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Abstract In this paper we address the issue of
dependable distributed high performance computing
in the field of Symbolic Computation. We describe
the extension of a middleware infrastructure de-
signed for high performance computing with effi-
cient checkpointing mechanisms. As target plat-
form an IBM Parallel Sysplex Cluster is wused.
We consider the satisfiability checking problem for
boolean formulae as an example application from
the realm of Symbolic Computation. Time measure-
ments for an implementation of this application on
top of the described system environment are given.
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1 Introduction

The need for high performance computing is
no longer restricted to problems from engineer-
ing applications that typically result in com-
putations on huge matrices filled with float-
ing point numbers. Also many problems from
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the realm of Symbolic Computation can only
be tackled with the power provided by parallel
computers. In contrast to many of the number
crunching problems mentioned above problems
from Symbolic Computation cannot easily be
partitioned into many subproblems of similar
type and complexity. Problems from Symbolic
Computation are typically parallelized using a
(recursive) divide and conquer style that par-
titions a task into different subtasks of differ-
ent complexity. In some cases even aspects of
search parallelism come into play. I.e., differ-
ent processes search in parallel through an (un-
balanced) search tree. Clearly the paralleliza-
tion of applications from the field of Symbolic
Computation requires an adequate hardware
and software environment. In addition to the
described difficulties, we have to face extreme
long running times. In this context dependabil-
ity gets most important and will be the focus
of this paper.

The dependability problem can be attacked
by two different approaches: fault prevention
and fault tolerance [1]. In the presented work,
the issue of fault prevention is addressed by
providing a simple and high level programming
paradigm by a special middleware component.
This frees the programmer from dealing with
low level system details leading to compact and
clearly structured programs and thus reduc-
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ing the likelihood of software faults. Addition-
ally, we use hardware that exhibits outstanding
availability and reliability features reducing the
risk of hardware faults.

Fault tolerance is commonly defined as pre-
venting errors from becoming failures. In the
context of high performance computing the
definition of the term failure clearly must in-
clude the issue of gaining poor or no speedups
in the presence of errors. Therefore the fault
tolerance mechanisms presented in this paper
are primarily targeted towards this point.

2 Hardware and Network Ar-
chitecture

The IBM Parallel Sysplex architecture [2] com-
bines up to 32 instances of the OS/390 oper-
ating system to a single cluster. It provides
for fast communication paths among the sys-
tem, access to memory (caches, queues, locks)
that is shared by all systems (coupling facility),
a common timer and access to shared disks.
Each of the OS/390 systems as well as the cou-
pling facilities can either run on a dedicated
S/390 system or on a logical partition within
an S/390 system. The S/390 architecture is
an SMP architecture with up to 12 proces-
sors and excellent I/O capabilities. Both the
S/390 hardware, the OS/390 operating system
and the Parallel Sysplex cluster architecture
are primarily designed for high reliability, high
availability and good performance on mixed
workloads. In addition it provides a perfect
architecture for mid-size parallel programming
exploiting both shared memory parallelism and
distributed computation.

0S/390 is the successor of MVS. It includes
support for Parallel Sysplex exploitation like
the Work Load Manger (WLM) and the UNIX
System Services subsystem, that provides for a
UNIX API and a UNIX user interface. To sup-
port the development of parallel applications
0S/390 UNIX System Services already include
the Parallel Environment, a port of the MPI
implementation known from the SP2 parallel
computers.

In addition to a proper Parallel Sysplex envi-
ronment we also ran experiments in an hetero-
geneous network consisting of both a Parallel
Sysplex and workstations running under Win-
dows NT. Combining OS/390 and Windows
NT is particularly challenging because both
systems use different data formats for standard
data types (e.g., EBCDIC vs. ASCII and Hex-
Float vs. IEEE floating point).

