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machine, modelled as an asynchronous multiprocessor
Abstract (with shared memory), to execute large grained parallel

One of the most sought after software innovation ofthisdecad(&prc’gr"’lmS efficiently (see section 3). Interestingly, these

is the construction of systems using off-the-shelf workstations tha@lgorithms* with appropriate modifications, are also suitable

actually deliver, and even surpass, the power and reliability of for running parallel computations on networks of worksta-
supercomputers. Using completely novel techniques: eager schedions. This paper presents the latter resullts.

uling, evasive memory layouts and dispersed data management, it In addition to supporting parallel computations, we do
is possible to build a execution environment for parallel programs so in a fault-tolerant manner. This is an important consid-
on workstation networks. These techniques were originally deVe'eration, as not only are workstations inherently unreliable,
oped in a theoretical framework for an abstract machine which jy \t the transient loading of workstations renders some of
models a shared memory asynchronous multiprocessor. them slow (unpredictably). A fault-tolerance mechanism

The network of workstations platform presents an inherentlyinat treats slow computers as failed ores actually speed

asynchro_noqs en\(lronment for the execution of our parallel pro'upcomputations that would otherwise get bogged down by
gram. This gives rise to substantial problems of correctness of the . . s -

) ) . wrong choices during the initial scheduling process. In
computation and of proper automatic load balancing of the work

amongst the processors, so that a slow processor will not hold u@dd!t!on’ in our approach we do not impose S|gp|f|cant
the total computation. A limiting case of asynchrony is when a@dditional overhead for fault-tolerance or dynamic load

processor becomes infinitely slow, i.e fails. Our methodologybalancing.

copes with all these problems, as well as with memory failures. Al .

interesting feature of this system is that it is neither afault-tolerantrl'l' The Technology Settm_g _

system extended for parallel processing nor is it parallel process- ~ While there has been considerable pragmatic research

ing system extended for fault tolerance. The same novel mechan the subject of running parallel computations on a network
nisms ensure both properties. of workstations, our approach is quite different from the
current ones. Systems that support distributed computa-
. tions generally rely on conventional techniques such as (1)
1. Introduction low-level mechanisms like Distributed Shared Memory
The basic tenet of high-performance computing is 10(DSM), Remote Procedure Calls (RPC), and Message-
allow multiple concurrent threads of control to perform ggsed programming to implement applications that run on
multiple parts of a computation, while minimizing over- gjstributed nodes; (2) language support and runtime pack-
heads of operating systems and other software/hardwargges to write parallel programs and (3) system-level services
artifacts. Such computations are typically run on expensivejike specialized servers, distributed operating systems and
dedicated hardware, which is often custom-designed. HoWmicrokernels to support distributed computations.
ever, in recent years there has been a concerted push to use |n consequence, the following fundamental difficulties
Igw-cost distributed hardware to execute parallel computa-4pe frequently encountered: (1) The programming system
tions. necessitates major re-writing and/or restructuring of appli-
This paper describes a novel approach to harness thgytion programs to fit the specific model of the system.
power of workstations for parallel computations requiring (2) Fault tolerance is either not supported or not well inte-
high performance platforms. Recently, new theoretical re-grated with the rest of the system. (3) The overheads are
sults have provided precise techniques that allow a formaﬂigh due to distributed control and synchronization strate-
gies, or due to extensive replication for fault tolerance.
Our work starts with the premise that two conditions

:This research has been partially supported by the following grants: are critical for the utilization of networks of multipro-
NSF: CCR-95-05519,

2NSF: COR-91-03953 and NSE CCR-94-11590 and grammgd workstations as virtual parallel computers_. We
3NSF: CCR-93-13775, ONR N00014-91-J-1981. would like programs to run on the network of workstations
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with minimal rewriting. Also parallelism and fault-tolerance points of the formal work in brief. A lot of detail is lost in

should be two integrated features of the system. the brevity, and the interested reader is referred to the
original papers.
2. Related Research The formal research uses two abstract machine models:

This research is related to research in parallel processinthe ideal machind/ as presented to the programmer, and
in distributed environments as well as fault-tolerant proc- the more realistic machind r which is used to execute the
essing. Pedagogically, these two areas are considered segsrograms written foM . The formal techniques are used to
rate. automatically transform programs written #dr, to execute

