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Abstract

The software framework presented herein, RCalc, provides Artificial Intelligence re

searchers programming in the Common Lisp language with a multiple-instruction, multiple-

data (MIMD) super-computer built from a collection of Unix^ workstations interconnected

via a local area network (LAN) utilizing the Transmission Control Protocol/Internet Pro

tocol (TCP/IP) protocol suite.

RCalc is most suitable for parallel algorithms adhering to the bag-of-work paradigm. A

model of bag-of-work algorithms as implemented using RCalc-like systems is presented. It

is used to analytically derive a predictor for the efficiency, E, of parallel algorithms fitting

the model.

To apply the predictor, one must know certain characteristics of the hardware and

software realizing the algorithm. A testing methodology that can determine these char

acteristics is developed, and it is applied to RCalc. The results of this application are

used to improve the predictor of E, and the improved predictor is validated by applying it

and the testing methodology to a Parallelized Simulated Annealing Solver of the Travelling

Salesman Problem (PSA-TSP) implemented in RCalc.

' Unix is a trademfirk of Unix System Laboratories, Inc.
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Chapter 1

Introduction to The Problem

It is a truism that parallel computing offers the only means of sidestepping limits placed

on processor speeds by the absolute nature of the speed of light. Ready access to parallel

architectures attempts to keep pace with the compute power required by the growing num

ber of research problems that push these limits. One cost-effective means of providing such

access can be found in software that combines an institution's general purpose worksta

tions using the local area network (LAN) that interconnects them: in effect, the LAN then

functions as the backplane of a large multiple-instruction, multiple-data computer [CM87].

Software systems that combine general-purpose, networked workstations into a multiple

instruction, multiple data (MIMD) virtual computer will be called MIMD-LAN systems

or MIMD-LAN frameworks. At the time this research began investigating the problems

implementing MIMD-LAN frameworks', few software frameworks facilitating this combina-

' Working prototypes of the software described here existed as of late June 1989.



tion existed. Those that did exist were often limited in their implementation. Some, e.g.,

[GGM"*", Kil88], had a low ceiling on the number of workstations that could participate in a

computation; some, [WL88], e.g., were only implemented on mainframe class hosts; some,

such as [Gai85], were of historical interest only; and others, such as [LMN88, Sun88b], were

predominately intended for distributed computing in heterogeneous environments and did

not support parallelism.

Since the commencement of the research reported herein, a vast number of frame

works combining workstations into MIMD computers have been developed; [Sun90, RSL92,

BKT92, CS92, AOC+88, Che92, PD91] are but a few. Though the shortcomings, if any, of

these newer frameworks are less severe than earlier frameworks, of necessity all are limited

in the languages they support. Some, e.g., [RSL92, Sun90, CS92], are intended for use

by scientific researchers, and therefore support the C or Fortran programming Languages.

Some, such as [BKT92, Che92, JLHB88, AOC+88], implement new languages with which

to write parallel programs. Few target artificial intelligence researchers programming in

Common Lisp (CL); [PD91] does.

The problem, then, is to provide AI programmers using Common Lisp with a frame

work for applying the compute power of a LAN of workstations to their parallel applica

tions. The focus of the problem is narrowed to Unix^ workstations that communicate using

the Transmission Control Protocol/Internet Protocol (TCP/IP) protocol suite, since these

workstations are widely available in the research community. It is further narrowed to cer

tain types of of Artificial Intelligence (AI) applications, to those heuristic searches where

^Unix is a trademcirk of Unix Systems Laboratories, Inc.



"bag-of-work" style parallelism^ applies. Two examples of such search techniques occur in

genetic algorithms [Hol75], where individuals in a population are elements of the bag, and

in simulated annealing [KGV83], where annealing schedules are bag elements.

1.1 Statement of The Problem

The purpose of this research is to

• design, implement, and evaluate a software framework, known as RCalc, that enables

Unix workstations to participate in bag-of-work style parallel computations written

in the Common Lisp language, and

• to provide potential users of the framework with a prediction of the performance they

might expect from the framework.

RCalc has been implemented on a network of Sun Sparc workstations using a com

bination of Austin Kyoto Common Lisp and the American National Standards Institute

standardization of the C language [KR88].

® Briefly, computations patterned on the bag-of-work peiradigm Ccin be decomposed into multiple tasks
that can proceed in parallel. One or more decomposing processes store task descriptors in an abstract data
structure, the "bag." In parallel, worker processes repeatedly remove a task descriptor from the "bag" and
perform their chosen task. Further details can be found in [CG88].



1.2 Significance of the Study

1.2.1 National and International Impacts

Arguably, there is no need for another software system tying a collection of loosely coupled

workstations into a MIMD computer: as noted in the introduction, there are already many

such. However, while comparative studies of these alternatives exist ([CS92, DS92, Bal91]),

only [Bal91] analyzes the suitability of a particular framework to general classes of appli

cations. One national and international impact of this study will be to facilitate pragmatic

comparisons of MIMD-LAN systems: an evaluation strategy is presented that aids a pro

grammer in determining whether a given system is suitable to a particular bag-of-work

application.

While further development of RCalc would only duplicate on-going research efforts across

the world, the application of the author's experience with low-level communication routines

and with Common Lisp interfaces to other MIMD-LAN systems is, potentially, a second

national and international impact of this study.

1.2.2 Local Impacts

At present. Lisp programmers within the Computer Science Department, University of

Tennessee, Knoxville use the Department's distributed file system as a message-passing

mechanism between workstations participating in parallel computations. One impact of

the study will be to provide these researchers with a better means of parallelizing their

applications, while giving them some idea of the performance they can expect from the

framework.



Instrumentation tools developed during the implementation of RCalc have a wide ap

plicability. Another local impact will occur when these tools are made available to other

software development efforts within the department.

1.3 Research Questions

The goal in answering this study's research questions is twofold:

• to provide a predictor for the performance that can be obtained using RCalc, where

the standard notion of efficiency^ is taken as an appropriate performance metric, and

• to provide a notion of the accuracy of this predictor.

A first-order model of bag-of-work computations as realizable using RCalc is presented.

The efficiency of the modelled computations is then derived analytically, based on the

model's parameters. To apply this analytic predictor to a given bag-of-work algorithm

in a given environment, performance characteristics of RCalc must be known. A testing

methodology is devised to obtain them, and it is applied to RCalc. The analytic predictor

is applied to those test results which it can forecast, and a comparison is made between the

empirically obtained results and the analytically predicted results. The analytic predictor

is then modified to account for discrepancies discovered by the comparison. Finally, the

analytic predictor of efficiency and the testing methodology necessary to apply it are vali

dated by comparing their predictions to an implementation of an example A1 bag-of-work

algorithm.

^The efficiency of a parallel computation is the ratio of the speedup obtained by the paraUel computation
to the number of processors used in that computation.



1.3.1 Question One: Derive a Predictor of Efficiency

Formally stated, Ql is:

To what extent can a predictor for the efficiency of bag-of-work algorithms as

realized using RCalc be analytically derived?

This question is answered by first modelling a subset of bag-of-work algorithms which

can be realized using RCalc. The efficiency of these algorithms is then analytically de

rived as a function of the model's parameters and performance characteristics of the RCalc

implementation. The model is described in Section 3.3, and the analytic derivation of its

efficiency is given in Section 3.4. An attempt will be made to provide an upper bound on

the efficiency and to predict its average value.

Important issues in answering this question include determining the nature of the al

gorithms that can be modelled, determining the parameters of the model, understanding

the assumptions made about the modelled algorithms and about RCalc, and determining

which characteristics of RCalc-as implemented in the experimental environment-must be

known in order to apply the predictor to an example bag-of-work algorithm.

1.3.2 Question Two: Test and Modify the Predictor

Q2 is broken into the following two sub-questions:

To what extent can a testing methodology be devised so that the analytic pre

dictor of efficiency may be applied to bag-of-work algorithms as implemented in

RCalc?



and

To what extent can the analytic predictor of efficiency be modified to account

for the results of applying the testing methodology to RCalc?

The result of answering the first of these questions is a testing methodology; the results

of the second, the fruits of applying the methodology in an experimental environment,

including additional insight into the RCalc implementation and bag-of-work algorithms in

general.

The approach to be taken in answering Q2-A begins by designing a simple bag-of-work

algorithm which fits the model and which has model parameters that can be varied in a

known manner. Given an implementation in RCalc of this tunable algorithm, one can vary

its input, observe its behavior, and derive performance characteristics of both the algorithm

and RCalc that must be known in order to apply the analytic predictor. As an example, one

portion of the test methodology will likely involve discovering the relationship between the

algorithm's input and the complexity of its bag tasks. Determining which of the algorithm's

model parameters can be varied with its input, how the model parameters are to be varied

to obtain clear results, and what performance characteristics can be obtained by varying

them are all important aspects of answering Q2-A.

Answering Q2-B requires that the testing methodology be applied to an RCalc imple

mentation of the test algorithm in an experimental environment, that the analytic predictor

of efficiency be applied to the algorithm's implementation, that the prediction so obtained

be compared with empirical results, and that the predictor be modified to the extent pos

sible to account for these results. The goal in answering Q2-B is to improve the accuracy

of the predictor by utilizing it in a controlled test environment.



1.3.3 Question Three: Validate the Predictor

A formal statement of Q3 is:

To what extent is the combination of the analytic predictor and the testing

methodology validated when applying it to an example bag-of-work algorithm?

An example bag-of-work application, a solver for the Travelling Salesman Problem (TSP)

based on Simulated Annealing (SA), is implemented in Common Lisp using RCalc. Those

parts of the testing methodology that are algorithm-specific are applied to the SA-based

TSP-solver, and the analytic predictor is used to forecast its efficiency when using different

numbers of Unix workstations. The efficiency of the TSP-solver is then empirically obtained,

and the forecasted and observed efficiencies are compared. The goal in answering Q3 is to

provide the potential user of RCalc with an idea of how well the predicted efficiency will

match actual performance obtained using RCalc.

1.4 Assumptions of the Study

This study is based on several assumptions. Those that are not discussed later are presented

here.

1.4.1 No Kernel Modifications

Some MIMD-LAN systems rely on changes to the Unix kernel, typically requiring special-

purpose network drivers for their improved performance. For reasons of portability, RCalc

does not rely on kernel modifications.



1.4.2 Security is Unimportant

It is assumed that the framework will be used in a research environment, one in which

security is undesirable. There is no provision in the framework for access control, user

authentication, data encryption, malicious packet rejection, and the like. Providing security

measures under the current implementation is not considered.

1.5 Limitations of the Study

This study addresses the problems presented in Section 1.1. However, it is limited in the

scope to which it does so.

1.5.1 Only First-Order Effects are Modelled

The model used to predict and observe RCalc's behavior does not consider second-order

effects. In particular, no attempt is made to model demand-varying network throughput,

as is found when using Ethernet.

1.5.2 No Similar Framework is Examined

The results of this study only apply to RCalc. No experimental comparison is made between

RCalc and other frameworks providing similar capabilities.



Chapter 2

Review of the Literature

There are two major parts of the framework:

• its model of parallel, distributed programming

• its communication method

The first of the following two sections surveys other parallel, distributed programming

frameworks; the second, reliable datagram protocols, the communications method used by

the framework.

2.1 Parallel, Distributed Programming Frameworks

This section presents an overview of methods both available and historic that address the

problem of how to accomplish parallel, distributed computation using general-purpose pro

cessors sharing some communications medium. The sections are ordered chronologically.

10



either by the date of the method's publication or the date of the method's most recent

implementation, whichever is more recent.

2.1.1 Remote Procedure Calls

A remote procedure call facility (an RPC) provides communication between network nodes

via a programmatic interface that passes parameters to, and returns results from, a proce

dure running on another node. The RPC paradigm has been theoretically presented in

[Nel79], and its seminal implementation has been described in [BN84]. The reader desir

ing further details of the remote procedure call facility is directed to those two papers. A

widely available implementation of RPC, the drawbacks of which inspired parts of RCalc's

implementation, is presented as illustrative of the form available in the late 1980's: an

examination of RPC as developed and distributed by Sun Microsystems, Inc. is given.

Sun's remote procedure call facility, confusingly called Remote Procedure Call (RPC),

allows heterogeneous computing platforms to make procedure calls to one another using the

network interconnecting them. It uses the eXternal Data Representation (XDR) [Sun87]

to encode all data transmitted in a canonical form. Because Sun's popular Network File

System (NFS) is RPC based, RPC is widely available across various architectures and

operating systems.

