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Abstract

In this paper general simulations of algorithms de-
signed for fully operational BSP machines on BSP
machines with faulty or unavailable processors, are
developed. The fail-stop model is considered for the
fault occurrences, that is, if a processor fails or be-
comes unavailable, it remains so until the end of the
computation. The faults are random, in the sense that
a processor may fail independently with probability at
most a, where a is a constant.

Two possible settings for fault occurrences are
considered: the static case where the faults are
static (the faulty or unavailable processors are already
known at the beginning of the computation), and the
dynamic case where the processors may become faulty
or unavailable during the computation. In the case of
static faults, a simulation of an n-processor fault-free
BSP machine on a faulty n-processor BSP machine
is presented with constant slowdown per local com-
putation step and O(logn - max{L,g}) slowdown per
communication step, given that a preprocessing has
been done that needs O(n/logn -max{L, g}) time (L
and ¢ are the parameters of the simulating BSP ma-
chine).

In the case of dynamic faults, a simulation of an
n-processor fault-free BSP machine on an ¢n - log n-
processor faulty BSP machine 1s presented. No dy-
namic faults may occur during certain periods of
the simulation. The simulations are randomized and
Monte Carlo: they are guaranteed to be correct with
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high probability, and the time bounds always hold. To
our knowledge, no previous work on the fault tolerance
of the BSP model exists.

1 Introduction

The Parallel Random Access Machine (PRAM) is one
of the earliest attempts to model a parallel machine.
It combines the power of parallelism with the simplic-
ity of single RAM processing elements, but ignores
some realistic features of parallel machines, such as
the synchronization and the communication mecha-
nisms. PRAM has proven to be a very convenient
cost model of parallel computation, mostly because it
abstracts away some machine oriented features (e.g.
the communication requirements and synchronization
issues) of parallel computing. The model of parallel
computation known as the Bulk-Synchronous Paral-
lel (BSP) machine, which has attracted much atten-
tion in recent years, deals explicitly with the notion of
communication and synchronization among computa-
tional threads. BSP has been proposed by L. Valiant
([V90a, VI0b]) as a bridging model between software
and hardware, and as a unified framework for the de-
sign, analysis, and programming of general purpose
parallel computing systems, which permits the perfor-
mance of those systems to be analysed and predicted
in a precise way. The BSP model tries to capture
the communication cost while keeping the parallel ma-
chine features hidden from the designer, and seems to
be the new prevailing model in the parallel algorithms
community.

BSP, like almost all the existing cost models of
parallel computation, refers to ideal, fully reliable ma-
chines. In addition, efficient BSP computations im-
ply a minimization of redundancy in the computation
and therefore, very little space for fault tolerance is
left. This means that certain BSP computations may
become very inefficient, or even faulty in the presence
of some processor or communication faults. In this
paper we address the issue of fault tolerance in BSP
computations. We develop general simulations sup-
porting fault-free BSP computations in environments



where not all processors are operational or available
to the computation at each step. Because of the na-
ture of the BSP model, we consider possible faults or
unavailability of processing elements, while the com-
munication network is considered to be absolutely re-
liable.

For the fault occurrences, the fail-stop model is
considered, that is, if a processor fails or becomes un-
available, it 1s considered to remain in this status, un-
til the end of the current computation. We consider
that faults are random, that 1s, a processor may fail
independently and with probability less than or equal
to a, where a is a constant to be specified in the se-
quel. Moreover, we consider simulations for two dif-
ferent cases: the static case, where the faulty or un-
available processors are already known at the begin-
ning of the computation and no processor changes its
status afterwards, and the dynamic case, where each
processor may fail or become unavailable with a fixed
probability during the computation (except for some
critical periods during the computation), and remains
so until the end of the computation.

1.1 Our results

Our main results concerning simulations of general
BSP computations under static or dynamic proces-
sor faults, are the following:

e An n-processor BSP machine with a bounded
fraction of faulty processors can simulate its fault-
free counterpart in a step-by-step fashion with
constant slowdown per local computation step
and O(logn-max{L, g}) slowdown per communi-
cation step, given that a preprocessing has been
done that needs O((n/logn) - max{L,g}) time
w.h.p. L and g are the parameters of the sim-
ulating BSP machine.

e A cnlogn-processor BSP machine, ¢ is a con-
stant, with a bounded fraction (less than 1/2) of
its processors to sustain dynamic faults (real ma-
chine) correctly simulates w.h.p. an n-processor
fault-free BSP machine (virtual machine) with
a multiplicative slowdown of ¢ plus an additive
slowdown of O(g(h 4 logn)) per local computa-
tion superstep!, and an O(loglogn) multiplica-
tive slowdown plus an O(glogn + hlogh) addi-
tive slowdown per communication superstep. No
dynamic faults may occur during certain periods
of the simulation, and the simulation bounds hold
for L appropriately small.

1k is the number of messages to be sent or received by any
processor of the BSP machine during the next communication
superstep, thus implying the implementation of an h-relation.