Parallel processing systems are built on top of a messaggn, p,.
passing (or RPC) layer as in the very popular PVM [Sun90] . ) . .
system. Other systems along similar lines are include ORCAThe |deal Machln_eM : The ideal machin/ presented to .
[BT90], GLU [JA91], Amber [CAL+89], Concert/C, and so th_e programmer is a synchronous shqred memory machine
on. Most of these systems are hard to program and they d ith an unbounded number of p_erfa_mttual Processors.
not easily support fault-tolerance. Systems based on glob ee Fig. 1.) The programmer ert_e5|deal parallel pro-
address spaces, or distributed shared memory include IV\8ram whose execution olf consists of sequence of
[LH89], Munin [BCZ90], Clouds [DAM+91, DCM+90, parallel stepsin egch parallel step, some n_umbethnéad
DLAR90], Mether-NFS [MF89]. They allow networked segmentgxecute in parallel, each on a dedicated processor.
workstations to be treated as a multiprocessor system with: Parallél step ends when all the thread segments in it have
the the underlying software providing coherent memory_completed thelr execut_lon. Then_the_next parallel step starts.
Page shuttling, false sharing, need for distributed locking{ 1 "€ €Xécution model is shown in Fig 2.)
and lack of fault-tolerance are the disadvantages. The tupleFhe Realistic MachineM r: The realistic machin# r has
space concept for sharing and synchronization has beea finite number ofompletely asynchronopsocessors with
effectively used in the Linda [CG89] system. unspecified memory organization but with all the processors

Fault Tolerance has been implemented using replicatiorgble to access it. Any instruction can take potentially un-
of data and computation or checkpointing. THese system&ounded amounts of physical time to complete. (Processor
include CIRCUS [C0085], LOCUS [PWC+81] and Clouds faults are a special case — an instruction never completes.)
[DLAR90]. Recently encoded techniques such as RAID The memory is fault-prone too. Thaly atomic instructions
[CLG+94] is gaining popularity. The process group ap- arereadsandwrites,to the main memory. The modér is
proach and causal communications have been popularizea stable abstraction of some of the problems of a realistic
by ISIS [Bir93]. hardware.

Combining the parallel processing approaches with  The formal research results providengthod which
fault-tolerance has met with limited success. Mainly due togiven an ideal progran® written for M, produces an
the fact that it compounds the overheads and these high
overheads have to be paden when there is no failure

3. The Formal Foundations »

This section presents some of the formal results which Thread g/é %\'-é Paralel
form the basis of our design. These results have been Segment = 0 o oo o2
published in [AKPR93, Ked92, KP92, KPRR92, KPRS91, = = f 1
KPRS93, KPS90, Rab83, Rab89]. The formal results are L 7

developed in the context of abstract machines modeling \smcr{mnizauon
some key properties of realistic highly-parallel machines. ot

These results lead to precise provably correct and efficient

— — —
techniques for execution of parallel computations in a fault- — — i
tolerant manner on these abstract machines. While this = = = = =
work is not directly implementable on a workstation net- = = = = =
work, we have been able to adapt the ideas to make such = = = =
implementation feasible. In this section we discuss the key = = =

— — —

Processors — —

—

—

—

LYY YT = s
Uniformly Accessible Memory
Fig. 1.: The Abstract Machine Fig. 2.: The Ideal Program Execution Model
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execution of P on Mr, such that the execution in correct Evasion also assures idempotence of a thread segment

and efficient. execution, as in fact the input and the output locations are
The execution is a sequence of parallel steps, logicalldifferent, even though the names may be the same. (In
numbered 1, 2, ..., etc. THegical clock maintains the  x := f(x), the new value ofis stored in a location different