In theory, RPC could be directly used to implement parallel computation: one would

simply write the procedures one wished to call, make them available to the RPC mechanisms

on the hosts one wished to use, call them asynchronously or via a broadcast mechanism,

and reap their results. In practice, however, this approach is not feasible for three reasons:

1. Using RPC is difficult. As the RPC manual distributed by Sun Microsystems, Inc.

11



itself states, the upper layers of RPC are sufficiently inflexible that one generally makes

use of RPC's bottommost layer for "serious" applications [Sun88a]. The details of that

layer are overwhelming [Sun88b], and their complexity hampers an understanding of

how one might use it well.

2. Broadcasting over RPC is resource intensive. The RPC broadcast mechanism utilizes

the broadcast mechanism of the underlying transport. Every host sharing that trans

port, then, will be interrupted to either service or discard the RPC broadcast. While

this overhead is acceptable for applications broadcasting only infrequently and aperi-

odically (for instance, when a person requests the names of users currently logged into

all hosts on a network), it is unacceptable for the repeated, insistent usage generated

by the message-passing necessary to parallel, distributed processing^.

3. Asynchronous RPC is not available. Though the current RPC specification [Sun88b]

clearly states they need not be, implementations of RPC are singly threaded from the

calling side; no mechanism for doing asynchronous procedure calls exists in known

RPC implementations^. Without asynchronous calls allowing the caller to start pro

cedures while other remote procedures execute, parallelism cannot be achieved.

4. Encapsulating procedure calls in light-weight processes is not portable. As [NHSS87]

Mn some vendors' platforms, RPC is so tightly coupled to system services that continuous, heavy use of
RPC's broadcast mechanism causes catastrophic failures when critical network servers "thrash" while coping
with the interrupts generated by broadcast packets. At the University of Tennessee, Knoxville, this is a well
known cmd much loathed occurrence that results in simultaneous loss of service to over 400 such systems.

^At the time of RCalc's design, the author was familicir with RPC implementations from Sun Microsys
tems, Inc.; International Business Machines, Inc.; the University Of California, Berkeley; and DigitfJ Equip
ment Corporation.

12



reports, a light-weight process (LWP)^ can encapsulate a synchronous RPC while
other LWPs sharing the same address space can continue to do useful work. However,
most implementations of LWPs are either not freely available, or are architecture
dependent.

Because of the ease with which RPC is incorporated into both standard procedure-

based or functional programming languages, the RCalc design is based on the general RPC
paradigm, extended to support parallelism through the use of asynchronous calls. For
reasons presented later in Section 3.2.1, RCalc leverages off Sun's development of XDR.

2.1.2 MP

Developed in the mid 1980's at Tektronix, Inc, MP's purpose was to put the processing
power of a collection of engineering workstations in the hands of parallel programmers, quite
similar to the goals of RCalc [Gai85]. Processes in MP communicate via message-passing

over a network capable of multicasting. MP's message-passing protocol is flow-controlled,

but not reliable. MP processes are assumed to be short lived and to retain no state between

receiving messages. Messages are assumed to be either requests that computations be
performed or results of computations.

In MP,^ a process is a set of shadow processes, each of which is built from the same

executable image, each of which executes on a different workstation, and each of which

® A related group of light-weight processes share the same address space, but have (Afferent threads of
control. LWPs thus have access to the same data for co-ordination purposes, the user is free to let some
LWPs block while others execute, and the operating system implementing them can rapidly context switch
between them.

*[Gai85] does not give an expansion for the acronym "MP."

13



receives the same input messages. This latter feature is implemented using the multicasting

capabilities of the underlying network: each message destined for a particular process is

multicast to all shadows in its set. One shadow process is elected to output messages on

behalf of the process set; it is said to be "primary" for that set. Shadow members of the

process dynamically re-elect a primary whenever the process has a new result to output

by designating that shadow which responds first as the new primary. Since MP processes

are stateless, there is no need to communicate any information from the old primary to the

new primary. This "auto-election" mechanism provides fault tolerance, load balancing, and

speedup, in favorable circumstances, of the square-root of the number of shadow processes

[BD80].

RCalc provides mechanisms whereby MP's concept of stateless can be incorporated

by the RCalc user to provide some degree of fault tolerance and load balancing (c/ Sec

tion 3.2.2).

2.1.3 Linda

The designers of Linda® at Princeton University maintain that, when constructing program

ming models, there is a natural division between computation and co-ordination: "compu

tation models allow construction of a single computational activity; the co-ordination model

will bind separate activities into an ensemble" [GC92]. Linda, then, is their implementation

of a co-ordination language based on a global tuple space, essentially "a shared associative

memory." A tuple is a list of fields, each of which has a type and an optional value.

®Linda is a trademark of Scientific Computing Associates, Inc.
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Co-ordination occurs through four operators that manipulate the tuple space:

out The out operator places tuples in the tuple space. It takes a tuple as an argument.

Typically, fields in ouf'ed tuples have a value in addition to their mandatory type.

in The in operator removes a matching tuple from tuple space. Tuples match when they

have the same number of fields and their fields match. Two fields match when

• their types match and

• their values, if both are specified, match.

in blocks if there are no matches in the tuple space.

rd rd is like in, except the matching tuple is not removed from the tuple space.

eval The eval operator outs what is known as a "live" tuple. Live tuples have a process

associated with them that computes values of the fields. When the process finishes

its computation(s), the fields of the live tuple take on the computed values, and the

tuple is indistinguishable from any other outed field.

At first glance, the utility of these primitives may not be apparent. [Lel90], however, attests

to their power: an operating system with a Unix-like user interface has been implemented

that uses in, out, rd, and eval to co-ordinate all of its kernel activities.

Linda has been implemented on a variety of parallel architectures in a variety of lan

guages, including implementations embedded in C for networks of hosts [WL88, DS92].

[DS92] reports these implementations manage the global tuple-spaxre efficiently and com

pare favorably with message-based parallel-processing systems such as the Parallel Virtual

Machine (c/Section 2.1.6).
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RCalc borrows little from Linda save the concept of bag-of-work parallelism, which,

while not an explicit part of Linda, did help inspire Linda's tuple space.

2.1.4 The Distributed Processing Utilities Package

Developed at the Computer Science Department at the University of Colorado, Boulder,

the Distributed Processing Utilities Package (DPUP) was designed to achieve coarse-grained

parallelism out of a collection of workstations connected via a LAN [GGM"*"]. It provided a

programmer with two communication paradigms: master/slave and broadcast group. Us

ing the master/slave paradigm, a single master process sends free-format messages to slave

processes initiated by the master using DPUP primitives based on the Transmission Con

trol Protocol (TCP). Using the broadcast group model, a group of processes register their

interest in a set of replicated broadcast variables. Processes access broadcast variables by

exchanging messages with a local variable server. These servers loosely maintain the vari

ables' consistency using protocol based on the User Datagram Protocol (UDP). DPUP's

broadcast group model foreshadows the "data-objects" of Orca (c/Section 2.1.8) and bor

rows somewhat from Linda's "tuple-space" (c/Section 2.1.3).

While historically useful, DPUP's lasting success was in demonstrating the utility of

a MIMD-LAN system that relied solely on standard Unix networking primitives. Many

systems-PVM, the PrOgramming SYstem for distriButed appLications (POSYBL), RCalc

itself- owe their development to DPUP's trailblazing.

After observing the tribulations of a study conducted within the Computer Science

Department, University of Tennessee, Knoxville of a distributed algorithm implemented

using DPUP [Sur89], the author concluded that a number of DPUP's drawbacks should be
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eliminated in any similar framework. In particular, an explicit decision was made to allow

RCalc to run on a host without intervention from a privileged user.

2.1.5 The Distributed Hypercube

Developed at the University of Tennessee, Knoxville, the Distributed Hypercube is a set

of of library routines that provide a programming interface to a collection of homogeneous

workstations that looks very much like that of an Intel Hypercube. The interface is based

on TCP. [Kil88] reports that the Distributed Hypercube can yield performance equal to an

Intel iPSC/2 when running compute-intensive parallel applications.

Both the limitations and the successes of the Distributed Hypercube directly spurred

RCalc's development. As noted in [Kil88], the Distributed Hypercube could gain consid

erable performance improvement by utilizing a connectionless protocol instead of TCP, a

connection-based protocol: the overhead of establishing and destroying connections would

be eliminated. Because of this recommendation, RCalc utilizes a reliable datagram protocol

as its network transport. [Kil88] also notes that the Distributed Hypercube suffers from a

requirement that all hosts participating in a computation be of the same architecture and

use the same data representation. RCalc uses XDR to achieve architecture independence,

allowing hosts of different byte-ordering and languages that utilize different data formats to

interoperate. The Distributed Hypercube's performance directly inspired the author to pro

duce an ancestor of RCalc when confronted with along-running genetic algorithm: while it

was clear that run times could be drastically reduced by implementing this algorithm using

the Distributed Hypercube, the onus of casting the algorithm in a form suitable for a hy

percube implementation pushed the author into developing a new framework more suitable
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for heuristic search.

Some frameworks have been developed in parallel with the one described in this research.

These are described in the following sections.

2.1.6 The Parallel Virtual Machine

The Parallel Virtual Machine (PVM), first presented in [Sun90] addresses the same problems

as does the framework. One achieves parallelism by decomposing one's computation into

functional units that can operate in separate address spaces, then combining the units via

message-based parallel programming primitives. Diflferent functional units may reside on

different hosts attached via a network, and one obtains parallelism from

• the concurrent execution of functional units

• any parallelism inherent in the hosts themselves.

One can consider the collection of hosts as a single virtual machine, hence the name PVM.

The semantics of the primitives are managed and enforced on behalf of the functional units

by per-host PVM daemons® which reliably transfer messages, synchronize interdependent

functional units, choose hosts on which to instantiate new units, give notification of failed

units and hosts, etc. Advantages of PVM include

• the ability to implement a functional unit on the architecture most appropriate to its

function.

®In Unix parlance, a daemon is a long-lived server process invoked to do work on behalf of the invoking
process.
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• ready support for functional units written in differing languages, and

• a console process that can orchestrate PVM calculations under interactive control.

PVM has seen widespread use and is currently considered one of the better MIMD-LAN

systems available. A great deal of supporting software for PVM exists, including a graphical

programming language [BDG+93] and a load-balancing system [Sep93]. Experienced PVM

researchers have concluded that bag-of-work parallelism is the paradigm of choice when

communicating between functional units.

2.1.7 Jade

The Jade parallel-programming language [RSL92] extends the C language with syntactic

additions that allow programmers to specify data-parallelism. Given these hints, the Jade

system detects an application's coarse-grained concurrency, exploiting it dynamically as

appropriate for the application's target environment. Jade programs can run unchanged

at the source level on various architectures^ and, regardless of environment, are guaran

teed the execution semantics of a sequential, imperative, single-address space programming

model. This guarantee allows debugging of the program to occur in an environment where

subtle timing interactions need not be considered. The Jade implementation on a network

of workstation-class machines uses PVM (c/Section 2.1.6) as a typed, reliable transport

protocol.

By relying on a MIMD-LAN system as just another parallel computer. Jade demon-

^[RSL92] reports that Jade has been implemented on shcired-memory multiprocessors, message-passing
machines, systems with special-pmpose functional units, as weD as networks of heterogeneous workstations.
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strates the maturity of the MIMD-LAN paradigm. With its transparent interface to a

MIMD-LAN system hiding details of how many and what types of hosts are available to

the parallel programmer, Jade is arguably the culmination of MIMD-LAN development.

2.1.8 Amoeba and Orca

Amoeba is an efficient distributed operating system designed on an RPC communication

model which supports light-weight processes. An Amoeba system is built of

• workstations, used for tasks such as editing text which require fast interactive re

sponse;

• a pool of central processing units (CPUs), dynamically allocated to execute processes;

• specialized servers, residing at well-known locations, providing file service, directory

service, etc; and

• a gateway, enabling communication with remote Amoeba systems.