The necessity for fault-free periods of the simu-
lation process exists because we consider general (in-
cluding probabilistic or non-deterministic) BSP com-
putations (cf. section 4). Note that although the ex-
istence of fault-free periods during the simulation pre-
vents the application of the result in a setting where
hardware (processor) faults may dynamically occur, it
can be very well applied in a parallel operating system
setting, where processors become dynamically unavail-
able to certain processes. In such a case, certain prim-
itives may lock the currently operational processors,
so that they remain available to the simulation pro-
cess during certain critical periods, and unlock them,
so that they can be in the availability of the operat-
ing system which can dynamically allocate each one of
them with fixed probability, to other processes.

1.2 Related Work

To our knowledge, no previous work on the fault tol-
erance of the BSP model exists. Yet, there has been a
lot of research done on the fault tolerance of other par-
allel computation models, and especially of PRAM
and the Optical Communication Parallel Computer
(OCPC) model, which is equivalent to the 1-collision
DM M. Kanellakis and Shvartsman ([KS92, KS91])
initiated the study of computations on a faulty PRAM
in the case of deterministic faults, considering the non-
restartable and the restartable fail-stop models. Ke-
dem, Palem and Spirakis ([KPS90]) and Kedem et al.
([KPRS91]) studied the case of probabilistic, dynamic
faults considering again the fail-stop model. Chlebus,
Gambin and Indyk [CGI94] designed efficient random-
ized CRCW PRAM simulations for both the dynamic
and static case of memory faults, considering an arbi-
trary, constant fraction of memory cells to be faulty.
Chlebus, Gasieniecc and Pelc ([CGP95]) presented
a deterministic simulation of an n-processor EREW
PRAM on an n-processor EREW PRAM prone to
processor and memory faults. Recently, Berenbrink,
Meyer auf der Heide and Stemann ([BMS96]) and
Chlebus, Gambin and Indyk ([CGI96]) presented sim-
ulations of the FREW PRAM on DMM for various
models of faults.

All these results on the fault-tolerance of the
PRAM cost model are not directly comparable to
ours, because it is well known that BSP is a more real-
istic cost model of parallel computation, that also cap-
tures the communication and synchronization costs
that are considered to be negligible in the case of
PRAM. Additionally, most of the strategies applied
in PRAM exploit the feature of the Shared Memory
to achieve the fault tolerance, which is not possible in
the case of BSP.

The rest of the paper is organised as follows: In



section 2 we give the definition of the BSP model and
some basic facts. In section 3 we present the sim-
ulation of a fault-free n-processor BSP machine by
an n-processor BSP machine considering a bounded
fraction of faulty processors. In section 4 we show how
a cn - log n-processor BSP machine (¢ is a constant)
with a bounded fraction of its processors to sustain
dynamic faults, can simulate an n-processor fault-free
BSP machine.

2 Preliminaries

The BSP Model

The BSP model consists of the following components:
A collection of n processor/memory elements which
are identified by unique numbers 1,2,...,n, a com-
munication infrastructure that takes over the point-
to-point communication process, and a mechanism for
efficient barrier synchronization of the processing ele-
ments.

A BSP computation proceeds in a succession of
supersteps separated by synchronizations. For clarity
we consider that each superstep consists of two major
phases: the Local Computation phase and the Commu-
nication phase. During the local computation phase
each processor performs a sequence of operations on
data held locally at the beginning of the superstep,
while the communication phase takes over the trans-
mission of all the messages held in the outgoing win-
dows of the processors, to their destinations via the
communication infrastructure. At the end of each su-
perstep, a barrier synchronization mechanism is acti-
vated by the communication infrastructure, to confirm
the end of the current superstep. A BSP machine is
characterised by the following two parameters:

e g - the ratio of the total throughput of the whole
system in terms of basic computational opera-
tions, to the throughput of the communication
network in terms of words of information deliv-
ered. g 1s related to the time required to realise h-

relations in continuous message usage in gh time
steps [Mc94].

e [ - the minimum time between two consecutive
synchronization operations. Thus L is the mini-
mum time for a superstep.

The running time of an algorithm on the BSP cost
model depends on the number of supersteps it has to
perform, in order to complete its task. Each superstep
is charged

Tsuperstep = max{L, T. + Tr}

basic time steps, where 7. is the maximum number of
basic computational operations executed by any pro-
cessor during the superstep, and T, = gh, where h is
the maximum number of 1-word messages transmit-
ted or received by any processor during the superstep.
Note that for some hy > 0 that depends on the charac-
teristics of the underlying communication infrastruc-
ture, any h-relation for which h < hy, will be charged
as an hg-relation.

In order to simplify the description of the per-
formance of BSP algorithms, we may assume that
each superstep is either a pure local computation or
a pure communication step ([GV94]). Therefore we
have either local computation supersteps or communi-
cation supersteps and the cost of a superstep is either
max{L, T.} or max{L, gh}. The following fact will be
used in the time estimations of our techniques:

Fact 2.1 There exists a BSP algorithm that broad-
casts a k-word message to n processors that requires
time at most O(logn -max{L, gk/logn}). In particu-
lar, if L < gk/logn, then the algorithm needs O(gk)
time steps.

For a proof of the fact the reader is referred to [GS96,
BDM95].