current step number. A “free” processor fdfr eagerly ~ from where the old value of was kept.) Note that the
schedulestself by “grabbing” a copy of a thread segment memory layout used to cope with asynchrony also provides
whose execution has not been completed in the currenfiault tolerance. The system can tolerate loss of pieces due to
parallel step. It then executes the thread segment: read€asons that have nothing to do with asynchrony, for exam-
variables, computes, and writes variables. A parallel stegple, a disk shutdown. To reiterate, dispersal and evasion
ends when each of its thread segments has been completda@gether mask out clobbers, provide fault tolerance, and
Then the clock is advanced. assure idempotence. (We remind the reader that we do not
To ensure correct execution, each thread has to be ex&escribe here how small-grained variables and control struc-
cuted logically onceidempotenceand multiple asynchro-  tures, such as the current addresses of the large-grained
nous executions of the threads should not update variablegariables, and the clock are stored. In fact, the system design
out of order ¢lobber protectioh The execution ordering is utilizes techniques different from those developed in the
assured by th€ertified Touch Altechnique is used: During  formal research.)
each parallel step, a data structure is maintained for keeping Sources:The firstidempotent Executiostrategy (not
track of which thread segments have been executed. Wheiglying on evasion), th€ertified Touch Altechnique, and
all thread segments have been executed (touched), the clo¢ke relatedEager Schedulindor it, were presented by
is advanced. An efficient algorithm (essentigigiogn) )is Kedem, Palem, and Spirakis [KPS90]. Additional improve-
used. ments were presented by Kedem, Palem, Raghunathan, and
A critical difficulty is that an asynchronous processor Spirakis [KPRS91]. (See also [Ked92,KP92,KPRS93].)
can “clobber” a value. Consider a slow proceSs@xecut- The first asynchronous parallel executidincluding the
ing a thread segment of some sTepvhich will include a underlying asynchronous clock construction) was presented
write of variablex. Since it is slow, a faster proces§r by Kedem, Palem, Rabin, and Raghunathan [KPRR92]. An
executes this thread segment, and the computation movégproved construction was presented by Aumann and Rabin
further. Therxis updated again in st@p. Subsequently, the [AR93]. Dispersed variableandfingerprinting were pre-
now obsolete write ok by P1 is executed, destroying the sented by Rabin [Rab89,Rab81]. Tevasive memorkay-
current value ok. Clearly the current values need to be out was presented by Aumann, Kedem, Palem, and Rabin
protected. [AKPR93].
We sketch here how this is done in the more interesting .
case ofarge-grained variablessay several hundred bytes 4. System Design
or more. First, each variabledspersedthat is, stored as a In this section we present a design that allows us to use
numberpiecesin an error-correcting manner with the prop- the ideas developed in the formal research to produce a
erty that the variable can be reconstructed from a fraction opystem that runs on regular networked workstations and
the pieces. Seconelasioris used. When a processor writes provides support for high-performance, fault-tolerant paral-
the new values of the pieces of some variapiedoes not  lel computations.
write them in the locations in which they have been stored Some of the techniques used in the formal design are
so far, but in aandom location dependent on the step either notimplementable or not necessary in a real environ-
number. To return to the previous example, pieces of ment. For example, the Certified Touch All algorithm is an
produced in stefi’ are written in locations different from O(log n) implementation of a scanning algorithm, that is
the locations of pieces afproduced in stefp. Note thata  best done by a linear scan in a real system. Similarly, the
late write’s pieces can clobber pieces of current variablesgvasion and dispersal algorithms, while initially looking
However, with overwhelming probability, the rate of clob- esoteric, are actually quite useful after modifying the man-
ber will be one piece or fewer per variable. Because ofner in which they are used. However the implementation of
dispersal, the correct value of a variable can be still recovevasion and dispersal, as developed in theory are too expen-
ered. Thevariable Handle Arrayis a data structure that sive for practical systems. For instance, evasion requires that
maintains the location of the current values of the variableeach write be preceded by a read that checks for existing
Because of the reuse of the storage, evasion can be done witlata before overwriting. This overhead is too much for data
a small space overhead. It is worth commenting that thouglaccess over a network. Similarly, in the theoretical case, the
evasion may appear to be similar to multi-version storagedispersal is done on top of evasion, while we prefer to use
it is in fact very different. (modified) evasion over dispersal. Also, since there is no
real global memory, the processor scheduling and variable
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program EXAMPLE; program EXAMPLE;

var |, J : integer; var |, J : integer;
procedure declarations; procedure declarations;
begin procedure P11;
cobegin begin S111; S112; S113; ... end;
begin S111; S112; S1183; ... end; procedure P12;
begin S121; S122; S123; ... end; begin S121; S122; S123; ... end;
begin S131; S132; S133; ... end; procedure P13;
coend; begin S131; S132; S133; ... end;
cobegin procedure P21;
begin S211; S212; S213; ... end; begin S211; S212; S213; ... end;
begin S221; S222; S223; ... end; procedure P22;
coend; begin S221; S222; S223; ... end;
end. begin
end.