3 Middleware for High Per-
formance Computing on
Parallel Sysplex Clusters

As underlying middleware for building parallel
applications on a Parallel Sysplex cluster the
Distributed Object-Oriented Threads System
(DOTS) [3] is employed. DOTS was originally
intended for the parallelization of applications
belonging to the field of Symbolic Computa-
tion (we give an example in Section 5), but it
has also been successfully used in other appli-
cation domains such as computer graphics [4]
or computational number theory [5].

Since DOTS is designed to run on a clus-
ter consisting of shared memory multiprocessor
systems it matches ideally the hardware setup
of a Parallel Sysplex.

The main idea of DOTS is to provide a uni-
form and high-level programming paradigm
on such kinds of hierarchical multiprocessor
systems. It releases the programmer from
the burden of dealing with conceptually dif-
ferent paradigms (i.e. message passing and
shared memory threads) within a single par-
allel application and from getting in touch
with low-level (often platform dependent) sys-
tem details. This approach leads to compact
and clearly structured programs and therefore
helps to improve program correctness.

Basically DOTS provides object-oriented
asynchronous remote procedure call services
accessible from C++ through an easy-to-use
fork/join threads-style programming API. It
supplies primitives for (remote) thread cre-
ation (dots_fork), thread joining (dots_join)
with join-any semantics when applied to



a thread group, and thread cancellation
(dots_cancel). Additionally it supports
object-serialization for parameter passing.

Fach DOTS application consists of a set of
processes running an instance of the parallel
program and a Commander process. The role
of the Commander process is to coordinate the
communication among the parallel processes.
It keeps track of the workload of each process
and schedules each dots_fork-request accord-
ingly. In addition the Commander provides a
controlling interface for the user of a DOTS ap-
plication.

Figure 1 shows a pseudo-code fragment and
the resulting distributed threads of control
mapped to three nodes. The execution starts
at node B. The entry point for the applica-
tion is the main routine. The initial process
is called the root process. This is the only
process running completely through main. All
processes become compute server processes for
later dots_fork calls. Non-root processes are
allowed to fork new threads as well, taking the
client role (for clarity, this is not shown in Fig-
ure 1). It is up to the programmer whether the
root process acts as a master and dispatches
work to other hosts, or whether it takes no
special role, e.g. in a distributed divide-and-
conquer scheme.

The implementation of DOTS is based on the
Adaptive Communication Environment ACE
[6], which is available for many platforms. So
far DOTS has been used on Windows N'T, So-
laris, IRIX, Linux and OS/390 UNIX Sys-
tem Services. It provides a homogeneous pro-
gramming paradigm on heterogeneous clusters
based on nodes running these systems. A com-
plete description of DOTS is given in [3].

4 Dependable Parallel Com-
puting with DOTS

In this section we address the issue of extending
DOTS with a checkpointing mechanism suitable
for high performance computing.

In many approaches to checkpointing the
whole system state is saved in a checkpoint

at predetermined times. This strategy is ad-
equate for many application domains and from
a programmer’s point of view it is often con-
sidered to be very desirable, since checkpoint-
ing and restart can be carried out completely
transparent. However in the field of high per-
formance computing this solution has some
drawbacks. Periodically saving the whole, usu-
ally very extensive system state imposes an un-
acceptably high overhead to all program runs,
including failure free runs which are the nor-
mal case. Moreover, in the case of a failure
a restart is also quite expensive, since recon-
stituting a consistent system state out of the
checkpointed raw system states is not a trivial
task [7].

We describe a different approach to check-
pointing that is more suitable for a high per-
formance computing environment like DOTS.
It’s design goal is to minimize the overhead im-
posed by the checkpointing mechanism, both
in terms of system resources and human re-
sources, i.e. programming overhead. The main
idea is to take into account the specific exe-
cution pattern of DOTS and additional knowl-
edge about the actual application when decid-
ing about the content of a checkpoint and the
points in time when checkpointing is to be car-
ried out. This is realized by two orthogonal
approaches for adding checkpointing to DOTS.
The first one, referred to as implicit checkpoint-
ing (see Section 4.1), is completely transparent
from a programmer’s point of view, no appli-
cation code modifications are necessary. The
second one, named ezplicit checkpointing (see
Section 4.3) adds three new API calls, allowing
the programmer to explicitly control the gran-
ularity of the checkpoints and consequently to
control the imposed overhead. According to
the particular needs of the application, the pro-
grammer can use none, one or both of these
checkpointing modes.