In the sequel, we say that a property P depend-
ing on a natural number n holds with high probability
(w.h.p.) if there exists a constant ¢ > 0 such that
P holds with probability at least 1 — n=¢ for suffi-
ciently large n. Finally, we shall denote by [n] the set
of integrals {1, -, n}.

3 BSP computations under

static faults

In this section, we show how to overcome processor
faults on an initial n-processor BSP machine, which
we shall call the Virtual Machine (V.M ), by specifying
a fault-free part of it that is determined during a pre-
processing phase, and simulating afterwards the fault-
free operation of the initial machine (i.e., the operation
of an ideal n-processor BSP machine). We shall call
this realistic, healthy part of VM, the Real Machine
(RM ). We consider that the faults are static, in the
sense that they have already occurred before the start
of the computation, and random, that is, a proces-
sor P; of Y M may fail independently with probability
p; < a, where a 1s a constant. It is also considered
that if an operational processor attempts to commu-
nicate with a faulty processor then the communication
network discards the request and acknowledges the re-
quester. Finally, the non-restartable fail-stop model is
considered for the processor failures ([KS92]).



For the sake of simplicity we consider that each
processor in VM has a unique Virtual Identification
Number (Vid) in the range [1..n]. Each processor in
VM is called wvirtual processor and it is indicated by
P;, i € [n]. A faulty virtual processor is called inactive,
while a virtual processor that is operating properly is
considered to be active. Qur purpose is to determine in
the preprocessing phase, the number m of active pro-
cessors in Y M that comprise RM, and assign to each
of them a unique Real Identification Number (Rid) in
the range [1..m]. Each processor of RM is called real
processor and it is indicated by @;, j € [m]. Subse-
quently, RM takes over the simulation of the fault-
free operation of the initial fault-prone machine, Y M.
We first discuss the construction of the fault-free ma-
chine RM (subsection 3.1) and then the simulation of
the 1nitial machine, VM, by the real machine, R M
(subsection 3.2).

An issue that needs to be addressed in this dis-
cussion, 1s the way that the input is provided to the
machine. Is the input provided only to the active pro-
cessors after the preprocessing, or to all processors?
As it has been discussed in related works for other
models of parallel computation ([CGP95, CGI96]), it
is hardly acceptable to assume that the input is pro-
vided only to the active processors after the prepro-
cessing. Therefore, we assume that different parts of
the input are stored in an encoded form in different
processors of the fault-prone machine and, during the
preprocessing the processors of RM will have to re-
store the input for the simulated algorithm. Methods
of encoding and then retrieving the original informa-
tion when only part of it is available, are known as
error-correcting codes. A simple and popular method
is the Information Dispersal Algorithm - IDA of Ra-
bin ([R89]), and an O(log” n)-time PRAM version of
this algorithm is discussed in [CGP95]. We may ap-
ply standard PRAM simulation on a BSF machine
to obtain a BSP version of IDA. An alternative ap-
proach, is to implement Rabin’s algorithm directly on
the BSP model. Another method that one could ap-
ply, 18 the Error-Correcting Expander Codes of Sipser
and Spielman ([SS94]). In this version of our work, we
concentrate on the simulation itself, and we leave the
issue of the input for the full paper.

3.1 Construction of the fault-free ma-
chine

We present the algorithm Construct-RM that deter-
mines a fault-free subset of the virtual fault-prone n-
processor BSP machine. The algorithm consists of
two phases. In the first phase, the number m of fault-
free processors in Y M is determined, while in the sec-
ond phase, each one of these processors is assigned a

Phase 1 /* bottom-up movement */
begin
V j, P; marks itself as a master processor.
for ¢ =1 to logn each active processor P; does:
begin
if P; is a master processor
then begin
if i <loglogn + 1
then P; seeks extensively for its opponent
in the proper target group
else P; makes k independent trials to locate it,
or a slave processor that will lead to it.
if P; has located its opponent,
then it challenges it for duel, and
if P; wins
then P; continues with the next round,
else P; marks itself as a slave and
is out of the game.
else P; continues with the next round
endThen
else begin /* P; is a slave processor */
P; waits until a processor challenges it, or
the current round ends.
if P; is challenged by a processor,
then it forwards the challenge to its parent,
and acknowledges the challenging processor.
endElse
endFor /* End of the logn rounds of duels */
endPhase 1.

Figure 1: The bottom-up Phase of Construct-RM.

unique Rid in the range [1..m].

In Phase 1 (see figure 1), Construct-RM proceeds
in a sequence of consecutive rounds of duels between
virtual processors, until a unique processor survives.
For a duel to take place, an active processor has to
challenge another active processor. The winner of a
duel is called a master processor, while the defeated
processor is called a slave processor. The rule for win-
ning in a duel is not significant, since the key point
during this process is the election of any active pro-
cessor to be the only global winner that will have sur-
vived from all these duels. Thus one may consider any
rule for the duels. In this construction we select the
active processor with the bigger Vid to be the winner
of the duel.