Fig. 3: The source program and its pre-processed version

handling needs to be be done differently. The good news is This parallel program needs to be compiled into ex-

that when the formal algorithms are modified the resultingecutable object code. The pre-processing stage transforms

system architecture is feasible, innovative and quite appealthe source program by stripping away itwbegin -

ing. coend structure, replacing eachegin - end block by
Some features of the design are: a global procedure, and removing all statements from the

* The execution environment uses a set of regular work-mnain body. In fact, our program was turned into a set of
stations running a conventional operating system. Somgrocedures, each cesponding to a thread (segment). See
of these workstations are designatedhasnory servers the right part of Fig. 3. The pre-processor assigned names
andprogress manageyhe rest areompute servers to these global procedures (eRjj ) as shown in the

« After a computation is started, any number of computefigure.
servers may fail, become inaccessible, or become heav- Then the transformed program is compiled into object
ily loaded by other computations. As long as there is onecode by a standard “sequential” compiler. In addition, we
responsive compute server, the computation will pro-€xtract the starting point of each procedure from the com-
gress (albeit, possibly slowly). The failures of memory Piler-generated symbol table and create a data structure
servers and progress managers are also tolerated. called theProgress Table The structure of this table is

« Aparallel program is written using barrier synchroniza- Shown below:

tion points, expressed by @begin-coend  or Thread Id. Start |Started? Done?
equivalent structure. Address

In our presentation we make the following assumptions: Pl OxOppp F F

* The parallel program is a straightline sequence of paral- ig 8);8?r?q E E
lel steps without nesting. P21 0x0sSS = E

* Ifathread segmentwrites a variable, then no other thread

segment of the same parallel step writes the variable.

_ i X This table maintains information about where each pro-
* Each variable is page aligned.

cedurePij starts in the code. The object code and the
4.1. Compilation Progress Table are placed omamory serverwhich is a

A parallel program is written in a language thatsupportsSyStem_ component that stores the program and its_ data and
parallelism. This program is “pre-processed” into asequen-se”d_s it over th_e network to a requesting workstan_on. For
tial program in a standard language. The resulting prograni€ first-cut design, we assume the memory serséaise
is compiled using a standard compiler. that is, it never fails. We will remove this assumption later.

To produce executable object code, we start with a4.2. Memory Service and Execution

parallel program. Aarallel stepis specified by gobe- As stated before, the stable memory server has the
gin - goend block, and ahread segmer(brthregd) by. program, data and the Progress Table. In addition to the
a begin — end : bl.OCk' A sample program (written in thread-index (or thread-identifier) and starting location of
pseudo-Pascal) is given on the left S'd.e of Fig. 3._There fhat thread, the Progress Table also indicates whether a
some global declarations and the main body. Witisich .65 has been started and/or possibly completed. All the
bggln —end block, the statements are labeil, compute serverfiave aworker daemonwhich obtains

Sij2, ... information from the Progress Table of a computation if the

4
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workstation is under-utilized. Again, for simplicity let us existence of a reliable memory server. The reliable memory
assume there is only one parallel computation and hencserver can be constructed from a set of replicated memory
only one Progress Table. Although in fact, the Progressservers, but the overhead in synchronization (or atomic
Tables are maintained and accessefdrbgress managers, broadcasting) at every read and write is very high.

for the time being we procee_d as if any compute_ server .CaQLB. Dispersal and Evasion

access the Progress Table in a mutually exclusive fashion.