Another design criterion that has to be con-
sidered is where the checkpoint data associated
with a DOTS thread should be stored on stable
storage. Basically checkpoints can be stored lo-
cally on the node that is executing the thread
(provided it has dedicated local stable storage),



main() {

dots_fork( funcl, argl );
dots_fork( func2, arg2 );

resultl = dots_join(funcl);
result2 = dots_join(func2);
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Figure 1: Distributed Threads of Control in DOTS

or all checkpoint data can be collected at a cen-
tral storage place. Despite the increased com-
munication overhead, in the context of DOTS,
a central checkpoint mechanism is more ap-
propriate for the following reasons. First, the
Commander is the natural central collector for
check point data. Second, in the case of a non-
transient fault of a node a DOTS thread can
easily be remapped to a different node as be-
fore, starting with its last checkpoint available
from the central checkpoint store. Third, we
can run the Commander on an OS/390 system
that is renowned for its high availability. In
particular storing the checkpoints on a shared
disk adds to the robustness of the system be-
cause it allows to restart a parallel application
from an alternative system.

4.1 TImplicit Checkpointing

For realizing implicit checkpointing we have
adopted a technique from Symbolic Compu-
tation called function memoization. A check-
point consists of a pair containing the ar-
gument and the computed result of a DOTS
thread. Whenever a thread has successfully

finished its execution a checkpoint is made.
The checkpointed data is stored in a hash-table
called fork/join history table. In the case of a
restart of a DOTS thread, actually a kind of re-
ply of communication and computation takes
place: If the argument of the thread is present
in the fork/join history table the result is taken
from the table and immediately send back to
the caller without carrying out any further
computation or communication. This strategy
is feasible whenever the function executed by a
dots_fork() is stateless. Actually only those
threads that had not finished their execution
before the failure occurred must be restarted.
In this case explicit checkpointing (see Section
4.3) can be used to further reduce the over-
head of restarting. Implicit checkpointing is
best suited for DOTS threads of a fine granu-
larity.

As a side effect the implicit checkpointing
mode can even be useful in failure free runs.
Speedups can be obtained in certain applica-
tions (e.g. applications with a recursive struc-
ture where intermediate results can be reused)
by always making lookups in the fork/join his-



tory table when dots_fork occurs before actu-
ally starting the execution of the DOTS thread.

4.2 Restrictions to Implicit Check-
pointing

Implicitly checkpointing a function makes only
sense if that function returns results that are
valid regardless of the context and time of its
execution. We call such a function always-
valid. Certainly all deterministic functions be-
long to the class of always-valid functions. But
also functions joined with join-any semantics
may belong to that class if their results are al-
ways qualitatively equivalent.

If the return value of a function depends on
the time or context where it is called the func-
tion is called per-contexrt-valid. Typical con-
texts a (formally stateless) function may de-
pend on are the system time, the processor it
runs on or the contents of a file. Earlier results
of per-context-valid functions may be invalid if
the function is later called again (with the same
parameters); be it a second call in a program
or a call in a recovery run.

Our checkpointing extension to DOTS allows
to prevent a function from being implicitly
checkpointed. This is done by providing an
additional optional parameter to dots_fork.
This parameter may be used to switch implicit
checkpointing (and thus result retrieval from a
checkpoint) on or off. The default of this pa-
rameter enables implicit checkpointing. There-
fore implicit checkpointing of a function can be
switched of on a call by call basis.