Each slave processor is hooked by the master pro-
cessor that defeated it, thus constructing a tree struc-
ture. This is rather a dynamic tree construction, since,
as 1t will be exhibited later on, in each round a mas-
ter processor will have to seek for 1ts counterpart and



fight it. The winning processor of a duel also keeps
the score of the duel in a first-in-first-out structure,
called SCORES.

In general, during the " round of duels, i =
1,---,logn, each master processor seeks for its oppo-
nent master processor, if any, in a target group of vir-
tual processors of size 2°~1. Note that in each target
group, there exists at most one master processor. An
internal node of the tree structure that is constructed,
holds a replica of the winner of the duel between the
virtual processors corresponding to its children, along
with a time stamp indicating the round in which the
duel took place. This might be seen as if some of
the active processors (the winners of the duels in each
round) climb up the tree structure.

When a duel occurs in a specific level (other than
the level of the leaves), the challenging processor is
not aware of the identity of its opponent (which is the
root of the corresponding subtree in the binary tree
structure), and it will thus have to seek for its coun-
terpart in the corresponding target group of virtual
processors, that consists of the leaves of the subtree
in challenge. That’s why this is rather a dynamic and
not just a trivial binary tree structure.

In the first loglogn 4+ 1 rounds the target groups
have size < logn and a challenging processor may seek
for its opponent in the corresponding target group
extensively, in logarithmic time. For the rest of the
rounds, the target group grows significantly, and an
extensive search would be very expensive. Thus, a
randomized technique is applied, where each master
processor makes k consecutive trials at random to lo-
cate either its opponent (master processor), or a slave
processor in the target group under question, that will
lead to it.

Lemma 3.1 The probability of the binary tree struc-
ture failing to be constructed successfully is bounded

by:

1 1—a)e—1
Pran < 5 D) ot =0(n™%)
2 \logn

where ¢1 is an appropriately chosen constant that de-
pends on a.

Proof: The proof of this technical lemma is based on
the application of Chernoff Bounds ([MR95, AS92])
on the failure probability of the tree structure, and
is omitted here due to lack of space. The reader is
referred to the full version of this paper ([KPS97]) for
a complete presentation of the proof. [ |

At the end of Phase 1, the global winner will al-
ready know the number m of active processors in V.M,
which will also be its own Rid since this is the active
processor of VM with the biggest Vid. During Phase 2

Phase 2 /* top-down movement */
begin
for i:=1 to logn each active processor does:
begin
if P; is a master processor and the SCORES
structure is not empty,
then it pops the next duel from SCORES and
sends a reactivation message to the defeated
processor, along with its new Rid
else if P; receives a reactivation message,
then it gets a new Rid and becomes
master.
endFor

endPhase 2.

Figure 2: The top-down Phase of Construct-RM.

(see figure 2), the global winner first assigns to its Rid
the value m, and then initiates a top-down flow of in-
formation in the binary tree structure having already
been constructed, during which all active processors
are assigned their Rid ’s.

Lemma 3.2 The algorithm Construct-RM computes
the number of active processors in VM and assigns to
them their Rid’s in (’)(log2 n-max{L,g}) time, w.h.p.

Proof: We first address the number of steps that the
algorithm needs, while the failure probability is as-
sured to be sufficiently small by the previous technical
lemma.

In the first phase, each master processor looks for
its counterpart for duel in a specific target group, the
size of which 1s related to the level of the processor in
the binary tree structure. If a master processor is lo-
cated at alevel i <loglogn+1, then the search will be
extensive. In the worst case of these initial loglog n+1
rounds, there will be at most 2/ messages that will be
sent by a master processor to processors of its target
group, while each master or slave processor may re-
ceive at most O(1) messages in round i. Considering
each of these rounds as a single superstep, for round ¢
the time cost will have 7, = negligible, and 7}, = g-2¢,
while the amount of time in this preliminary phase of
Phase 1 will be:

loglog n
D= Y. (max{L,g2')
=0

In the case that a master processor 1s located at
a level ¢ > loglogn + 1 of the binary tree structure,
then this processor uses a randomized technique to lo-
cate its opponent, since an extensive search operation



would introduce a prohibitive cost. More specifically,
it makes k independent trials, until it specifies its op-
ponent in the corresponding target group, or a slave
processor that will lead it to the master processor of
the target group. If a master processor neither man-
ages to locate 1ts opponent in the target group, nor is
challenged by another (master) processor of the tar-
get group, 1t concludes that no active processor exists
in the target group under question and proceeds with
the next round.

The cost of communication during the construc-
tion of a specific level i of the binary tree, obviously
depends on the number of messages that any active
processor has to either send or receive. Since a mas-
ter processor makes at most & trials to locate its op-
ponent in the corresponding target group and each
active processor may receive up to k messages, a k-
relation has to be implemented, that requires time
T, = g -max{k, ho} + L, and since the local com-
putation cost is negligible, the total time required for
a master processor to locate its opponent or a slave
processor that will lead it to its opponent (master pro-
cessor) for, e.g. k = ¢ -logn, is max{L,cg -logn}.

In the case that a master processor hits a slave
processor in the target group, then the challenge will
be forwarded to the master processor of this group by
exploiting the already constructed part of the binary
tree for internal communication in the target group.
This internal communication will cost at most log 2 <
log n supersteps per round. Since the h-relations that
need to be implemented here are such that h = 1, each
superstep needs O(max{L, g}) time.

