if it is fault-free and unused.
Otherwise, a spare processor is selected in the cluster scl
with minimal distance d to cluster fcl.

e rec_e: Policy rec_eis a variant on rec_c: Again, the
gpare processor of cluster fcl replaces the faulty
(scl =fcl), if it is fault-free and unused. Otherwise, an-
other cluster is randomly chosen which still contains a
Spare processor.

e rec f: Thispolicy isthe contrary of rec_d and is used
for comparison purposes. After the failure of anon-spare
processor of cluster fcl, rec_f determines a cluster scl
which contains a spare and has maximum distance d to
cluster fcl, i.e., the communication paths become aslong
aspossible.

Simulating a system with 8 clusters, the processes are
mapped on the processors and the applications are running
on the 128 processing nodes. First, we have measured the

mean run time Ty of the distributed application without
processor failures; thistimes are compared with mean run
times T, after k processors have failed, and after fault di-
agnosis, reconfiguration, and recovery have been carried
out. The results presented are given in ratio of mean run
time R, = T,/T,.Intheoptimal case, at most one proces-
sor per cluster fails and is replaced by the spare processor
of the same cluster keeping short communication distanc-
es. A primitive reconfiguration algorithm not considering
this issue of close or long communication distances in-
creases the communication overhead. Additionaly, if
more than one processor per cluster fails, spare processors
of other clusters, which are selected in accordance with the
predefined reconfiguration policy, have to take over the
processes.

Most of the numerical agorithmsimplemented on mul-
tiprocessors can be characterized by a loop containing a
computation phase and a communication phase for data
exchange:
while (result accuracy is not sufficient) {

compute () ;
/* phase I: compute on private data */

communicate () ;
/* phase II: exchange data */

Phase Il is responsible for the communication overhead
and can have alarge impact on the overall execution time
dependent on the message handling, the topology of the
multiprocessor, the size and the frequency of the messag-
es. We started algorithms with typical communication pat-
terns on the simulator MPg and analyzed the impact of
the reconfiguration policies on the execution times.

4.2.1. Linear Array Communication

A numerical algorithm is started on the simulated mul-
tiprocessor, whose communication patternisalinear array,
i.e., processi exchanges datawith processi+ 1 and process
i-1. This pattern is very common in parallel computation
of partially differential equations; the data is partitioned
among the processes and the border areas of the data have
to be exchanged between logically neighboring processes.
For this communication pattern it is straightforward to
construct an optimal mapping scheme allowing shortest
communication time and therefore shortest run time of the
distributed algorithm (Fig. 7a). Assoon asaprocessor fails
and the failure is detected, the system is reconfigured, the
processes are re-mapped following the predefined reconfi-
guration policy, and the distributed application isrestarted.
A faulty processor isreplaced by a spare processor aslong
as spare components are available. A possible communi-
cation pattern after reconfiguration is shown in Fig. 7b.
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Fig. 7 Linear Array Communication

A single processor failure has no impact on the run time
of the algorithm if reconfiguration policy rec_b, rec_d, or
rec_eis selected (Fig. 8). Thisis due to the facts that the
spare processor belongs to the same cluster as the faulty
processor and within a cluster the interprocessor con-
nections are symmetric and redundant (cf. Fig. 3), i.e,
there is no additional communication overhead caused by
the reconfiguration. The mean run time of strategiesrec b,
rec_d, andrec_eareclearly shorter than the mean run times
of rec_a and rec_c which show only minor differences for
any number of processor failures. rec_d requiresthe largest
administration overhead in determining the cluster with
smallest distance containing a spare processor but resultsin
the shortest run time. If 8 processorsfail in the system with
8 clusters the mean run time deterioration is about 2.2 per-
cent if using therec_d reconfiguration policy and about 3.9
percent for policerec_a, which is even worse than the ran-
dom selection of the spare processor (rec_c).

Comparing the ratios of the mean run times of policies
rec_candrec_ewe seethe positive impact of thevery sm-
ple policy inlooking for aspare processor in the same clus-
ter. The policy rec_e selects a spare processor at random if
no spare is available in the cluster of the faulty processor;
this strategy shows even better results than the policy to se-
lect a spare processor following the internal order of the
clusters (rec_b). Policy rec_f represents the worst case by
looking for a spare processor with maximum distance to
the faulty processor. Even in the case of a single processor

failure, the mean run time is decreased by 3.3 percent,
which shows alarger mean communication overhead than
in a system with 8 processor failures and reconfiguration
policy rec b, rec dorrec e.
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Fig. 8 Linear Array Communication (8 Clusters)

42.2. Cluster Internal Communication

This communication pattern takes into consideration
the cluster structure of the multiprocessor. A typical sce-
nario isthe assignment of only asingle cluster to every us-
er, i.e, a distributed application can be started on the
processing nodes of a single cluster but several clusters
cannot be alocated by the same user at atime and data ex-
change between processes initially assigned to different
clustersis prohibited.