As reported in [TvRvS'^90], Amoeba is one of the fastest distributed operating systems

implemented on slower CPUs: its RPC mechanism, when used to communicate between

two workstations based on the Motorola Corporation 68030 CPU, is roughly six times as

fast as that developed by Sun Microsystems, Inc. for very short messages, and twice as

fast for medium-length messages. While originally conceived of as a system for distributed

computing [TvRvS''"90], Amoeba's robust design and efficient implementation led to its use

as a parallel system. The parallel language Orca, providing a shared-memory paradigm,

was designed and implemented to work under Amoeba.
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In Orca, one shares data through "data-objects," essentially instances of a type defining

private data and public interfaces to manipulate the data. Data-objects are analogous to a
tuple space in Linda where the tuple operators are arbitrarily defined by the user. Data-
objects are shared at process invocation: starting child processes can be passed data-objects,
which are then shared between parent and child. This sharing is transitive: a data-object

shared between parent and child and child and grandchild will be shared between parent

and grandchild. Sharing is implemented in the distributed memory environment of Amoeba
through replication and reliable broadcast: every processor has a copy of each shared data-
object, and updates to the data-objects are reliably broadcast to all processors. This scheme

is efficient: programs solving the Travelling Salesman Problem with 12 cities have achieved
near-linear speedup using 16 processors [BKT92].

Both Amoeba and Orca have been implemented as new systems, unconstrained by

issues of backwards compatibility or heterogeneity. A large part of Amoeba s and Orca s

power is derived from such an uncluttered design environment. In contrast, RCalc seeks to
provide a MIMD-LAN system to an already established audience utilizing heterogeneous

architectures. As such, RCalc is neither as efficient as Amoeba nor as elegant as Orca.

2.1.9 The Parform

The Parform [CS92], developed at the University of Zurich Information Institute, is, in

essence, a load-balanced PVM-like software system. Subtasks in The Parform are statically

or dynamically load-balanced across a collection of workstations based on the following

metrics:

• application-specific heuristics that predict load generated by subtasks
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• CPU utilization as retained by the workstation's operating system

• available compute power on a workstation, as given by the number of times a counter

is incremented during a sampling interval

Host-to-host communication in the Parform occurs directly at the data-link layer, without

the overhead of intervening software at the transport and network level. While the Parform

gains performance in bypassing these protocol layers®, it does so at the cost of scalability,

without utilizing network layer software, the Parform can only communicate with hosts

directly attached to the LAN on which it operates.

2.1.10 Condor

Condor [LS92] is a software system that transparently provides access to compute power

on idle Unix workstations. By restricting all I/O to read-only or write-only file access, a

program may operate in the Condor environment. Condor programs are compiled, linked

to a special run-time library, started on an initiator machine, and then, using check-point

files maintained by the Condor system, migrated to idle workstations. The runtime library

replaces Unix system calls with RPC routines that call back to a shadow process running

on the initiator host. The shadow process handles I/O on behalf of the migratory pro

cess; thus, the migratory process appears to run in the file system of the initiator host.

While not provided with explicit parallelism by the Condor system, Condor programs can

achieve parallelism by running multiple copies of themselves. That is, once migrated, dif

ferent copies may concurrently execute on different CPUs. Note that any communication

'[CS92] shows that the Parform performs better than PVM.
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between these copies must take place in the file system of the initiator host. Condor s re

strictions on I/O make file-based communication cumbersome and limit Condor programs

to large-grained parallelism. Developing versions of Condor incorporate Linda's communi

cation primitives [LS92] and will schedule PVM tasks [LP93]. Once a Linda/PVM-enhanced

version of Condor is produced, Condor will become one of the most functional MIMD-LAN

systems available. Until such time, Condor's primary utility lies in enabling programs to

run for months at a time.

2.1.11 The CLOUDS Lisp Distributed Environment

The core of the CLOUDS Lisp Distributed Environment (CLiDE) is comprised of large-

grained, persistent, distributed objects capable of evaluating Lisp expressions in the con

text of their own address space [PD91]. Access to CLiDE objects occurs through public

interfaces. Both protection and consistency of these objects are enforced by the under

lying CLOUDS operating system. Parallelism is achieved through support of the future

abstraction reported in [RH85]: remote evaluations are first tagged as belonging to a group,

then started asynchronously on other hosts, and, sometime in the future, are reaped or

terminated based on which evaluations have completed.

The CLiDE developers have identified the same need for a parallel, distributed Lisp

system that spurred the development of RCalc.
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2.2 Reliable Datagram Protocols

RCalc uses OCARD^, an unsequenced reliable datagram protocol built as part of this re

search, as a data transport. Such a protocol is inherently record-oriented, and no guar

antees are made about the order in which messages are received, hence the appellation

"unsequenced." The following sections survey both sequenced and unsequenced reliable

datagram protocols.

2.2.1 Delta-t

Delta-t, developed at Lawrence Livermore National Labs, is an implicitly-connected trans

port protocol that supports both client/server transactions and byte stream style commu

nications. A basic premise of its design is that the connection abstraction is an artifact

of the services provided by a protocol [e.g., error control, sequenced delivery) and has no

bearing on the data the user of the protocol wishes to transfer from one site to another.

Based on this premise, one of Delta-t's stated design goals is "to remove connection man

agement as a user interface issue" [WatSl]: there are neither open nor close primitives in

Delta-t. Rather, connections in Delta-t exist implicitly between every pair of nodes in a

default state. Connections move to the active state when data are sent from one node to

another, and they return to the default state when no data are sent during some interval.

Delta-t uses timer-based mechanisms to place bounds on the lifetime of both packets and

state information associated with connections, ensuring that old packets do not interfere

with on-going data transfers. To enforce these bounds, Delta-t requires estimates of

'There is no acronymic expansion for the sequence of characters O-C-A-R-D.
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• the maximum packet lifetime (MPL), the time it takes a packet to traverse the net

work,

• the maximum time a receiver delays before acknowledging a packet, and

• the maximum time a sender will attempt to deliver a packet in the absence of ac

knowledgements.

[WatSl] presents inexpensive methods to obtain the MPL from an underlying link-level

protocol; other estimates are available based on the Delta-t implementation.

OCARD borrows Delta-t's notion of implicit connections, though it restricts the nodes

to which implicit connections can exist to a set of hosts specified at the time OCARD is

initialized.

2.2.2 The Reliable Datagram Protocol

The Reliable Datagram Protocol (RDP) was developed to support a network transparent

filesystem, the Extended File System, at the Massachusetts Computer Corporation for their

proprietary operating system [CFA85]. Layered on the Internet Protocol (IP), it extends

the functionality of the standard IP datagram protocol, UDP, by providing reliable, ordered

delivery of datagrams and by further demultiplexing datagrams based on transaction^"

identifiers. This latter extension amortizes the overhead of establishing a single connection

across multiple processes sharing that connection, while providing the sharing processes with

a means to quickly negotiate and manage sub-connections with peers on the remote host.

'"a transaction is an exchcinge of related messages between two network entities. IVansactions are often
thought of as request/response messages between a client and a server.
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It is particularly useful in an environment supporting LWPs (c/page 13). RDP's interface

to its transaction mechanism accommodates degenerate transactions, where no reply is

expected, and it allows for single message or multiple message transactions. By specifying

the appropriate transaction model, RDP can thus act as an unsequenced or a sequenced

reliable datagram protocol, with or without support for transactions. RDP's capability for

tailoring its behavior to the needs of the application using it foreshadows the complex set

of options provided by more recently designed protocols (c/Section 2.2.7, Section 2.2.8).

OCARD provides fixed functionality to the user, resembling RDP when used with de

generate transactions of a single message.

2.2.3 The Reliable Data Protocol

The Reliable Data Protocol (RDP), designed by Bolt, Beranek and Neuman Communi

cations Corporation, Inc, supports full-duplex, reliable delivery of segments, units of data

exchanged between peers that must be delivered atomically [VHS84]. The RDP user can, at

connection-initiation, specify if segments must be delivered in the order sent by the remote

peer or if it is acceptable to deliver them as they are received by the local RDP protocol

module. Sequenced delivery may be necessary, for example, when presenting data to a hu

man user; unsequenced delivery would be acceptable when loading a memory image across

the network. To implement sequenced delivery, as well as for other bookkeeping purposes,

RDP tags segments with monotonically increasing sequence numbers. RDP utilizes two

types of piggy-backed acknowledgment'^:

Acknowledgements sent in packets containing user data are Sciid to be piggy-hacked on the user data.
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• a cumulative acknowledgment lets a sender know that all segments up to and including

a certain sequence number have been received, and

• a non-cumulative or extended acknowledgment indicates to a sender that a set of

segments with designated sequence numbers has been received.

The type of acknowledgment used is a function of a particular implementation of RDP and

is not under control of the RDP user: [VHS84] states that extended acknowledgments are

intended to be used whenever segments are received out of order.

RDP provides flow control, using parameters negotiated at connection establishment.

One parameter indicates the maximum size segment RDP is willing to accept. Another gives

the maximum number of outstanding, unacknowledged segments allowed during a connec

tion. The sender maintains a window of segments the width of this maximum and may not

transmit segments with sequence numbers outside it. The sending window is anchored at

the last sequence number cumulatively acknowledged by the receiver; it advances whenever

another cumulative acknowledgment is received. The receiver maintains a window twice the

width of this maximum, anchored similarly. Any segment received with a sequence number

outside this window is dropped.

OCARD borrows RDP's extended acknowledgment mechanism as its sole form of ac

knowledgment (c/ Section 3.2.4) under the assumption that, in an unsequenced reliable

datagram protocol, cumulative acknowledgments might be needlessly delayed while await

ing mis-sequenced packets.
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2.2.4 ISIS

Initially developed at Cornell University, ISIS is a distributed programming software system

using the abstraction of a process group as its basic building block. A single process is a

collection of LWPs (c/page 13), each known as a task. A process group collects one or more

processes under a single name. ISIS provides primitives for a process to dynamically join,

leave, and communicate with process groups using the group name. ISIS primitives also

enable the spawning of new tasks based on "interesting" events, for example, when a message

arrives or when a new process joins a group. ISIS further guarantees that all members of a

process group see the same events in the same order. This guarantee, coupled with hooks

provided to the user by ISIS to regenerate a process group's state, greatly simplifies the

task of implementing fault-tolerant, distributed programs. ISIS runs on Unix workstations,

and the ISIS libraries are usable from many different languages, including C, C-|—f-, LISP,

and Prolog [BCJ+90]. Further development of ISIS has transferred from Cornell to Isis

Distributed Systems, Inc., as has the copyright on a number of technical reports concerning

ISIS. ISIS research has therefore had little impact on OCARD's development.

2.2.5 Prospero's Asynchronous Reliable Delivery Protocol

The Asynchronous Reliable Delivery Protocol (ARDP) was designed to provide reliability

on top of UDP for Prospero, a distributed file system intended for use on a global scale. As

such, ARDP directly supports client/server transactions: it allows transaction requests and

responses to span multiple packets (c/segments in Section 2.2.3), a client can obtain the

status of its transaction request, a server can redirect requests away from itself or forward

them to other servers, a server can report the estimated time it will take for a transaction
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to coinplete, etc. Acknowledgments in an ARDP packet can contain a bit vector specifying

to the sender a list of received packets. [NA93] does not specify a flow control mechanism

for ARDP; however, the implementation distributed with version 5 of Prospero limits the

number of outstanding packets for a single request to seventy-five.

Had ARDP been available early in the design of RCalc, it is likely that it would have

been used in place of OCARD.

2.2.6 The RHODOS Reliable Datagram Protocol

The RHODOS Reliable Datagram Protocol (RRDP) is designed to be an efficient protocol

which the distributed operating system RHODOS can use for both internal and external

communication. When used externally to communicate with remote RHODOS sites, RRDP

is, like ARDP, layered on UDP. Using RRDP, messages bound from one process to another

are split into datagrams which are then transmitted by the sender in fixed-sized groups.

If the receiver successfully receives all datagrams in a group, it acknowledges the entire

group. If, instead, the receiver detects the loss of one or more datagrams in the group,

it negatively acknowledgesthe missing datagrams, indicating to the sender that the lost

datagrams are to be retransmitted. Protocols that batch datagrams and their acknowledge

ments in this manner are termed multidatagram protocols^^. RRDP transmits messages

reliably between processes running on different hosts, where a message is analogous to an

RDP segment (c/Section 2.2.3). [GZ90] has shown that grouping increases throughput

and reduces message transfer delays, and that the benefits of grouping diminish as message

'^Note that for a group size of one, multidatagram protocols degenerate into using a stop-and-wait
(re-)trcinsmission policy.
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size increases from 8 kilobytes to 32 kilobytes. None of these effects would be apparent in

OCARD's intended usage environment, where short, un-ordered messages are exchanged

between hosts.