Thus, the total time of the randomized part of
Phase 1 will be

[log n]
Trand = Z (HlaX{L, cg - log n} =+
i=loglogn+1

+logn -max{L,g})
= O(log’n -max{L,g})

As for the second phase of the algorithm, this is
implemented in O(logn) steps, since the information
has to reach the leaves of the binary tree, and there
is no serious delay of the wave front of information
in each internal node. Moreover, in each step, the h-
relations that need to be implemented are such that A
is a small constant. [

3.2 The Simulation Process

After having determined the parameters of R M, each
real processor only knows the amount of real proces-
sors (that is, the amount of active processors in Y M)
and 1ts own Rid. Now the task is to determine a proce-
dure that will simulate the fault-free operation of the

fault-prone n-processor BSP machine (VM) on the
fully operational m-processor BSP machine (RM).
This task is divided in two major subtasks: The sim-
ulation of the local computation and the communica-
tion of the virtual processors.

Local Computation Phase simulation

The simulation of the local computation phase of a vir-
tual processor is rather simple, in the sense that each
active processor takes over the operation of [ -] vir-
tual processors. Specifically, the task of a virtual pro-
cessor P; is simulated by the real processor @);, where
j and [ are correlated by an easily computable func-
tion. For example, in the following we will consider
that [ = j mod m. Thus a real processor (); knows
in advance the virtual processors whose the operation
it 1s expected to simulate. Finally, (); may compute
in constant time the Rid of the real processor that is
responsible for the simulation of a virtual processor
which is a target processor for it.

Communication Phase simulation

In the communication phase things are much more
complicated, since we have to specify the actual tar-
get of a message that needs to be sent by a virtual
processor F; to a virtual processor P;. Recall that the
communication infrastructure recognizes the process-
ing elements by their unique addresses, which may be
assumed to be the Vid’s of the processors in VM. But
what is the physical address of a real processor that
is responsible for the operation of a virtual processor
which is the target of a specific message?

The solution to this problem is the exploitation of
the binary tree structure, built during the execution
of Construct-RM for the determination of the actual
identity (which is the Vid) of a specific real processor.
This solution goes up the tree until it finds a processor
whose subtree is large enough to contain the real pro-
cessor in question. The method uses message passing
for the determination of the identity of the real pro-
cessors in question, but there is an overhead which
may be as large as O(n), in extreme situations (e.g.
when all the active processors of the right subtree of
the root want to access some real processors in the
left subtree). Obviously, in such cases there is a bot-
tleneck at the root and this solution is as bad as a
trivial all-to-all broadcast operation that implies the
implementation of an n-relation.

In order to deal with such tricky situations, we
augment Phase 2 of Construct-RM and transfer some
routing information to some special processors of the
tree structure. More specifically we assure that there
will be no need for any request to go up the tree,
further than level f(n), 0 < f(n) < logn where the



value of f(n) directly affects the trade-off between the
preprocessing and routing time, and will be specified
in the analysis of this augmented version of Phase 2.

According to this routing scheme, each processor
sends its request up in the tree, until it reaches level
f(n), and the corresponding processor either contains
the requested processor in its own subtree, or is capa-
ble of indicating another processor at the same level,
whose subtree will contain it.

More specifically, each active processor keeps a
new structure, ACKNOWLEDGED, of physical ad-
dresses for the real processors being at the same level
of the tree. This structure is updated during the top-
down movement, starting from the root, down to level
f(n). As shown in figure 2, each master processor
recursively reactivates all the processors held in its
SCORES structure during the top-down movement.
In the augmented version of Phase 2 each of its chil-
dren, apart from the reactivation message, will also get
a replica of its parent’s ACKNOWLEDGED structure.
This is an 1-relation of at most (5% + 1)-word mes-
sages when going from level 7 + 1 to level ¢, because
each newly reactivated processor communicates with
its own parent, and there are at most 47 active pro-
cessors in level 7 + 1 that already have been included
to the parent’s ACKNOWLEDGED structure.

Furthermore, each parent that reactivates an ac-
tive processor informs all the processors in its AC-
KNOWLEDGED structure for this reactivation, thus
implying an (5747 )-relation among the processors that
already know each other.

Finally, each newly reactivated processor is up-
dated by its parent for the rest of the newly reacti-
vated processors in the tree (at most sfr because of
the special features of the tree structure), implying
once more an l-relation of at most (5% + 1)-word
messages.

When the top-down wave front of reactivation
reaches level f(n), it keeps going down without affect-
ing the ACKNOWLEDGED structures of the newly
reactivated processors anymore.

As for the time for routing during a communica-
tion phase, this strongly depends on f(n), the level
where the update of the ACKNOWLEDGED struc-
tures has stopped. Suppose that all the processors in
level f(n) already know each other’s physical address
and we want to perform the routing before the next
Communication Phase. Each processor in level f(n) is
aware of the physical addresses of (%—1) processors

out of its own subtree, and there are 2/(®) processors
at its leaves. Thus at most min{2/(®) n— 5700 —2/(n)}
requests for addresses will need to be cross-referenced
to some other processor of level f(n). Moreover, each
processor in level f(n) may receive at most h - 2/ (n)

requests for some of its leaves, considering that V.M

has to implement an h-relation.