After every computing phase a cluster internal data ex-
changetakes place. Every process exchanges datawith ev-
ery other of the 16 processes running on processors of the
same cluster. Initialy, there is no data exchange between
processes of different clusters and processes of different
clusters can be considered to be independent (Fig. 9a).
However, after reconfiguration processes can be mapped
on processors of other clusters resulting in intercluster
communications (Fig. 9b).

The analysesfor rec_a and rec_c show only minor dif-
ferences and cause longer mean run times than for the pol-
iciesrec b, rec_d,andrec_e (Fig. 10). Already inthe case
of asingle processor failurein a system of 8 clustersthese
policiesresult in an average deterioration of more than 6.3
percent. The mean run times of policy rec_b are slightly
larger than the ones of policy rec_e for 3 to 8 processor
failures. Policy rec f causes an increase of the mean run
time of 15.4 percent if only a single processor fails; this
valueiseven worse than the mean run times of al the other
policiesif 8 processors fail. The maximum relative loss of
performance - in the case of 8 processor failures- isin the
range of 8.8 percent (rec_d) and 18.2 percent (rec f).



.
: (0]
:
p
:
H

:
:
:
.
) :
:

=

T

.o
.
.
.

a) initial mapping of the processes

o \L
Q—: [N H
=1 TEZ
S :

b) possible mapping after reconfiguration

Fig. 9 Cluster Internal Communication

The ratios of mean run times measured in this cluster in-
ternal communication pattern are clearly larger than in the
previous example (Subsection 4.2.1.). The communication
requirements are more intensive; every process exchanges
messages with 15 other processes. If a faulty processor is
replaced by a spare processor of another cluster, a lot of
time-consuming intercluster communications has to be ex-
ecuted causing large deterioration of the overall run time.
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Fig. 10 Cluster Internal Communication (8 Clusters)

4.2.3. Cluster Oriented Communication

The cluster structure of the target system is considered
by this communication pattern in order to reduce interclus-
ter communicationsin theinitial fault-free state.

A central process p_0 broadcasts the initial data to the
other application processes in a tree like manner. In order
to reduce intercluster communication, data are sent to one
specific process p_i per cluster which broadcasts the data

a) initial mapping of the processes
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Fig. 11 Cluster Oriented Communication

within the cluster. After the computation phase, p_i gath-
ers the data of the other 15 processes of the same cluster
and sends a message to the central processp_0 (Fig. 11a).
Several computation and message exchange phases are ex-
ecuted. After a reconfiguration of the system this cluster
oriented communication pattern is possibly destroyed
(Fig. 11b). If afaulty processor isreplaced by a spare pro-
cessor of another cluster the number of intercluster com-
municationsis increased.

When running the application program with a cluster

oriented communication pattern, we obtain results similar
to the previous communication patterns, i.e., the differenc-
es between the ratios of the mean run times of the reconfi-
guration policiesrec_aor rec_contheoneside, andrec b
or rec_dontheother sideareobvious(Fig. 12). Simulating
a system of 8 clusters and assuming 8 processor failures,
the mean run time is prolonged by a factor between 1.3
percent (rec_d) and 4.75 percent (rec_f). It is worth men-
tioning that reconfiguration policy rec_d exerts almost no
influence on the mean run time if at most 6 processors fail
(deterioration of lessthan 0.23 percent). Furthermore, pol-
icy rec_e results in dlightly shorter mean run times than
policy rec_d for 7 and 8 processor failures and delivers
better results than policy rec_b at any rate.
The results of policy rec_f are very different from the pre-
viousresults of thispolicy. In this cluster oriented commu-
nication pattern the ratios of mean run times increase
approximately linearly with the number of processor fail-
ures. In the previous examples the mean run time has
grown very fast even if only one processor failed and did
not increase so clearly if further processors failed.
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424. Experiment Summary

The results of the presented simulation experiments
considering three different communication patterns and six
reconfiguration policies differ in terms of absolute values.
The mean deterioration of run timesis more obviousin the
application with heavy cluster internal communication
(Subsection 4.2.2.) than in the other cases. Nevertheless, in
all of the considered examplesit hasbeen proventhat anin-
telligent reconfiguration policy, which takes into account
the hardware architecture of the underlying multiprocessor
aswell asthe communication paths between processors, re-
sultsin clearly shorter run times for distributed application
programs.