(Later in the presentation' we m0d|fy thlS) A pOSSible solution to this prOblem is as follows. Use a
When a compute server examines the Progress Table, gentralized memory server, with built-in intelligence (that
follows the algorithm: is, a transaction system) that makes every set of writes from

1. Find athread segmey such that: all the threals1 x a thread atomic as well as reje_t_;ting write_s from late threads.
(for all x) have been completed, aRg has not been Th_en we can _repllcate tr_ns fgcmty to prow_de fault tol_erance.
started: else if no such thread is found, then find athread his conventional solution is too expensive, complicated to
Pi; such that it has been started but not completed; elsdnPlement, and infeasible for regular programming sys-

stop (as the computation has completed). ':jerr_]sa_fl\r/lotivalted by ;che_techniques dfescrib.ed in jedc 3, we
2. Mark the “started?” value correspondingRy) as true. sgllt ffferently, employing variants of evasion and disper-

3. Get the page containing the memory locastart

The basic idea behind evasion is the separation of vari-
from the memory server

4 Start nE: able name from variable address. While in most program-
' art executingj. ming environments, a varialses allocated an addresg

While the thread segmentis executing, itneed®and 54 this address remains constant throughout the execution.
data pagesis the computation touches each page, this page, or case, a variable’s address changes every time it is
is demand-paged into the compute server. The computatiofitten.

works on the downloaded copy of the pageafoiong as We explain the evasion scheme first. Assume the mem-

the thread segment runiio attempt is made to keep the ,ry server is reliable, but incapable of determining which
pages coherent as is done in a DSM systfter the it is 4 valid write and which is too late. This incapacity
execution of the thread segment completes, the COMPUtR hecessary as we do not want to build global control-state
server returns all the modified ("dirty”) pages. It does this jn¢ormation (i.e. step number) into the memory service. The
py first |de|jt|fy|ng the dirty pages, using the modified bits o 4qress space of a program occupies Sdmagesps to
in the paging system, and then writing the pages to thg |nitially, theseN pages are stored in blocks Nof the
memory server. Finally, the compute server sets the Va”ablﬁ‘nemory server. Similarly to the Progress Table, we keep a
“done” corresponding @i, to true in the Progress Table.  pyge Allocation TableAgain, we assume all compute serv-
Thus, every under-utilized workstation picks up a threadg s have efficient and exclusive access to the page allocation

segment that can be executed (i.e., this thread segmentispje \we will describe how this is actually done in a later
execution has not been completed, but all the thread segsaction. The page allocation table has the format:

ments in the previous parallel step have been completed)
This is the crux of providing eager scheduling of asomewhat | Page No.| Step No, Writer-id|  Block No.
wait-free flavor, which also provides fault tolerance. Nota- 1
ble properties on the system are: g
* No active compute server waits for any other compute 4

server to finish. If there is a thread that can be executed,

mpute server may work on it, even if other comput '
acompute server may Work on I, even It otner compute \yhen a thread segmegifj running on compute server

servers are executing it. i
. I N b | tails. oth Wreads a page andp has not been modified by any other
a compute SErver becomes SIow or fals, Other CoM-y, o g segmen®; j reads from the initial location (or block
pute servers pick up the slack, without any global coor-

. o . . number). If Pjj updates the page, instead of writing it back
dination. Thus load balancing is automatic and dynamic p- IfPi;jup hag g

: . ‘to the blockp of the memory server, it writes it to any free
However, the design needs several additional enhancebIOCk on the memory server storage, say btpchfter all

ment“s The maJOE probl_em with th's. des_|gn IS th?‘ MEMOTY e pages are written back, the processor then updates the
gets “clobbered.” To relterate_the situation de_scnbed in sec.F>age Allocation Table by adding entries containing the Page
3, suppose a compute SQNH'.S ?IOW’ andib pl_cks up the Numberp, the Writer-IDW, the Step Numberand the new
thread executing oiVa and finishes executlng it. The location of this pagq. It does this for all the pages written.
parallel step then completes and the computation oW pro- -, o 4er to ensure that a thread reads the correct data

grc;ssei to Lhe I? ?r)](t parallltel STtEP' MUTQ Lﬂte{con"lt[r)]letes . when it executes, the following algorithm is used. When a
and writes back the results. This would destroy the Cons'sfhreadPi,j reads a page

tency of the computation. Finally, we cannot assume the

[e)e]e]e)
(e)e)]e] )

HIWIN -
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One out of “many” compute servers “Several” memory servers

Bring Pages / Compute ‘ [ D D D }
Complete Thread Segment [ D D }

Dsperse/Evate Dirty Pages ‘ [ D D D D D D}

| Y I

Inform Progress Manager E ‘ % %
| v I » =

Get New Thread Segment =l ‘ %

Primary progress manager Backup progress manager/

Fig. 4: The Overall Runtime System Structure

* It gets a copy of the Page Allocation Table. a single thread segment is atomic. The atomicity is estab-