From the above discussion, and after taking into
account that even an l-relation of (5#r)-word mes-
sages costs the same as an (47 )-relation, according
to Fact 2.1, the following lemma holds:

Lemma 3.3 Assuming that the routing information
has gone down to level f(n), the preprocessing and
routing times of our swmulations for the static case
are given by:

O( 577 + F(m) - max(L, g},
Troute = O(h : 2f(n) + f(n)) . max{L,g} =

(’)(h . Qf(")) -max{L,g}.

Taugm_phase 2

The extensive proof of Lemma 3.3 will be shown in the
full version of the paper. According to this lemma,
an (’)(Qf(”)) multiplicative slowdown per communica-
tion phase is induced, while the preprocessing time is
the sum of the times T hase1 and Thugm_phase2. For
example, if we consider that f(n) = loglogn then

we have: Troute = O(IOg n)a while Tpreprocessing ==
O(IOgn + loglog n + log® n), and if f(n) = log(lochn),
TFOUte = O(hygLCn) and Tpreprocessing = O(IOgc n —+

log(lognc —) + log” n).

Finally notice that for consecutive communica-
tion steps, the routing overhead diminishes because
each processor of level f(n) knows more and more pro-
cessors located at subtrees other than its own one.

Theorem 1 An n-processor BSP machine with a
bounded fraction of faulty processors can stmulate its
fault-free counterpart in a step-by-step fashion with
constant slowdown per local computation step and
027 - max{L,g}) slowdown per communication
step, gqiven that a preprocessing has been done that
needs (’)((JT—FJ‘(n)—I—IogZ n)-max{L,g}) time w.h.p.
L and g are the parameters of the simulating BSP
machine, 1 < f(n) < logn.

Proof: The above discussion, along with Lemmas
3.1, 3.2 and 3.3, completes the proof of Theorem 1.
|

4 BSP computations under

Dynamic Faults

In this section we present simulations of an n-processor
BSP machine on an m-processor BSP machine, in
the presence of dynamic faults. In this case, instead
of determining the healthy part of the initial machine
and then trying to simulate its fault-free operation,
we assume that we have an m-processor faulty BSP



machine (RM) that will have to simulate the fault-
free operation of an n-processor BSP machine (VM),
where m = cn - logn, and ¢ is an appropriately cho-
sen constant. The main idea is to assure the fault-free
operation of Y M, at the expense of some extra pro-
cessing elements.

4.1 Model of Simulation

The enlogn processors of RM are organised into n
groups G, 1 = 1,-- -, n, each of clogn processors. The
task of group G; is to simulate the fault-free opera-
tion of virtual processor P; of VM. Real processor
@; (with j in the range {0,---,m — 1}) will belong to
group (;, where ¢ = j mod n, while its cardinal num-
ber in G; will be [ = j =+ n?. Alternatively, ); may
also be indicated as @), ;.

We focus on the simulation of a virtual super-
step of VM on RM. For clarity of the description,
we assume that we have local computation supersteps
and communication supersteps. As for the model of
faults, we consider again the fail-stop model, and we
assume that the faults are dynamic, in the sense that
each processor may fail or become unavailable during
the simulation independently and with probability less
than or equal to a, where a is a constant less than
1/2. We also assume that there are certain periods
during the simulation, where no faults may occur, or
the processors must remain available to the simulation
process. We shall call these periods eritical periods.
As we argue in the sequel, in the case of probabilis-
tic and non-deterministic computations, the need for
the correct dissemination of the appropriate informa-
tion among the processors in each group so that no
inconsistencies occur in the simulation of VM, neces-
sitate the existence of these critical periods. Note that
although the existence of the critical periods compli-
cates the application of the simulation in a setting
where processor faults may occur dynamically, it can
be very well applied in a parallel operating system
setting where processors may become unavailable to
certain processes. In such a case, certain primitives
may lock the currently operational processors, so that
they remain available to the simulation process for the
duration of these safe periods, and unlock them, so
that they can be in the availability of the operating
system which can dynamically allocate each of them,
with fixed probability, to other processes.

When the simulation starts, each active proces-
sor in (Y, knows the initial state of processor P,
¢t = 1,---,n. In the course of the simulation, if an
active processor in G; has all the information neces-
sary for the next virtual superstep, i.e., is aware of the

2The operations + and mod are considered to be the ordi-
nary integer operations.

current state of P;, then it will be called informed.

Local computation superstep simulation

We consider two stages in the simulation of such su-
persteps. In the first stage, the local computation is
taking place and arbitrary processor faults are allowed.
The second stage is a critical period, during which the
active processors interchange information, so that all
active processors in the same group are in the same
state by the end of the simulation of the local compu-
tation superstep. The description of the stages i1s as
follows.