2.2.7 The Versatile Message Transaction Protocol

The Versatile Message Transaction Protocol (VMTP) was developed at Stanford University

to support the V Kernel [CheSS], a distributed operating system that makes heavy use of

transaction-oriented remote procedure calls. VMTP thus presupposes all communication

occurs between a single client making a request to one or more servers which, under normal

circumstances, respond to that request. Transaction requests and responses can be of

arbitrary length, delivered to applications in pieces or as a whole.

VMTP packets are sent to and from "entities," which provide or consume some ser

vice, such as a distributed database or a location service. Entities are tagged with 64-bit

identifiers which are valid within a given administrative domain. Entity identifiers are in

dependent of any network, any host, or any interface on a host; entities can thus migrate

arbitrarily and can be composed of arbitrary groups of machines. Entity identifiers are

assumed to be strictly stable, meaning a given identifier refers to the same entity forever

and is thus valid forever, or f-stable, meaning that a given identifier is no longer valid, it is

invalid for a period of time t.

VMTP is a multidatagram protocol layered atop IP. It bundles packets into groups of

no more than 32 packets, to which rate-control, ordering and reliability are, at the user's

discretion, applied. As with RRDP, each group can be acknowledged in part or in whole and

can be delivered to an entity in order or unsequenced. Unlike RRDP, which acknowledges
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messages, the units VMTP acknowledges are 512 byte blocks of user data.

VMTP has been designed with a number of real-time applications in mind. Most of

VMTP's functionality is therefore optional: checksumming can be turned off, acknowledge

ments are not mandatory, transaction responses are not required, and data delivery need

not be delayed while an entire message is accumulated. Messages can be prioritized. A

message can be sent such that it is only delivered if an application is awaiting that mes

sage. Further, much of VMTP's design reflects the goal that a VMTP implementation be

efficiently realizable using hardware. For example, packet checksums occur at the end of

packets, where they may be calculated on the fly as packets are copied from buffer to buffer.

As another example, VMTP headers are of fixed length and format so that header fields

may be accessed using efficient hardware instructions.

[Mas90] shows that VMTP meets the apparently conflicting goals of providing for low

latency when sending short messages and high throughput when sending long messages.

While a Unix implementation of VMTP existed at the time of RCalc's design, it relied

upon modifications to the Unix kernel. Such modifications were termed unsuitable in the

usage environment of RCalc, and so VMTP was not considered as a candidate transport for

RCalc. OCARD, however, uses the notion of fixed length headers espoused by the VMTP

designers.

2.2.8 The Xpress Transfer Protocol

The Xpress Transfer Protocol (XTP) was developed by a consortium of for-profit corporate

members and affiliated not-for-profit institutions, ft is a lightweight, connection-oriented.
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byte-stream transfer protocol'^ providing a rich set of user-tunable options, reflecting its

design goal of separating policy (what to do) from mechanism (what can be done) [SDW92].

Functionally a superset of VMTP (c/Section 2.2.7), it was designed in a similar manner

as VMTP, from a clean slate with the intent that it provide efficient access to high-speed

giga-bit or tera-bit networks. Unlike VMTP, it does not presume anything about the com

munication paradigms it supports. XTP can support a wide variety of communication

styles, including connection-oriented exchanges, graceful or abrupt connection teardown,

half-closed connections, two-packet rec|uest/response transactions that establish and tear

down a connection, and both reliable and un-acknowledged datagrams.

Since XTP is a transfer protocol, using it requires that intermediate systems be XTP-

aware. XTP end systems must use tunneling techniques^'' to communicate through inter

mediate systems that do not understand XTP. XTP uses cut-through routing, where the

packet establishing a connection between two endpoints cuts a route through the subnetwork

between the endpoints; this route is subsequently used for all packets between endpoints

until it is released, either by the endpoints or by detecting a failure along the route. An

other major design goal of XTP is to enable reduction of protocol processing to silicon. To

accommodate this goal

• checksums, as in VMTP, are in a packet's trailer

• headers and trailers are fixed in length, and fields are offset at fixed positions in them

'^A transfer protocol is one meiging levels 3 and 4 of the Open Systems Interconnection reference model,
the network and transport levels.

A protocol that encapsulates its packets for delivery by a higher level protocol is Seiid to tunnel through
the higher level protocol.
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• fields in XTP are aligned on 4 byte boundaries

• the protocol engine is entirely realizable as a finite state machine.

In a break with traditional network protocols, which regard network bandwidth as a

limited resource and end-system compute cycles as inexpensive, certain fields in XTP pack

ets exist solely to facilitate efficient implementation of protocol software. The example of

XTP's key field will demonstrate the use of such fields. The key field is initialized by the

initiator of a connection. All subsequent packets sent by the responder are expected to

be tagged with its value. The initiator can then use the key field in these return packets

to demultiplex the incoming stream of XTP packets to a particular connection. The XTP

protocol definition does not specify the interpretation of the A:ej/field's value; instead, when

a connection is initiated, an XTP implementation could place the index into a table of cor

responding to that connection in the Arey field. The context for a particular incoming packet

could then be found quickly by using the key field as an index into the table of connection

contexts.

In addition to one-to-one, duplex communication, the XTP definition specifies one-to-

many simplex communication semantics. The group communications are simplex, according

to XTP designers, because the concentration of multiple data streams into one is both

unclear and best left to the application desiring duplex communication. Realizing the

dogmatic nature of this position regarding group communication, the XTP definition goes on

to suggest a heuristic called "cloning" that combines a one-to-many simplex association with

one or more one-to-one simplex associations, effecting a full-duplex one-to-many association.

Early implementations of OCARD, developed independently of XTP, attempted to use
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header fields to facilitate lookups in much the same way as does XTP. However, the OCARD

implementation was flawed in its handling of re-used keys, and re-using keys was subse

quently abandoned. Given XTP's resolution of the problem of using a key again, lookup

fields may return to later revisions of OCARD.
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Chapter 3

Methods and Procedures

This Chapter presents the methods and procedures used to address the problems of Sec

tion 1.1 and to answer the Research Questions of Section 1.3. First, the software that

implements the framework is discussed. Next, by deriving an analytic predictor of effi

ciency, Research Question One is answered. Finally, a testing methodology is developed

and experiments are proposed to both test and improve the accuracy of the analytic pre

dictor.

3.1 Framework Design Goals

The general goals to be met by this framework, that of providing Common Lisp programmers

with a MIMD-LAN system based on Unix workstations, have been discussed in the Problem

Statement (c/Section 1.1). In this section, those goals which have fundamental impact on

the character of the framework are expounded upon. Further, additional goals felt to be
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desirable in such a framework are presented.

3.1.1 Efficiency

The framework considers the resources it uses precious: they should be allocated only when

necessary and should be freed as soon as they are no longer required. Efficient use of

resources takes precedence over all other design goals.

3.1.2 Simplicity

Many of the available methods for harnessing the idle CPU cycles in a workstation envi

ronment require at least an intermediate level understanding of the network connecting the

workstations. Using RFC, for example, presupposes a familiarity with networks at the pro

tocol level (c/Section 2.1.1). Installing these methods often requires elevated privileges; the

DPUP (c/Section 2.1.4) installation does. Some require advanced knowledge of accepted

coding practices in the C programming language in order to use them. Others require famil

iarity with esoteric parallel programming paradigms; the Distributed Hypercube Simulator

(c/Section 2.1.5) is one such. In short, either by design or by default, most of the methods

reported in Chapter 2 are intended for use by systems programmers. However, there are

large classes of users who could benefit from parallel computation who do not have the req

uisite systems programming experience to use them. Simplicity, therefore, takes precedence

in the design over other concerns that might introduce the user to a detailed understanding

of the underlying system.
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3.1.3 Heterogeneity

So that the framework may have as many CPU types as possible available to it on any

particular LAN, it should support many architectures, regardless of their CPU-type or

operating system. While this goal is in some ways impractical, it influences many of design

decisions made while implementing the framework.

3.1.4 Support for Medium-Grained Computations

An explicit attempt has been made to develop a framework with low enough overhead that

finer grained parallel computation may be achieved. Some problems are very coarse-grained

in nature and can be effectively parallelized by such crude methods as distributing input

data to processors via human-loaded magnetic tapes as reported in [Pet87]; this framework

is intended to support finer grained computations.

3.1.5 Extensibility

So that future work can build on the results obtained from this research, the framework's

initial implementation should be both modular and extensible. The initial implementation

should be general enough to incorporate future advances in operating system design.

3.2 Implementation Particulars

The framework, known as RCalc, implements a simple bag-of-work model of parallel com

putation as described in [CG88]. Calculations are performed by servers, hosts that do work,

and co-ordinated by drivers, hosts that are responsible for maintaining the "bag." Servers
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perform pieces of the calculation; drivers distribute the calculation amongst servers and

assemble results produced by servers into a whole.

The following parts of RCalc are surveyed next:

• the syntax and semantics of messages passed between drivers and servers,

• a dispatcher that facilitates writing server programs,

• the Common Lisp interface to RCalc, and

• the protocol used by RCalc as a data transport.

3.2.1 RCalc Messages

RCalc messages are sent by a reliable datagram protocol OCARD, described in Section 3.2.4.

It is clear why reliability is necessary for RCalc, while choosing a datagram protocol, which

transfers data without the overhead of exchanging connection establishment packets, is in

keeping with the design goal of using a resource (in this case the bandwidth of the network)

efficiently (c/Section 3.1.1). While implementations of other reliable connectionless proto

cols exist for some versions of Unix (c/Chapter 2), OCARD was implemented in conjunction

with RCalc to be portable across many versions of Unix.

In keeping with the design goal of heterogeneity (c/ Section 3.1.3), RCalc messages

are canonically encoded so that any host may interpret them. XDR [Sun87] was chosen as

RCalc's encoding scheme. Two features of XDR marked it as a suitable choice. First, proven

implementations of XDR exist on nearly all Unix platforms. Second, XDR encodes data

implicitly, meaning it does not encode any information regarding the type or format of the

data presented to it. In a remote procedure call environment, XDR's implicit representation
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Table 3.1: RCalc message format.

Field Name Size (in bytes) Description

id 4 an integer identifying this message so START and
RESULT or FAILED messages can be paired

type 4 one of START, RESULT, RESET, FAILED, or DIE

msg [0, 500] empty for RESET k DIE messages, arbitrary data
for START or RESULT messages, data sent in
START message for FAILED messages

is more appropriate than explicit encoding schemes as in the Abstract Syntax Notation One

[IS087] or the Network Data Representation [DLM+88]: when using an RFC, the types,

sizes, and so forth of the data are already known by the procedure interfaces, and they need

not be transmitted across the LAN.

Upon initialization, RCalc is directed at a file containing the names of hosts with which

to communicate. The host file is read, parsed, and treated as a zero-based array. Hosts in

RCalc are thereafter referred to in the host field of RCalc messages by their index in this

array. Typically, the host file on driver hosts lists all server hosts, while the host file on

each server host contains just the name of the driver host(s).

The format of RCalc messages is given in Table 3.1.

In normal operation, driver hosts send START messages containing calculation parame

ters to server hosts; after performing them, server hosts return the results of these requested

calculations in RESULT messages. The START/result transaction is asynchronous: driver

hosts are not blocked while awaiting the results of server hosts' calculations. RESULT mes

sages thus arrive at driver hosts in any order, and the user of RCalc must be prepared to
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pair up START messages with RESULT messages based on their id fields. Should an error

occur while computing a result, a server host can return a FAILED message that contains

the START message causing the failure.

Servers can be either persistent or transient. A persistent server maintains its state

between START messages; a transient server does not. The two types of servers have different

CPU utilization characteristics; these are discussed in Section 3.2.2.

A driver host can send a server a RESET message, indicating it should halt all outstanding

calculations and reinitialize its internal state. It can also send a DIE message to a server,

indicating that the server should remove the framework from that host.

3.2.2 Calculation Dispatcher

An RCalc server can be functionally decomposed into two parts: the part which interacts

with driver hosts, and the part that performs calculations. The latter part varies from

application to application, while the former is similar for all applications. The Calculation

Dispatcher provides the common functionality needed by any server host to interact with

driver hosts.