« Itfinds the entry witlp in the first column, such that the ~ lished when the table entries are added. (3) A thread seg-
value in the third column is the highest value that is lessment’s execution, regardless of its structuredempotent

thani. That is, it can be re-executed without adverse effects. Thus,
* It retrieves the locatiog from the last column of the multiple processors can run the same thread as well as allow
table and reads in blockfrom the memory server. slow processors to continue without the need for tracking

To ensure that the free space is not used up, a simpl&em down and cleaning up after them.
gart_)age coI_Iectpr discards pages that are too old by using 4. Tables and Progress Managers
the information in the Progress Table.

This implementation of evasion ensures that the execu- The keyto efficient working of the system depends upon

tion of the threads are idempotent, slow threads do no h: Set%?gceazgg % irllsg%?; egb?;sth;:fgrfisﬁ ;?jt;;lsei ar?;tetze
clobber fast threads and the memory is utilized efficiently. ge. ' P 9
arpachlne called thprogress manager The progress man-

To make the memory server reliable, we use the dispers er is one central site that both stores and updates the tables
technique, as described in sec. 3. To re-iterate: each block? P

. : o . . and the free list.
of disk storage is splitinto several blocks using a particularly .
- . A compute server wanting to run a thread sends a request
efficient method for bulk error correction called the Infor-

mation Dispersal Algorithm (IDA) [Rab89]. This method to the progress managet, and the progress manager returns
; . L the thread-id and the start-address of the procedure to run,
allows us to disperse a variable imt@ieces so that every

mpieces suffice for complete reconstruction of its value. Thealong with a complete copy of the page allocation table, as

. S . well as a list of free blocks for the output. When the thread
size of the storage required increases/byin the process. SR ;
B ) completes execution, it disperses the output, and writes them
Thus whem=5 andm=3, we can lose any two pieces and

reconstruct the value from the remaining 3; the storage an(tjo some of the free blocks. It then informs the progress

o 2 anager of which pages were updated. The progress man-
subsequent communication overhead is just 66% compare
. .. _“ager then marks the thread as done, and updates the page
to the 200% overhead needed to achieve such resilienc . : .
_— allocation table and free list as appropriate. As a part of the
through standard replication.

. . . reply to this request, the progress manager sends the com-
Then these pieces are written ordifferent memory ;
; : : pute server another thread and the current version of the page
servers. When a variable is read, we need to retrnieve X
allocation table Thus about two messages per thread execu-
blocks from the memory servers and henaa memory

servers can be faulty at this point. Sinteand m are tion is required.

parameterizable (depending upon the degree of fault toler: . So the progress manager 15 the osilygle point of
. . ; . failure on our system. To migitate that, we keep a backup
ance desired) we can fine tune the systecordingly. Since

the dispersed disk stores evasive memory there is no neé)CLOgI'ESS manager. Atcertain intervals, the primary manager
for mai?nainin inter-undate temporal orde¥ checkpoints the tables to the backup manager. If the primary
g Inter-up P . manager fails, the backup manager can takeewar if the
The above realization of evasion and dispersal keeps thgackup manager data is somewhat out of dateis the

original properties of these two schemes intact. These are: . .
(1) Memory doesotget clobbered. (2) A set of writes from eoackup does not have to be kept totally in sync with the
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primary, and this is due to the availability of the evasiveto yield a fully functional implementation.The current im-
memory scheme. plementation runs annotated C++ programs, that is the par-

The overall system structure is shown in Fig. 4. allel program is written in C++ with embedded constructs
45. Comparative Discussion to express parallelism, _along the lines described above.

The prototype consists of several (one or more) work-

As mentioned earlier, most systems start out either agations designated as “compute servers”. At present there
parallel processing systems or as fault-tolerant systems and one machine dedicated to run as a combination of the
then add on the remaining hafhe major conceptual ad-  “memory servers” and the “progress managers” and it is
vantage of this approach is that ours is neither a parallel cajled the “manager”. Failures of compute servers are tol-
processing environment augmented to support fault toler-erated but the failure of the “manager” is not currently
ance, nor is it a fault-tolerant system augmented t0 doplerated. Thus the evasion/dispersal algorithms are not
parallel processingThesameset of mechanisms provides npecessary (the central site discards late writes) and have not
both. been incorporated.