5. Summary

Two case studies of combined performance and depend-
ability analysis of fault-tolerant multiprocessors have been
carried out. The presented simulation technique has suc-
cessfully been used allowing detailed evaluation of the tar-
get systems including the underlying architecture, fault-
tolerance mechanisms, and actual workload. Intensive re-
search is going on to extend the simulation environment
and to run more detailed eval uation experimentstaking into
account various types of multiprocessors, other typical
communication patterns and message sizes, different fault-
tolerance mechanisms such asfault diagnosis algorithms as
well as various workload scenarios. Currently, the compo-
nents of the MEMSY model MP), are being refined in or-
der to reflect the internal structure and the communication
protocols in more detail. Furthermore, simulation compo-
nents of 1/0 subsystems are being added to SmPar in order
to examine /O behavior of parald systems and methods
areimplemented facilitating easy hierarchical model devel-
opment of multiprocessor architectures.

Acknowledgments

The authors want to thank the Deutsche Forschungsge-
meinschaft (DFG) for supporting the development of
MEMSY as part of the Collaborative Research Center
SFB 182 and the European Union (EU) for supporting the
investigations on the GC architecture in the frame of the
ESPRIT project 6731 FTMPS.

References

[1] Dad Cin, M., W. Hohl, J. Hénig and A. Pataricza. MEMSY
- A Modular Expandable Multiprocessor System with
Fault Tolerance. Proc. Parallel Systems Fair of the 8th
Intl. Parallel Processing Symposium, Cancun, April 26-
29, 1994, IPDS 94 Publication 1994, pp. 21-28.

[2] Da Cin, M., W. Hohl et a. Architecture and Realization
of the Modular Expandable Multiprocessor System
MEMSY. Proc. First Intl. Conf. on Massively Parallel
Computing Systems (MPCS'94), Ischia, May 2-6, 1994,
|EEE CS Press, 1994, pp 7-15.

[3] Goswami, Kumar K. and Ravi K. lyer. DEPEND: A S-
mulation-Based Environment for System-Level Depend-
ability Analysis. Center for Reliable and High-
Performance Computing (CRHC), Univ. of Illinoisat Ur-
bana-Champaign, 1992.

[4] Goswami, Kumar K. Design for Dependability: A Smu-
lation-Based Approach. Ph.D. Thesis, Center for Reliable
and High-Performance Computing (CRHC), Univ. of II-
linois at Urbana-Champaign, 1993.

[5] Hein, Axel. SmPar g - Ein Smulator zur Leistungs- und
Zuverlassigkeits-Analyse des  Multiprozessorsystems
Parsytec GC, Version 1.0. Internal Report 2/94, IMMD
111, Univ. of Erlangen-Nirnberg, 1994.

[6] Hein, Axel. Evaluation Report on Modelling Tools. FT-
MPS, Esprit Project 6731, Report R 4.2.1; Internal Report
3/94, IMMD 1, Univ. of Erlangen-Nurnberg, 1994.

[71  Kreutzer, Wolfgang. Object Oriented Modelling & Simu-
lation Towards Reusable Frameworks for Smulator De-
sign. Proc. European Simulation Symposium ESS 94,
Istanbul, Turkey, October 9 - 12, 1994.

[8] Meyer, Bertrand. Object-Oriented Software Construc-
tion. New York [et. a.]: Prentice Hall Internat., 1988.

[9] Parsytec Computer GmbH. The Parsytec GC Technical
Summary, Version 1.0. Aachen (Germany), 1991.

[10] Schwetman, Herb. CSM: A C-Based, Process-Oriented
Smulation Language. Proc. 1986 Winter Simulation
Conference (WSC' 86), Washington, D.C., 1986.

[11]  Trivedi, Kishor S. and Manish Mahotra. Reliability and
Performability Techniques and Tools: A Survey. in B.
Walke and O. Spaniol (eds), Messung, Modellierung und
Bewertung von Rechen- und Kommunikationssystemen,
7. ITG/GI Fachtagung, Aachen, September 1993. Berlin,
Heidelberg: Springer-Verlag, 1993.