Servers need not be implemented using the Calculation Dispatcher. To implement one

that does, however, one need only write a filter^ that performs the bag calculation. The

Dispatcher starts the calculation filter, delivers the decoded data of a START message it

has received to the calculator's standard input, collects the result from the calculator's

'in Unix parlcince, a filter is a program that reads data from a well-known source, Ccdled "standard
input," transforms that data, and writes the transfoimed data to a well-known destination, termed "standard
output."
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standard output, marshals the result as either a RESULT or FAILED message, and returns

it to the appropriate driver host. It also processes RESET and DIE messages by killing

all currently executing calculators, and, when handling DIE messages, by performing an

orderly shutdown.

The Dispatcher provides a convenient point where administrative measures may be

applied. For example, the current implementation can run the calculations at an altered

priority and can enforce a limit on the number of calculations in progress, returning FAILED

messages for START messages that exceed the limit. Future implementations could limit

the resources available to a calculator, perhaps placing a ceiling on the CPU time any one

calculator could use.

RCalc provides for two types of calculation servers: transient servers and persistent

servers. Persistent servers are allowed to maintain state between calculations; transient

servers cannot maintain any state between calculations. The distinction between the two

becomes clear when considering how the Calculation Dispatcher handles calculator filters of

each type. When a calculator filter is declared to be transient, the Dispatcher spawns a filter

for each START message it receives; when declared to be persistent, the Dispatcher spawns a

single filter once and continually delivers START messages to it. The two types of servers can

thus achieve different CPU utilizations on different architectures when performing different

kinds of calculations. On uniprocessors when calculations make heavy use of I/O, transient

calculators will better utilize the server host's CPU, since the I/O of one calculation can

overlap with the computation of another. Conversely, persistent calculators obtain higher

utilization when performing CPU bound calculations on uniprocessors, since calculations

won't incur the overhead of process creation. On multiprocessor architectures where a
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process is tied to a single CPU, greater CPU utilization can be obtained with transient

calculators: multiple calculators, each running on a different CPU, can proceed in parallel.

On multiprocessor architectures where a single process can schedule threads on multiple

CPUs, a persistent calculator that can encapsulate a single calculation in one thread will

perform better. The RCalc user must decide which type of calculator is best suited to a

particular application and architecture.

When properly constructed, an RCalc application, much like an MP process (c/Sec

tion 2.1.2), can achieve fault tolerance with very little effort on the part of the programmer.

By enforcing inter-message statelessness in a calculator (either by declaring a calculator

transient or by not utilizing the state available to a persistent calculator), an RCalc user

need only write a driver that sends a FA I Led START message to a different server. By

using the Dispatcher's ability to limit the number of outstanding calculations executing on

a single host, load balancing can likewise be achieved.

3.2.3 RCalc Common Lisp Interface

RCalc-Lisp, the Common Lisp Interface to RCalc, is written for Austin Kyoto Common

Lisp (AKCL), a freely available version of Common Lisp maintained at the University of

Texas, Austin. The interface consists of a loadable CL package containing two parts. The

first part provides functions to send and receive Lisp objects as RCalc Messages. The second

part provides functions to turn a running AKCL image into an eval server suitable for use

as a filter by RCalc's Calculation Dispatcher. The work in the bag of parallel algorithms

implemented using RCalc-Lis]) thus consists of Lisp forms to be evaluated. The results of

the evaluation are returned by the server hosts. Both the Lisp forms sent to the servers
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and results returned to the driver are limited to S-expressions that can be parsed by the

Lisp reader. This precludes passing such Lisp objects as streams, compiled functions, etc.

Further details are provided in the Appendix, which contains the Unix manual pages for

RCalc-Lisp.

3.2.4 OCARD Protocol

OCARD is the reliable datagram protocol used by RCalc. OCARD provides end-to-end

communication. An underlying assumption of OCARD is that it will be used to transmit

short messages in a transaction-based communication where ordered delivery of messages

is not required.

OCARD uses the User Datagram Protocol [PosSl], a member of the TCP/IP protocol

suite, as an underlying transport protocol. TCP/IP was chosen as the proven, ubiquitous

networking protocol for Unix hosts, and UDP is its lightest-weight member available to

non-privileged user-level processes on most Unix implementations.

An OCARD packet has 3 parts: AckMask, a bitmap used to determine whether this

packet acknowledges previously received packets; SeqNum, a sequence number used to

uniquely identify each packet for purposes of duplicate rejection and receipt acknowledg

ment; and data, from zero to 512 bytes of data to or from the OCARD user. See Table 3.2

for formats and names of these parts.

So that OCARD can migrate to operating systems supporting multiple threads of con

trol inside a single execution context as in [Che88, ABB'''86], so that it can take advantage

of multiprocessor architectures, and so that it need not be driven by a heartbeat rou

tine, OCARD is implemented using three user-level Unix processes: a client, a reader.

43



Table 3.2: OCARD message format.

Field Name Size (in bytes) Description

AckMask 4 a bitmap of acknowledged packets

SeqNum 4 an integer identifying this message

data [0,512] upper level data

and a writer. Figure 3.1 shows these processes and their interactions. A user-level
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Figure 3.1: Overview of Data Flow in OCARD

implementation is not as efficient as one built into the Unix kernel; however, a kernel-level

implementation is inherently not portable across different versions of Unix and would vio

late the design goal of heterogeneity (c/Section 3.1.3). A multiple process implementation

introduces the overhead of using Unix interprocess communication primitives; however, it

is in keeping with the design goal of allowing for future extensions (c/Section 3.1.5).

The client process uses OCARD libraries to communicate with peer processes on other
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hosts that are themselves client processes of OCARD. The client never transmits data

directly; rather, messages known as OGrams are passed to and from writer and reader

processes, which interact with the network on the client's behalf. OGrams contain a host

identifier as in Section 3.2.1 and data. If an OGram is sent to the writer, then the data are

transmitted to the specified host. If an OGram is delivered by the reader, then the host

identifier tells what host transmitted the data to the client. OGrams are returned to the

client if the writer cannot deliver them.

The reader process is responsible for reading all OCARD packets from the network.

Acknowledgement packets are summarized and passed to the writer, data packets are passed

to the client. The AckMaskWekl in an OGram distinguishes between the two packet types.

When nonzero, AckMask is a bitmap of packets that the sender of the packet in question

has successfully received. If the bit numbered i (where the low-order bit is numbered

0) in AckMask is set, then packet SeqNum -1- i is acknowledged. Acknowledgements are

summarized and sent via Unix interprocess communication primitives to the writer, which

removes the acknowledged packets from its retransmission queue.

When AckMask is zero, then the packet in question is a data packet, and must be

acknowledged. If packet SeqNum has never been seen by the reader, it is enqueued as an

OGram for delivery to the client. Acknowledgements are batched while incoming packets are

processed. When there are no more packets to read, the reader composes acknowledgements

and sends them, combining as many as possible into a single AckMask.

The writer process is responsible for reliably delivering data from its associated client

process to a remote reader process acting on behalf of a client process on another host.

After being passed an OGram by its client process, the writer will
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• encapsulate the data portion of the OGram in a packet, marking it with a unicjue

SeqNum and setting AckMask to zero;

• transmit the resultant packet to the specified destination host via UDP;

• and, finally, enqueue the packet for later retransmission.

When notified by the reader process that a particular packet has been acknowledged, it

removes that packet from its retransmission queue. Any packet that is transmitted too

many times is returned to the client process as an undeliverable OGram.

Like any reliable service built atop unreliable ones, OCARD achieves its reliability

through acknowledgment, discussed above, and retransmission. OCARD's retransmission

scheme uses a simple binary exponential backoff strategy. A maximum retransmission delay

is stored with each unacknowledged packet. Immediately before retransmitting a packet,

the maximum retransmission delay is doubled, and its next retransmission time is set to

the current time plus a delay randomly chosen between 1 second and the maximum delay.

The initial maximum delay is randomly chosen from between 1 and 5 seconds. This scheme

is readily changed should the evaluation prove it to be unacceptable.

3.3 Computational Model

The framework may be used in a variety of bag-of-work configurations. However, the

behavior modelled in this work is restricted to usage that could arise from non-deterministic

searches such as those in Simulated Annealing or Genetic Algorithms. Such searches can

be outlined as follows:
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1. compute starting points for some number of similar calculations,

2. perform the calculations,

3. based on calculation results, comi)ute starting points for new calculations, and

4. repeat steps 2 through 3 until done.

The efficiency of these searches is derived. Before elaborating on the derivation, however,

the steps outlined above must be re-cast in a bag-of-work paradigm suitable for realization

using RCalc.

The calculations of step 2 correspond to work in the bag, performing them corresponds to

doing the work, and step 3 corresponds to refilling the bag with new work. Conceptually, the

simplest RCalc implementation of this behavior utilizes a single driver host that maintains

the bag and a varying number of server hosts that perform the work in the bag. The driver

then alternates between the two states of emptying and refilling the bag until the final result

is computed. In the emptying state, the driver distributes the work in the bag across the

servers, starting calculations by sending START messages to the server hosts and collecting

their results received in RESULT messages. In the refilling state, the driver refills the bag

with new calculations computationally derived from results collected in the emptying state.

For performance reasons, the number of calculations in the bag is restricted to the

number of server hosts used. This restriction minimizes communication overhead, while

suffering from no great loss of generality: the parameters to more than one step 2 calculation

can be batched together in a single START message, so that each each piece of work in the

bag is one or more step 2 calculations.
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Figure 3.2 pictorially represents a single iteration of the driver as it starts in the emptying

state and finishes the next refilling state. There are B server hosts, where B is also the

Server B

Server 2
/ Calculate

Server 1

Driver

\ Result

\ Result

Compute
new

Starts

Figure 3.2: Single Iteration of Bag Emptying and Refilling

bag size. On the left of the figure, the bag is emptied by the driver as B START messages

are sent; in the middle, the B server hosts perform the work by calculating results; at the

right, the servers return RESULT messages; and at the far right, the driver refills the bag by

computing B new START messages.

Some aspects of Research Question One concerned with the model of computation to

which the predictor applies have been addressed. The model applies to a subset of bag-of-

work algorithms characterized as follows:

• The algorithm iterates through the steps of first distributing all work in the bag across

server processes, and then refilling the bag with new work based on the results. All
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the outstanding work completes before the bag is refilled with new work.

• The algorithm's bag tasks are all similar in nature.

• The size of the bag is not changed by the algorithm.

The model is parameterized by the following quantities:

• the size of the bag;

• the complexity, or strength, of the bag calculations;

• the strength of the calculation to refill the bag; and

• the size of the START/result messages.

3.4 Analytic Derivation of Efficiency

A large part of the derivation of E, RCalc's predicted efficiency when used as presented in

the previous section, involves accounting for execution time on either the driver or server

hosts. It can be argued that the execution time to perform any particular action is fixed,

since the set of instructions which implement that action is invariant. While this argument

will hold for dedicated, non-interruptible processors, it clearly does not apply to multi-

programmed Unix hosts. It does, however, provide a basis for modelling CPU times in a

multiprogramming environment: the time to perform a given task is the sum of execution

times of the instructions needed to perform it, plus a noise factor introduced when the

CPU services interrupts or switches to another task. In the derivation that follows, the
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execution time of a particular task is represented by an upper-case Roman letter, while the

multiprogramming delay associated with it is represented by a lower-case Greek letter.

the efficiency of a parallel algorithm, is defined to be the speedup it achieves, 5,

divided by the number of processors used by the algorithm. In the modelled computation,

one driver host and B server hosts are used. So, E = 5^. The speedup, iS, of a parallel

algorithm is the ratio of the time it takes to perform the algorithm serially, s, divided by

the time it takes to perform in parallel p. A formula for s is first derived, followed by a

derivation of a formula for p.

The time to perform a bag-of-work algorithm serially is equal to the time it would take

to perform all the work that ever comes out of the bag, plus all the time it would take

to recompute new pieces of work to go into the bag. When the bag-of-work algorithm in

question is one that oscillates between the two states of emptying and refilling the bag, then

the serial time to perform it is equal to the sum over the number of oscillations of the times

it takes to compute each B pieces of work in the bag plus the time it takes to refill the bag.