A negative aspect of systems that use replicated data or \ve present the results of one experiment that performs
replicated computations for fault tolerance is that they bea, parallel sort on a large (128KByte) array [Bar94]. There
significant runtime overheagl/en when there are no faults  yere a total of 6 execution: (1) Atruly, sequential execution
Since faults are rare, the system pays a high price for running, 3 single machine--the parallel program was modified into
any fault-tolerant computation. Our system does not us§ sequential program that there is no overhead due to paral-
replication. The data integrity is provided by dispersal, andjglism: and (2-6) Five parallel execution using the manager,
when compared to replication, dispersal is cheaper. Due tQng respectively between 1 and 5 compute servers.. The
parameterizability of dispersal, the possibilities of fine tun- manager and the compute servers were 6 identical diskless
ing the system is larger. Of course, these properties arisgn Sparcstation SLC's.
from the theoretical foundations of the system. The results are listed in the table in Fig. 5. Each execu-

Our system does not replicate computations in a convenyion has 3 blocks, block 1 random fills the array sequentially,
tional way. Only when the execution of some thread segmengiock 2 sorts different segments of the array in parallel and
seems to be delayed, and there are free computing resourcgsigck 3 merges the sorted segments sequentially. The row
another execution of such thread segment is started at apygrked 0 compute servers is the sequential execution. The
other compute server. Suateger schedulingsed by our  efficiency and speedup computation is for the parallel step
restart execution strategy, provides automatic load baIanC(b|OCk 2). Efficiency is calculated as the sequential time
ing, without the need for process migration. divided by the total parallel time multiplied by the number

The table management seems like a bottleneck, but iyt compute servers.
reality, it is not. The table management system can be made |t is not surprising that the efficiency is not monotonic.
efficient by reducing the number of messages. Indeed eachyecutions in which the number of compute servers does
process can update all the tables and allocate the next threa@t divide the number of threads (15), are less efficient, as
to run usingonerequest to the progress manager. the unit of assignment is a thread.

5. Experimental Results 6. Conclusions

In order to experimentally evaluate the techniques de- e present a design of a runtime environment that
scribed in this paper, a prototype implementation of theproyides a parallel processing environment supporting fault
system has been built. This effort is a part of a largerjerance and automatic load balancing and runs on a net-
comprehensive system development effort that is expectegyork of machines. The overhead of the system is low due to

Compute Block 1 | Block 2|Block 3| SpeedupEfficiency
Servers| time | time | time |(Block 2 150 — 6
0 0.60| 1159  0.92 nfa  100.0% h —Time
1 0.81| 1195 0.99 0.97 97.09% 100 + 4
2 061 646  0.96 179 896% ., | FQ/DH% , e
3 0.65 41.2 0.91 2.81 93.8% et~ ‘ W —S peedup
4 063 337 0091 344  861% 0 o
5 0.67 25.6 0.96 4.53 90.7% © + & ® <

Compute S ervers
Fig. 5: The table of sort timings and the corresponding graphnjaétin seconds)

7
Appeared in the Proceedings of the 15th Intl. Conference on Distributed Computing Systems, May 1995, Vancouver, BC, Canada.



the use of some novel ideas that allow us to avoid replicafFp93]
tion, synchronization and costly management schemes. The M. Fu and P. Dasgupta. A Concurrent Prograng Environ-
system is in the prototyping phase and preliminary results @gr%tch;[erMseoTtsgfygﬁgegp5?(!3%?&%?52%%%/@2 Xg'
look promising. 93).

We are aware that there is considerable more work to b@JA91]
done, especially in the area of optimizing the scheduling, R. Jagannathan and E. A. Ashcroft. Fault Tolerance in Parallel

) . . Implementations of Functional LanguagesThe Twenty First
managing the memory architecture better and handling of Intgmational Symposium on Fault-%ole?ant Computitéel.

the data structures. Also, we are working on extending thgkedg2]
scheme to support computations that do I/O and have non- Z. Kedem. Methods for Handling Faults and Asynchrony in

deterministic executions. Preliminary results exist but are Parallel Computations. 18992 DARPA Software Technology
. . Conferencepages 189-193, May 1992.
outside the scope of this paper.
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