Stage 1: All active processors in (G; simulate the task
of processor P;, 7 € [n]. Note that in the case of prob-
abilistic or non-deterministic computations, after the
end of the simulation of the local computation phase
of VM, not all active processors of the same group
are necessarily in the same state. For the simulation
to work, we should guarantee that all active proces-
sors in (; end up in the same state. Therefore, we
need the following second stage in the local computa-
tion superstep simulation, for tuning among the active
processors of the same group.

Stage 2: We assume that a critical period of the sim-
ulation starts during which no faults may occur, and
the following are taking place. All active processors of
(; participate in a sequence of duels and a tree struc-
ture of the active processors is created with the root
being the global winner of all duels. This i1s done in a
way similar to the one in the case of static faults, but
the challenging processors seek for their opponents al-
ways extensively in the target group, since the target
groups are small enough. The global winner uses the
tree structure to broadcast to all currently active pro-
cessors the contents of its memory (including the con-
tents of the outgoing windows) that have been changed
during the simulation of the latest local computation
phase of VM. Thus, at the end of this stage all active
processors in (; are informed.

Communication Phase Simulation

Again the simulation is divided into two stages. In the
first stage, the communication of messages between
the groups of RM is taking place, and the processors
may die dynamically. In the second stage, which is a
critical period of the simulation, the processors inter-
change the messages received at the previous stage, so
that all active processors are informed by the end of
the simulation of the communication superstep.

Stage 1: Suppose that at the communication super-
step of VM, the message s held in the outgoing win-
dow of the virtual processor P; is transmitted to pro-
cessor P;. Since we keep as an invariant that each



time the simulation of the communication superstep
starts, all active processors of RM are informed, the
message s is held in the outgoing window of each cur-
rently active processor Q; k., k € [c-logn]. Then, for all
k € [c-logn], if processor ); 5 is informed and @; x is
active, then the message s is transmitted to processor
Qji k-

Note that at the end of this first stage of the com-
munication superstep of VM there might be no pro-
cessor in G that is completely informed. This is due
to the fact that there might be no processor in G; hav-
ing received all the messages destined for processor F;.
Yet, the following lemma holds:

Lemma 4.1 For each wirtual processor P; and for
each message s received by P; at the communication
superstep of VM, there is a processor in G that re-
cetved s, w.h.p.

For a proof of this technical lemma the reader is re-
ferred to the full version of this work ([KPS97]).

Since by Lemma 4.1 for each message destined for
P; there is at least one processor in G; that received
the message, all the messages are disseminated to all
the processors in the group as follows:

Stage 2: Consider that a critical period of the simula-
tion starts during which no dynamic faults may occur.
A tree structure of the currently active processors is
built similar to the structure built in the simulation of
the local computation superstep. The tree structure is
used for all the messages held by the active processors
(leaves of the tree) to be sent to the global winner.
Thus, after this step, the global winner holds all the
messages sent to the group G at the current commu-
nication superstep. Then the global winner broadcasts
these messages to all active processors.

Theorem 2 A cnlogn-processor BSP machine, ¢ is
a constant, with a bounded fraction (less than 1/2)
of its processors to sustain dynamic faults (real ma-
chine) correctly simulates w.h.p. an n-processor fault-
free BSP machine (virtual machine) with a multi-
plicative slowdown of ¢ plus an additive slowdown
of O(g(h + logn)) per local computation superstep?,
and an O(loglogn) multiplicative slowdown plus an
O(glogn + hlogh) additive slowdown per communi-
cation superstep. No dynamic faults can take place
during certain periods of the stmulation, and the sim-
ulation bounds hold for L appropriately small.

Proof (sketch): The correctness of the simulation
comes from its description and the proof of Lemma4.1.
To see the time requirements of the simulation we
look at each one of the four stages separately. Let

3} is the number of messages to be sent or received by any
processor of the BSP machine during the next communication
superstep.

max{L,T.} and max{L, gh} be the times that a Local
Computation suprestep, and a Communication super-
step of VM need respectively (i.e., at most h messages
are sent or received by any processor).

Local computation superstep simulation. Stage 1 needs
at most max{L, T, } time for all the processors in group
G; to simulate processor P; of VM i € [n].

As it can be seen from the proof of Lemma 3.1,
and the fact that each group G; has O(logn) proces-
sors, the amount of time that the tree structure needs
to be built 1s

loglog n

Z (max{L,g-2'})

=0
Note that for appropriately small L, the tree can be
built in O(g-logn) time steps. In the sequel of stage 2,
the global winner broadcasts the contents of its mem-
ory that have been changed during stage 1 and the
contents of its outgoing window to all active proces-
sors. This information can be included in an at most
(T + h)-word message, and applying Fact 2.1, this
stage requires loglogn - max{L, %%l} time steps.
Note that for appropriately small L, stage 2 needs
O(g(T: +logn + h}) time steps.