4.3 Explicit Checkpointing

To use explicit checkpointing, the application
programmer has three new API primitives at
hand. They can be used to customize the gran-
ularity of the application’s checkpointing be-
haviour both in terms of space and time: The
entities that are chosen to be checkpointed are
objects and the checkpointing process can be
triggered by an explicit API call.

The new API calls available to the program-
mer for controlling explicit checkpointing are:

e dots_reg_cpobj
e dots_init_cpobj
e dots_do_cpobj

The purpose of dots reg cpobj is to regis-
ter an object to become a member of the set of
objects to be checkpointed. As stated above,
this is a very lean strategy. Only objects worth
to be checkpointed are considered.

A special role in the checkpointing API plays
the call dots_init_cpobj. Every previously
registered object must be initialized through
this call. A default object has to be passed
as an argument to dots_init_cpobj. This de-
fault object is used as “checkpoint value” when
no checkpoint is available for this object, i.e.,
in the non-recovery case. In the recovery case
dots_init_cpobj initializes an object to its
previously checkpointed value.

The function dots_do_cp actually carries
out a checkpoint by saving all registered ob-
jects to stable storage.

The explicit checkpointing API imposes the
DOTS application programmer to outline the
algorithms and problems in a certain manner.
In practice, the API has revealed a good adap-
tation to algorithms and problems.

5 Application

We consider as an application from the realm
of Symbolic Computation a parallel satisfi-
ability checker for boolean formulae (SAT).
Important applications of the SAT checking
problem include planning and scheduling [8],
model checking for hardware verification [9],
and checking formal assembly conditions for
motor-cars [10]. The computational complex-
ity of these problems can vary considerably,
where the hardest practical problems often
require thousands of hours of running time.
Clearly, in this context dependable paralleliza-
tion is highly desirable.

Actually a SAT checking algorithm performs
an optimized search in an unbalanced binary
search tree. The current state of the search



can be completely described as a so called
guiding path [11], which basically is a path
from the root of the search tree to the cur-
rent node. Therefore in our implementation
objects describing guiding paths are check-
pointed. Guiding paths are also used to split
the search space into disjoint regions which are
assigned to different processors. Splitting can-
not be done statically since the generated sub-
problems have considerably different and com-
pletely unpredictable run-times. Hence every
time a processor has completed the search in
its assigned region the search space of another
processor must be split to generate new work.
This dynamic approach leads to a highly ir-
regular splitting behaviour. A major challenge
of parallel SAT checking is to deal with this
dynamic evolution of irregular parallelism.

For the realization of time measurements we
took as example input a satisfiable boolean for-
mula with 680 clauses containing 200 variables.
All parallel program runs were carried out with
both implicit and explicit checkpointing. For
failure free experiments no significant overhead
for implicit and explicit checkpointing could be
observed.

Table 1 compares the sequential run-time
with the parallel run-times on 2 nodes with
6 processors within the Parallel Sysplex envi-
ronment described in section 2. It also shows
the gained speedups when performing a com-
plete restart at an early and a late stage of the
computation. (In these cases the given total
run-times include the time for restarting.)

6 Outlook

Our future research will include two topics.
Based on the presented implementation of
checkpointing we will add thread migration
with preemptive resume scheduling to DOTS.
Along with this point it would be interesting to
closer integrate the system environment of the
IBM Parallel Sysplex architecture into DOTS,
e.g. using the Work Load Manager (WLM) for
thread scheduling. Another topic of our future
research is the integration of several Parallel

Sysplex clusters with a Java based infrastruc-
ture to form a meta-computing environment.
This could also include porting DOTS to the re-
cently released Linux for S/390 operating sys-
tem.

7 Related Work

The Egida project [12] also addresses the is-
sue of low-overhead fault-tolerant computing.
It provides an object-oriented toolkit enabling
transparent rollback-recovery for an MPI im-
plementation. In contrast our approach takes
into account the particular needs of high per-
formance symbolic computing and is therefore
tightly integrated into the distributed threads
system DOTS.
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