The number of oscillations is equal to the total number of bag calculations to be performed,

N^ divided by the bag size, B. Assume that A^modB = 0. If Cr denotes the execution

time of the instructions needed to refill the bag, (pi denotes the multiprogramming delay

incurred while refilling the bag for the ith time, Cg denotes the execution time of the bag

calculations and pij denotes the multiprogramming delay incurred by the jth server while

it performs its calculation in the ith bag, then

B  B

^ - y^(C'r + (pi + -b Pij))
i=l j=l
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~  B

=  -jgCr + ̂(0. + BCe + ̂  Pi,j)
1=1 j=l

=  + NCe + ^ Pi,j)
1=1 j=l

pj i\j_ B
= ja + Nc. + j^'+'E'Ep'.i

t=l 3=1

= ^{Cr + ̂) + NCe + Np
= A-'(^^''^^^+Ce + p) (3.1)

Note that the above derivation makes use of the restriction on the modelled bag-of-work

algorithms that bag calculations are all similar by assuming that the execution times of

the calculations performed on the driver and the servers are the same for each iteration of

emptying and refilling the bag. The remainder of this derivation makes this assumption, as

well.

As in the derivation of s, the time it takes to perform the bag-of-work algorithm in

parallel, p, is equal to the sum over all oscillations of the times it takes to perform each

oscillation. If Tb, is equal to the time it takes to empty and refill the bag for the ith time,

then

N

P = ETb.
i=l

If communication delays are ignored, a lower bound on Tb, and p, and thus an upper

bound on E, may be obtained. These bounds reflect the use of of a hypothetical instanta

neous communication mechanism. The time for the driver to prepare and send each START
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message will be zero, as will the time for messages to reach servers, as will all other times

involving parsing or transmitting messages. The time to empty the ith bag will therefore

be the longest time each server takes to calculate a result, plus the time it takes to refill

the bag. So,

Tb, - Ce+niSiX{pi^i,- - -,Pi,B}+Cr + <Pi

Tb = Ce + max{pi, n n •,pb} + Cr + <l>

If the statistical distributions of multiprogramming delays on each server are assumed to

be similar to and independent of each other, as is reasonable to suppose of like machines

running the same operating system and process mix, and if they are assumed to be of low

variance, then max{pi, • • •,pg} si/> and

Tb ~ Ce + P + C*r +

V ~ ^(C'e+ P +C'r+ p)

Computing the speedup S = ̂ yields

^ N{^^ + Ce + p)
%iCe + P + Cr + p)
B{Ce + P) + Cr + ̂

Ce + p + Cr + <^

As an aside, this equation is precisely that for "scaled speedup" given in [Gus88], where,

in apparent contraction of Amdahl's law^, S is shown to increase without bound as more

^Stated using the variables introduced in this paper, Amdahl's law says limB->oc 5 = ̂
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and more processors are added. The contradiction is resolved by noting that in [Amd67]

the problem size remains fixed, while both here and in [Gus88] the problem size

Cr + BCe increases linearly in B.

To continue, dividing S tinough by + 1 to obtain a upper bound on the efficiency E

gives

B{Ce + p) + Cr + (l> /g 2)
W. ~ iB+l){C, + p + Cr + ci>)

Note that, as more and more servers are added to a particular computation, that is, as

B  GO E -¥ — Too, note that for a given number of server hosts B, E reaches
'  Cc + p+Cr+4>

its maximum of when Ce —> oo and its minimum of 5^ when Cr —> 00. Ignoring

message-passing delays, then, one may unsurprisingly conclude that the efficiency of a bag-

of-work algorithm using RCalc may be improved by giving each server as much work to do

as possible, while having the driver do ;is little work as needed.

To predict an average value for E. Tb, must account both for time to perform bag

^alculations and for delays introduced by RCalc. To do so, the START/result transaction
between the driver and the jtli server during the ith bag oscillation is examined. The

events that occur during this transaction are shown in Figure 3.3, and the time when they

complete, relative to the start of the bag oscillation, is denoted tij.

Before sending the jth server its START message, the driver must first compose and send

the previous j - I servers their START messages. Let be the execution time to compose

and send a single START message, and let be the multiprogramming delay associated

with composing and sending the A;th START message before sending the jth. Let the time to

send the jth be be + T]ij. Let the time it takes for the jth START message to travel from

the driver to server j be a,j. Next, server j must receive and parse the START message.
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Figure 3.3: Events of a Single start/result Transaction

Let this time be Tr + Oij. Server j then performs the calculation; as in the serial case,

this time is Ce + Pi,j- The server then packages the result and sends it. Let this time be

Ri j + pi j. The RESULT message takes time /?,j to reach the driver, and the driver takes

time , + ̂'i.j to receive and parse it once it arrives. The total time for all these events is

thus

j-i

ti,j = XI "I" d" ViJ d" d" j + 6iJ + Ce + PiJ
k=l

+ Rs,,, + Pi,j d- A.j d- Rr,,j d- f. j
j

= XI d- 'ni,k) + Oit,j d- T,; ̂ + 6,j + Ce + Pi,j + Ra,j + Pi,j d" A'.j d" Rn^j d" I'ij
k=l

Letting r,,j stand for that part of L,j due entirely to the overhead of RCalc yields

ti,j — Ti,j d" Ce + Pi^ji

where

Ti,j — X]^(T!s, t + r/,-,/c) + a.j + ^ + Oij + ^ + /r.j + /3jj + j + Uij. (3.3)
k=}
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To continue, note that while parts of the B START/result transactions overlap (see

Figure 3.2), they must all complete before the driver can compute new START messages.

Therefore

Tb, = max{ii,i, • • + Cr + </>,•

= max{r,,i + Ce + Pi,\, • • •, '".'.B + C'e + P,-,b} + C'r + 4>i

— C-r "f" 4^i "I" (^e d" Pi^rn "1" ̂ t,m

Tb = Cr + 4> + Ce -{■ Pm + Tm

Note that pi^m and r^^jn represent the values of , t.-^b} and • • •,/s.'.b}) respec

tively, where the sum r, ^ -|- pi^ is maximized and not, as one might erroneously suppose,

max{r,,i, ■ • r,,B} and max{p,,i, • ■ • ,/3,,b}-

The speedup 5 is now computable.

5 = ^
P

N{^^ + Ce + n
% (CV + (t> + Ce + "p^ + T^)

B{^^^+Ce + P)
Cr + 4> + Ce + Pm '''m

_  Cr -f- 4" B{Ce + p)
Cr + (j> -\- Ce Pm + ^m

Dividing 5 by fl -|- 1 to obtain the efficiency yields

jr _ Cr -b 0+ B{Ce +p)
{B -t- l)(Cr + 0 + Ce -b Pm + ^m)
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Note that Equation 3.4 does not yet include terms containing the lengths of either START

or RESULT messages; to include such terms, must be expanded by making a number of

arguably reasonable assumptions about the characteristics of RCalc or by further restricting

the computational model. For the first of these, assume that RCalc, the application using

RCalc, and the underlying network used by RCalc are all well-behaved in that the time it

takes each to process a message is some per-message overhead plus time proportional to

that message's length. If It is the length of START messages, then, using T, as an example,

m ~ ̂tJt + Substituting similar approximations for a, Rsi /?, and i?r into

Equation 3.3 for when j = m yields

T'm ~ ̂  {ctJt + kr, -1- T)i^k) + Cah + + CtJt + + ̂i,m
k=l

+ crJr + I^R, -I- + cplR 4- k/3 + crJr -1-

J55 m(CTjT + krj + Cah + CT, h + + CplR -1- CRjr
m

+ ka + kjr + kR^ + kp kR^ 4- Oi^rn + + k'i,m + ̂  +^i,A:
Jt=l

(mcx, 4- Co 4- CTr)lT + {cR, 4- 4- cr^)Ir

4" mkT, 4" k-a 4- kj, 4- kR^ + kp kR^
in

4" ̂'t,m d" /'i,m 4" 4" ̂  ] V',k
k=l

The second simplifying assumption made is that the process of sending and receiving a

START message incurs nearly the same delays as sending and receiving a RESULT message.
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That is, cy, « cr,, kj, ~ A;/?,, Co « cp, ka « kp, ct^ « cr^, and kx^ « kR^. This gives^

^t,m ^ {mCs + CaP + Cr)lT + {^3 + Ca/3 + Cr)lR

+ mks + kaP + kr + ks + kap + kr
m

"I" ̂ i,rn "h l^i,Tn "t" ̂ i,m "h ̂  ] Vi,k
k=l

s; (in - l)Csh + (Ci + Cap + Cr){lT + Ir)

+ (m + 1)^7". + IkaP + 2/Cr
m

~t~ ~1" Pi,m "f" d" ̂  ] "Hx^k
k=\

If all constants are collapsed into single values, then

T»,m = (m - \)CsIt + ci{It + Ir) + (rn + l)km + Aq 4- 0i,m + + t^x,m + ̂2
k=l

The third simplification made concerns the multiprogramming delays t], 0, p, and v.

While in the general case, no assumptions can be made about these delays, if the modelled

bag-of-work calculation is the only application running on the driver and server hosts^, one

can attribute multiprogramming delays almost entirely to the requests made by the bag-of-

work application on RCalc to send and receive messages. The delays should then be either

negligible, or proportional to the number or length of messages sent and received. They

can therefore be eliminated or absorbed into the various c's and A;'s. This yields

~ [m - i)cJT + ci{It + Ir) + {m+ l)km + ko

Recall that is the value of • • •, 7^,^} where the sum Tip + Px,j is maximized,

and that pip is the multiprogramming delay incurred when performing the bag calculation

^The second subscripts, T and /?, have been eliminated.
^This is certainly the case those desiring the results of the bag-of-work calculation would prefer.
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on the jth server during the ?'th bag iteration. To proceed any further, some assumption

about where this maximum occurs must be made. Assume, then, that m is usually B. This

gives

Tm = {B - 1)cJt + ci{It + Ir) + {B + l)kB + ko (3.5)

After so many assumptions and api^roximations, a careful examination of the implica

tions of Equation 3.5 is in order. First, terms involving each model parameter are grouped

together: + (c/ - Cs)/r + + ksB -t- A;o + ks- Rewritten in this manner.

Equation 3.5 states that the average delay incurred in using RCalc to request that each

of B servers perform and return the results of a piece of work is equal to a term,

proportional to the number of bytes sent as requests {Blj), plus another term, (c/ — c,)/^,

proportional to the length of a single request (/x), plus another term, ciIr, proportional

to the length of a single answer [Ir), plus a term, kRB, proportional to the number of

servers {B), plus a term, ko + ks, representing the fixed overhead of using RCalc. Note that

there is no term proportional to the number of bytes returned, that is, no term involving

BIr appears. This is intuitively satisfying, since it suggests that receiving answers overlaps

useful work being done on the servers. As will be seen in Chapter 4, however, some of the

assumptions leading to Equation 3.5 do not always apply.

Substituting Equation 3.5 and m = B into Equation 3.4 yields

^ _ Cr + (i>+ B{Ce + p)
[B -f l)(Cr + (t> Ce+ J)B + [B — l)c3/x + ci(lj -I- Ir) -b (B -f 1)A:b + ko)

_  c,. + 0 -b BjCe + p) g.
{B + l)(C'r + 0 + C'e + /> -b ciIIt "b Ir) + ko) -b (B^ — l)cslx -b (B -b l)^kB

Before proceeding to answer Research Question One any further, a qualitative analysis

of Equation 3.6 is enlightening.
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First, note that RCalc places bounds on It and Ir. Therefore, there is no reason to

examine in any great detail how E varies with them.

Second, note that as more and more hosts are added to a particular computation,

that is, as B oo, the terms in the denominator involving will dominate and E

0. This suggests that improvements to RCalc concentrate on reducing Ajb, RCalc's per-

server/message overhead and on reducing c/, RCalc's per-byte overhead. This is not a

startling conclusion, but its agreement with intuition is comforting.

Third, note that for a given number of server hosts, B, the maximum value E can obtain

is when —> oo. Its minimum is reached when Cr —> oo. These limits are the

same as those of Equation 3.2, and one may again conclude that efficiency is improved by

giving the servers as much work to do as possible and the driver as little work as needed.