Communication superstep simulation. From the de-
scription of stage 1, 1t is clear that each processor in
any group G; sends and/or receives at most h mes-
sages. Thus, stage 1 needs at most O(max{L,gh})
time steps. Stage 2 needs

loglog n
> (max{L,42})
=0

steps for the tree structure to be built up and the
global winner to be elected. After that, each proces-
sor sorts the (at most) h messages it has received,
according to the identification number of the proces-
sors that the messages are coming from, and then it
sends them to the global winner as follows: At the
first step, each leaf processor sends the messages that
it has received as an (at most) h-word message to its
parent in the tree (if different than itself). At step
t, each internal processor of level ¢ merges the sorted
list of messages it has received during the previous
step, together with its own sorted list of messages,
eliminates duplicated messages, and sends the result-
ing at most h-word message to its parent processor.
The procedure completes within at most O(loglogn)
communication supersteps. Since at most A-word mes-
sages are sent, each superstep requires O(max{L, gh})
time. Note that the computation supersteps involved
require in total, at most max{Z, h} time steps (time
required to merge two sorted lists [CLR90]).

Finally, the last task of stage 2, i.e., the broad-
casting of all 1 messages to all active processors, needs



loglogn - max{L, %} time steps (by Fact 2.1).
Note that for appropriately small L, stage 2 needs
O(gh -loglogn + ¢ -logn + h - log h) time steps. [

Since we do not allow any shared memory in
our model and additionally, we want to support sim-
ulations of general (including probabilistic and non-
deterministic) computations, we need to assume that
there is a certain time period in our simulation of the
local computation supersteps, in order to guarantee
that the results of one of the active processors will be
disseminated to the others, so that all processors of the
same group are in the same state and therefore, they
will transmit and receive the same messages during
the subsequent communication superstep. Otherwise,
we will not be able to take advantage of the large num-
ber of processing elements in the simulating machine
(real machine) to reduce the per-step overhead in the
simulation of the fault-free machine.

We may avoid the fault-free period during the
simulation of the communication superstep, given that
we increase the number of the messages that each pro-
cessor transmits and/or receives. It is clear that if we
allow for each processor in a group to send 1ts messages
to all processors of the target group (i.e., ch -logn-
relations are implemented), then there is no need for
the Stage 2 in the simulation of the communication su-
perstep, and therefore, for the fault-free period during
the simulation. But, in this way, we have a logarith-
mic multiplicative overhead in the simulation of the
communication supersteps.
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Appendix

Failure Probability evaluation

Let X; be a random variable indicating the result of
the #*" trial of processor P; to locate its opponent
while being at level r, in the target group of size
271 (X; is 1 during the i** trial, if P; locates its
opponent or a slave that will lead to it, 0 otherwise).
Since the trials are considered to be independent and
the probability of P; being inactive is p; < a, we have:

PriX;=1]>1—a, PriX;=0]<a

Let Y be a random variable for P; dependent on X;’s
by the following relation:

Then it follows that
Pr[P; fails to locate its opponent P;) = PrlY < 1].
If we consider the k independent trials to be Poisson
trials with probability of failure per trial p; < a, then
by the Chernoff Bounds ([MR95]) we have:

62
PriY < (1 =90)pu] < exp (—NT) , for any d > 0.

1
1=6d=1-—
i)

(1—d)p

where pp = E[Y] = (1 — a)k (by linearity of expecta-
tion). Thus, the following holds:

PrlY <1] < exp (—@)

oo (-2 1)

2p
The probability of a specific new subtree failing to be
constructed by the duel of master processors P; and

P, will be:

Prsubtree fails] Pr[P{sY <1]-Pr[P/s Y <1]

< o (L2

1
and the probability of a failure occurring in level ¢ that

has &

- nodes, is

(p—1)*

Prllevel i fails] < iexp (—
2 7

Al

Finally, the probability of the whole binary tree failing
to be constructed properly will be:

[logn]
Pryi = Z Prllevel i fails)
i=loglogn+1
logn+1 9
n (n—1)
X ()
i=loglogn+1
logn+1
(p—1)? 1
< n~exp<—T .' Z 5
i=loglogn+1
But,
logn+1 1 B logn+1 1 loglogn 1
Yoy = Ly 7
i=loglogn+1 i=1 i=

Thus we have

_ 12
() )
7 2 \logn n
1 n
- —1). — 2
< 2 (logn ) exp(=p+2)
1 a2
= = n —1)-9 Tz (2)
2 \logn

If we set the number of trials during the search of
the opponent for a duel to be &k = ¢ - logn then pu =
(1—a)-k=(1—a) -c-logn and

1 (1—a)clog n—2
Pl < 2 L 2 (3)
2 \logn
1 n (1—a)e—1
— — 1 .- n2 — —C1
< 2 <logn ) o On=")
where
(I—a)e—1
= - 1=
“ In2
— 1 —a 1 _|_ L
T In2 ¢ In2

Proof of Lemma 4.1

Consider a specific message s sent by a processor P;
to a processor P; in VM. Then, in RM, for all pairs
of active processors @ r, @k, k=1,---,clogn, s is
transmitted from @Q; 1 to @; . The probability that
s fails to be transmitted through any pair of proces-
sors, 1s equal to the probability that for all pairs, at



least one of the two processors is inactive. This prob-
ability is < (2a)¢'°8" where a < 1/2. Since we have
at most n groups and at most (n — 1)-relations to be
implemented, the statement of the lemma holds with
probability 1 — ncl, where ¢’ is a constant, for appro-
priately chosen c. [ |
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