3.5 Testing Methodology

To apply Equation 3.6 to a given bag-of-work algorithm in a given environment, values in

that equation must be either be cho.seu, such as B, or be determined empirically, such as

Cg. Some values, Ce and CV, e.g., are properties of the algorithm, while others, e.g., ci

and Cs, are properties of RCalc-Lisp. The steps of the testing methodology are divided into

those that are applied to the algorithm in its implementation environment, and those that

are applied to RCalc-Lisp in the environment in question.
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3.5.1 Steps Applied To the Algorithm

The steps applied to the bag-of-work algorithm seek to determine values for the model

parameters that appear in Equation 3.6. One must know how Ce, p, Cr, <t>i Ir, and Ij all

vary with the algorithm's input and the number of servers participating in the computation.

Step 1: Determine How Ce and C, vary with Input

By taking repeated timings of cxec\iting the algorithm's bag calculation on a server host, one

can approximate Ce + </> as the average of these timings. This is only an approximate value

since multiprogramming delay will vary based on the number and nature of the processes

running on a host. By varying the algorithm's input while such timings are made, one can

approximate Ce + </> as a function of input. Cr + p can be similarly approximated.

Step 2: Determine How /j and Ir vary with Input

Typically, the manner in which It and Ir vary with input can be determined by inspecting

the source code implementing the algorithm. For some algorithms, however, it may be

necessary to instrument the code so that the lengths of the START and RESULT messages

are recorded.

3.5.2 Steps Applied to RCalc

The steps of the testing methodology that are applied to RCalc seek to empirically determine

the various c's and fc's of Equation 3.6. Given a bag-of-work algorithm that fits the model

and has controllable model parameters, one can vary its input and observe its execution

time. By plotting the execution time versus the various parameters, one can discover the
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relationships between the model parameters and RCalc s performance characteristics. The

derivation of Section 3.4 makes a.ssuinptions about these relationships, generally that they

are linear and are independent of the algorithm using RCalc-Lisp. These assumptions can

be checked while answering Research Question Two-B.

The Trivial, Tunable Algorithm

The bag-of-work algorithm used to ex|)lore the performance of RCalc-Lisp in the experi

mental environment is named the Trivial, Tunable Algorithm (henceforth, the TTA).

The bag calculation of the TTA takes a single value, fif, as its starting parameter. If g

is an integer, it initializes a counter to g, and proceeds to decrement the counter until it

is negative, returning the Lisp atom NIL as its value. This calculation utilizes a CPU for

time proportional to g, so that Ce oc g. By varying g, Cg can be varied in a known manner.

The precise nature of this variance will be determined empirically.

If, on the other hand, g is a string, the bag calculation of the TTA returns g as its value.

By varying the length of g, the length of the TTA's START and RESULT messages can be

varied directly.

The TTA begins with a bag of a given size full of task descriptors that invoke this bag

calculation with either a given integer, or a given string. The TTA iterates through the

steps of emptying and refdling the bag. It empties the bag by passing task descriptors to

workers awaiting their results. Once all work completes, it refills the bag with the same

work it had initially. As an optimization, the results of the worker processes are discarded

and the data structure representing the bag is never re-initialized. The time to calculate

new work is therefore zero, i.e., C'r = 0.
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Note that not all model parameters of the TTA can be varied by varying its starting

conditions and that, of those which ran be varied, not all can be varied independently

of one another. Timings of other bag-of-work algorithms that did not suffer from these

shortcomings showed that the projected experiments to fully determine the manner in which

RCalc's characteristics varied with model parameters would require almost three weeks of

exclusive access to the experimental environment. Since this access was not feasible, the

TTA evolved to explore only certain relationships between parameters and performance.

The limitations in the TTA are discussed next.

Cr for the TTA is always 0. Since in the normal case when using RCalc, there are no

OCARD packets being sent when the driver is refilling the bag, one presumes that RCalc's

performance does not vary with C,, i.e., the c's and k''s of Equation 3.6 will not vary with

a.

For the TTA, //? and It are always the same when is a string. Many bag-of-work

algorithms used in A1 have the property that their bag calculations return as a result new

task descriptors, and the process of refilling the bag is one of choosing one or more of

the results to replace previous bag elements. Since task descriptors are both sent to and

returned by the worker processes, the lengths of the messages exchanged are often the same,

i.e.. It = Ir. SA implemented as a bag-of-work algorithm, for example, has this property.

Ce and Ir^t cannot be varied independently of one another. When Ce is varied by

passing different integers as the value of g for the TTA's bag calculation, message lengths

are near zero. When Ir^t varied by passing strings of different length to the TTA's bag

calculation, Ce is zero. One might therefore expect the results obtained using the TTA as a

test of RCalc to be most accurate where little interference exists between communication (as
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reflected in varying message lengths) and computation (as reflected in varying calculation

strengths).

Discovering Constants

The various constants in Equation 3.6 must be determined. To do so, some observations on

Tbi the duration of one bag iteration, are required.

For the TTA, Cr + ̂ is always zero. When the TTA uses strings as its bag elements,

Ce + p = 0. Substituting both these and Equation 3.5 into the equation for Tb, yields:

Tb — C'r + 0 + Ce + p + T

= f

=  (B - l)cj + cil + {B + l)kB + ko (3.7)

On the other hand, when the TTA uses integers as bag elements, I, the length of the

messages passed by the TTA, is fixed at a value near 0. Then,

Tb — Cr + </> + Cf + /> + 7

= Cf + P + 7

= Ce + p + (/3 — l)c,/ + c// + (jB + 1)A:b + ̂0

= Ce + p + {B + 1)A:b + Aiq

(3.8)

By repeatedly measuring the duration of a single bag iteration of the TTA, Tb, while

first varying B and integer values of p, and then varying B and string values of g, the
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various c's and k's can be determined by fitting Equations 3.7 and 3.8 to the observed data.

The remaining steps in the testing metiiodology perform this process.

Step 3: Determine How Tb varies with B and I

The TTA is implemented in RCalc. Repeated timings are made of a single bag iteration

for different bag sizes and string lengths for y. Tg is taken to the average of these times.

Step 4: Fit Curves and Determine Constants

The values of Tg obtained in Step 1 arc grouped into different curves by the value of B that

produced them. These curves are plotted versus /, and curve-fitting techniques are applied

to determine Tg as a function of / for each curve. Next, the Step 1 values are grouped by

I and plotted versus B. Curve-fitting techniques are again applied, this time to determine

Tg as a function of B. These curves are compared with Equation 3.7 to obtain a system of

equations in Cg, ci, kg and ko. The system is then solved, to the extent that they can be

solved, to obtain values for Cg, ci, kg and kg.

Step 5; Determine How Tg Varies with B and Cg

Using the RCalc-Lisp implementation of the TTA, repeated timings are made of a single

bag iteration for different bag sizes and integer values of g. Tg is taken to the average of

these times.

These times are plotted as in Step 3. Equation 3.8 suggests that the slopes of the curves

so obtained are one. This step seeks to confirm the validity of Equation 3.8.
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3.6 Improving The Predictor

The testing methodology will be appilecl to the TTA. An attempt will be made to account for
any results which contradict some of the assumptions leading to Equations 3.6, 3.7, or 3.8.
Further, modifications will be made either to the model of computation leading to these
equations, to their derivation, or to the testing methodology so that the accuracy of the
predictor may be improved.

3.7 Model Validation

To test the accuracy of the combination of the analytic predictor of efficiency and the testing

methodology when it is a[)|)lied to non-t rivial bag-of-work algorithms. Steps 1 through 3 will

be applied to a Travelling Salesman Problem (TSP) solver based on Simulated Annealing

(SA). The values obtained will be used to predict E. Timings will be made of this algorithm,

and the predicted efficiency will be compared to the observed efficiency.

The TSP and SA are introduced, then how SA applies to the TSP is presented, and,

lastly, the RCalc-Lisp implementation of SA as applied to the TSP is given.

3.7.1 The Travelling Salesman Problem

The Travelling Salesman Problem consists of finding the shortest route for a salesman that

must visit all cities in a given set. Because of its complexity, and because it has been

widely studied, the TSP is often used to compare different programming environments (c/

[Bal9l]). Many different algorithms to solve the TSP exist; however, those that attempt to

solve TSPs with many cities are usually non-deterministic.
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3.7.2 Simulated Annealing

Simulated Annealing was first presented in [MRRT53]. SA simulates the metallurgical

process of annealing, whereby a metal is made harder by first melting it and then slowly

cooling it. As the metal is cooled, its internal energy is minimized. [KGV83] shows that

one can use such a simulation to solve o^jtimization problems in which a cost function, c,

of a perturbable state, 5, is minimized as follows:

1. let the cost function c(5) be used to represent the energy of state 5;

2. let p{S) be a perturbation function that produces new states from 5;

3. let T be the initial temperature of the system;

4. let b{t) be a monotonically decreasing function returning a value less than t;

5. let r(a:) return a random real number between 0 and x;

6. set s equal to a randomly chosen member of p(5);

7. set 6 equal to c(s) - c(,S');

8. if c(s) < c(5), set S equal to

9. if exp( —!<) > r(l), set S equal to s;

10. repeat steps 6 through 9 until S reaches equilibrium;

11. set T equal to b{T)]

12. repeat steps 6 through 11 until S becomes frozen
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The initial temperature, the definitions of equilibrium and frozen, and the characteristics

of the cooling function b{T) all influence the quality of the solution found by SA.

SA can be applied to the TSP by using the length of a tour to represent its energy, and

by perturbing a given tour by choosing a random leg of that tour and reversing it. The

resulting algorithm is called SA-TSP.

3.7.3 Parallel SA and the TSP

By defining equilibrium to mean that each city in the TSP has been moved at least m times,

the SA-TSP algorithm can be parallelized using RCalc-Lisp if each piece of work in the bag

requires that a server host anneal a given lour until each city has moved ̂  times. New work

for the bag is produced by choosing one result from the servers according to the Boltzmann

distribution given in step 9 to be the next state. This parallel algorithm, henceforth known

as PSA-TSP, has been shown to produce solutions of the same quality as that of the serial

SA [DLS93].

PSA-TSP will be implemented in RCalc-Lisp. It will be run on a randomly generated 30

city TSP with m set to 160. The testing methodology described later will be applied to it,

the analytic predictor will be used to forecast its efficiency as the number of servers varies,

and its empirically observed efficiency will be compared with the forecasted efficiency.

3.8 Experiments

The goal of the experiments conducted in this study is to derive enough information about

RCalc-Lisp, the TTA, and the PSA-TSP so that the research questions of Section 1.3 may
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be answered. The first three experlirients apply the testing methodology of Section 3.5

to the TTA. The results of tiiese experiments will be used to both improve the analytic

predictor and to discover the performance characteristics of RCalc-Lisp needed to apply it

to a bag-of-work algorithm. The next two experiments apply the algorithm-specific parts

of the test method to the PSA-TSP. The results of these experiments, coupled with the

earlier results, will be used to predict the efficiency of the PSA-TSP as implemented in

RCalc-Lisp. The final experiment empirically measures the efficiency of the PSA-TSP so

that the accuracy of the predictions of its efficiency may be judged.

3,8.1 Experimental Environment

The experimental environment used in this study consists of two or more Sun SparcSta-

tion IPXs with 16 megabytes of memory running a version of SunOS-4.1.3 modified so

that idle processes are not gratuitously swapped to backing store.^ These machines are

interconnected by thin-wire Ethernet. They are isolated from other hosts on the network

by a bridge. All the software built as ]>art of the experiment will reside on disks directly

connected to each host. All experiments are performed when the network is relatively idle.

Austin Kyoto Common Lisp, version 1.615, is the Common Lisp engine used to imple

ment RCalc-Lisp. The ANSI C compiler used to compile RCalc source code and to compile

AKCL's intermediate C code is the Gnu C Compiler, version 2.3.3.

'Far from an unusual modification, disabling idle swapping so that processes remmn in memory whenever
possible is a recommended performance enhancement on memory rich machines.
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3.8.2 Experiment 1: Determine how Ce varies with g for TTA

Experiment 1 corresponds to applying Step 1 of the testing methodology to the TTA. This

experiment therefore seeks to determine the relationship between integer values of the

input parameter of the TTA's bag calculation, and Ce, the strength of the TTA s bag

calculation.

Multiple timings of the TTA's bag calculation using this implementation will be made

to determine Ce + p as a function of g. The minimum and maximum values will be recorded,

and the standard deviation will be computed. It is expected that Ce will vary linearly with

9-

The results of this experiment will be used in two ways. First, they will be used as

given in Step 1 of the testing methodology. Second, since s, the serial time to complete the

TTA, is the sum of the execution times of each bag calculation times the size of the bag for

each bag iteration, these results will be used to compute s for the TTA using the equation

s = BCe.

3.8.3 Experiment 2: Determine How Tg varies with B and I for TTA

Experiment 2 corresponds to perlorming Step 3 in the testing methodology of Section 3.5.

Using strings to be presented to the TTA as work in the bag, measurements of the time

it takes to empty and refdl the work bag will be repeatedly taken for different numbers of

servers. Strings of length 2, 5, 10, 20, 50, 100, 200, 300, 400, and 499 bytes will be used. As

for the previous experiment, the extrema are saved, and the mean and standard deviation

are calculated. The mean values will be taken as Tg and will be used in the curve-fitting

performed in Step 4 of the testing methodology.

69



3.8.4 Experiment 3: Determine How Tg Varies with B and Ce for TTA

Experiment 3 measures times to be used in calculating E for the TTA. Its results will

be used to judge the accuracy the analytic predictor as improved by applying the testing

methodology

Timings will be made of the TTA trs implemented in RCalc-Lisp while B and Ce are

varied. Using the results of the first experiment, the calculation strength of the TTA is

varied from a minimum value up to one second. This minimum is picked using the results

of the previous experiment. E(|ua1.ion 3.1 (and common sense) shows that E will be far from

unity if Ce < t. Recall from Section 3.5.2 that Tg = r m the previous experiment. The

minimum will therefore be chosen as the value of Tg in Experiment 2 for short messages.

The minimum and maximum times will be recorded, the mean and standard deviation will

be calculated, and the mean values will be taken as Tg to be used in the strength-based

curve-fitting of Step 5 of the testing methodology. Since the overhead of using RCalc should

be fixed for a given number of serveis and a given message length and will therefore not

change as Ce changes, it is expected that the constant of proportionality between Ce and

Tg will be near one.

3.8.5 Experiment 4: Determine How Ce varies with Input for PSA-TSP

Experiment 4 coiiesponds to applying l)ait. of Step 1 of the testing methodology to the

PSA-TSP. It seeks to discover how C, varies with the PSA-TSP's input, the number of

times to perturb each city before eciuilibriuin is reached. A method similar to that used in

the first experiment will be used in Experiment 4.

As in Experiment 1, these results will be used for two purposes. The first use is in
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applying Step 1 of the test rnethoci. The second use will be to determine s for the PSA-

TSP. The bag calculation of the PSA-TSP for 5 = 1 is precisely SA-TSP applied with

m = 160.

3.8.6 Experiment 5: Determine How Cr varies with Input for PSA-TSP

Unlike the TTA, the PSA-TSP requiies that some computation be performed on the RE

SULTS returned by the servers before the work bag can be refilled. That half of Step 1 of the

testing methodology which seeks to determine how Cr varies with input must be performed,

and Experiment 5 does so. A method similar to that used in the previous experiment will

be used to determine Cr

3.8.7 Experiment 6: Determine Runtime of PSA-TSP

To calculate E for different numbers of server hosts, the time required to run the PSA-

TSP must be known. The PSA-TSP algorithm will be run using varying number of server

hosts, and timings will be made. The mean, standard deviation, and extrema values will

be recorded.

The results of this experiment will be used to determine the accuracy of the analytic

model after any modifications made when interpreting the results of the previous experi

ments.
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Chapter 4

Results and Findings

The results reported in this study are of two types: analytical and experimental.

Some of the experimental results are used to confirm or deny assumptions made while

initially deriving the analytical results. These experiments correspond to applying the

testing methodology devised in Section 3.5, where their goal is determining performance

characteristics of RCalc-Lisp. Their results are then used to improve the model and the

assumptions from which the analytical results are derived, and improved analytical results

are produced. The remainder of the experiments seek to determine the accuracy of the

improved analytical results. Tliey correspond to first applying the testing methodology

to an example bag-of-work algorithm, and then checking the analytic predictor against

empirical results.

The results of all experiments outlined in the previous chapter are based on timings of

various activities. Before proceeding with any experiments, a preliminary investigation of

how a user application running in the experimental environment can obtain such timings
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was conducted. The results of this investigation are reported next.

4.1 Timing Issues

The Unix gettimeofday() system call is used by a user application to consistently sample a

host's clock. On Sun SparcStation l+'s, repeated back-to-back calls to gettimeofday() show

that it takes nearly 50 microseconds to sample the clock. The initial direction of this study

required that timings be made of events initiated by RCalc-Lisp and the algorithm using it.

These events, numbering in the tens of thousands, had durations of around 30 microseconds.

Clock resolution to 50 microseconds was felt to be too coarse and too intrusive. Another

method of sampling the clock, termed the map-clock, was devised which does not incur the

overhead of a system call. Instead, the system call mmapQ is used to create a page table

entry that maps an address in a process's virtual address space to the physical address of

a SparcStation's countdown register, which has a resolution of one microsecond. Another

mapping is made to the Unix kernel's time value. Once these mappings are in place,

a process can add the two values to determine the current time of day. The map-clock

works by first sampling the system's time value, and then sampling the countdown register.

Sampling continues until the sampled value of the system time is equal to the mapped value

of the system time. This loop is nece.ssary because the sampling code may be interrupted

when the kernel changes the value of t he system time. Since the loop terminates only when

the sampled value equals the actual value, the sampled value of the countdown register is

consistent with the sampled value of the system clock.

While this method is architecture-dependent, it is much faster than using gettimeofdayQ.
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Table 4.1: Clock Sampling Granularity

Sampling Method # of Filtered Deltas Total Time (psecs) Average Time (/xsecs)
[.05in] gettimeofdayO 49410 2382937 48.2278

map-clock 497G1 537218 10.796

Table 4.1 compares deltas between fifty thousand back-to-back uses of the two sampling

methods, where deltas that have been skewed by hardware interrupts have been filtered out.

While the deviations for both methods, which are not shown, were small and comparable,

the map-clock method is roughly four and one-half times faster than the gettimeofday()

method. Since the map-clock software was immediately available, it was used to obtain

timestamps for all experiments.

It should be noted, however, that when timing independent events, the gettimeofday()

method is as precise as the map-clock method: given that the deviations in both methods

are small, one can remove the overhead of sampling the clock from the timing of an event by

subtracting the time required to obtain a clock sample from the computed duration of the

event. The length of time it takes to sample the clock, then, is irrelevant to the accuracy

of the timing made of any particular event.

4.2 Experimental Results Seeking to Improve Predictor

Understanding gained while interpreting the results of the first three experiments are used to

improve the the analytical results of §§ 3.3, 3.4, and 3.5. Where feasible, these improvements

are made during the rejrorting and interpretation of experimental results.
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Table 4.2; Timings of Initial TTA Implementation

9 Minimum (//.sees) Ma.ximnm (psecs) Average (fisecs) Standard Deviation

[.05in] 1349 8907 5154374 23979 173519

1624 11602 655692 30331 86065

2129 16455 1109594 50141 116249

2398 19050 1091451 61550 127515

4.2.1 Results of Experiment 1

Experiment 1 seeks to discover the relationship between Ce, the strength of the TTA's bag

calculation, and g, the input parameter to the TTA's bag calculation. This experiment

corresponds to applying Step 1 of the testing methodology devised in Section 3.5 to the

TTA. By discovering how the strength of the TTA's bag calculation varies with its input

parameter, Ct can later be varied in a known manner during other experiments.

Timings of the TTA's bag calculation as initially implemented in AKCL varied wildly

with integer </, as can be seen by observing the Standard Deviation column of Table 4.2.

The standard deviations are uj) to sevtm times larger than the mean values. After some

thought, it became clear that these data showed an unforeseen consequence of using Lisp:

the Lisp Garbage Collector drastically skews an algorithm's expected time.

Using features of AKCL, it was observed that the Garbage Collector (GC) requires

from 1 to 20 seconds to complete its job. In one sense, a Lisp algorithm should be charged

the time accrued by the GC during its run. However, when timing repeated runs of an

algorithm, there is no way to distinguish garbage generated by the algorithm itself and

garbage generated by the timing harness. What, then, should be done about GC? There

are several possibilities:
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1. Don't write Lisp code that generates garbage.

2. Increase allocated merrioiy so that garbage collection occurs less frequently.

3. Throw out timing samples during which garbage collection occurs.

The first approach was tried by modifying the TTA to only use hardware registers. An

inspection of the intermediate code produced by the Lisp compiler showed that no function

calls were made in the body of the TTA. Presumably such code cannot generate garbage.

Timings of the new TTA, however, still varied.

Next, using AKCL primitives, more memory-nearly five megabytes-was allocated for

use by the runtime memory allocator. When timings still varied, an inspection was made of

the code implementing the memory allocator. It was determined that the memory allocator

acquires unused memory in blocks, and that it first calls the GC before acquiring any new

memory. The GC will therefore be called whenever the memory allocator needs another

block of memory.

For algorithms that clearly do not generate garbage, then, the final approach of ignoring

samples in which garbage collection occurs is a reasonable step. Table 4.3 shows statistics

for the filtered timings of the modified TTA, where the value initially loaded in the TTA's

loop register was scaled so that the TT.A. runs for approximately one millisecond when

presented with a value of one. Note the deviations of this modified algorithm are roughly

an order of magnitude smaller than the means.
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Table 4.3: Timings of Final TTA Implementation

9 Minimum (/xsecs) Maximum (/isecs) Average [fisecs) Standard Deviation

[.05in] 10 9584 G9464 9772 1206

20 19238 51902 19383 645

53 50998 3052G2 512G3 3479

104 100050 131752 100503 2358

205 197095 253008 198077 4133

510 490412 558G89 492957 7527

1000 965113 1099447 973582 16933

4.2.2 Results of Experiment 2

Experiment 2 seeks to determine liow Tfj, the average time to empty and refill the work

bag of the TTA, varies with both B, the luimber of servers, and the length of the messages

sent by the TTA (recall that the lengths of the TTA's START and RESULT messages are the

same). It corresponds to performing Step 3 of the testing methodology.

The points plotted in Figure 4.1 show values of Tg as message length varies from 2 to

499 bytes for different numbers of servers, and the lines in the figure are approximations of

the data using a least-squares lit. Clearly, there is a linear relation between Tb and message

length.

If, however, the Tjg samples are (dotted against the number of servers for different

message lengths as in Figure 4.2, a non-linearity in the data becomes apparent. At all

message lengths involving calculations with more than four servers, the slope of the line

increases sharply, nearly doubling in each case. This anomaly can be seen more clearly

when plotting the slopes of the lines in Figure 4.1 against the number of servers, as in

Figure 4.3.
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Accounting for the knee ut (our soi vers is difficult, but there are a few observations

about the nature of the curves in Figure 4.2 and Figure 4.3 that are helpful in eliminating a

number of possibilities as to its origin. Firstly, and most obviously, the phenomenon causing

the knee is clearly not dependent on message length (this conclusion can be drawn from a

casual observation of Figure 4.1, as well). Secondly, it does not arise because of flow control

problems in RCalc: were the knee the result of flow control issues, it would appear after a

set amount of data had been presented to RCalc in a given time, and, e.g., if the increase

in slope appeared at 4 servers for 200 byte messages, it would also appear at 8 servers for

100 byte messages. Lastly, one may conclude that the knee phenomenon does not arise

because processes are suddeidy exceeding their allotted time slice: since the lines on either

side of the knee include points that plot events occurring in less than 100 milliseconds, the

timesharing quanta for the systems used in t he experiment, timesharing effects do not drive

the location of the knee.

More possibilities may he eliminated when examining Figure 4.4, the graph of the

minimum times observed during Experiment 2, versus the number of servers. The knee

still appears at four servers. This suggests that the knee is not a result of retransmissions,

since one might presume minimum timings to be those of events during which retransmis

sions do not occur. Similarly, the knee's appearance at four server in Figure 4.4 reinforces

the conclusion that the knee is not an effect of context switching.

The knee effect could occur when the hardware buffers which hold incoming, unser-

viced packets are all in use. An inspection of the relevant source code reveals that SunOS
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configures the Ethernet chip used on tiie experimental systems^ with 40 buffers capable of

holding 1600 bytes each. Filling these buffers, then, is an unlikely cause of an effect seen

when moving from 4 to 8 hosts.

Likewise, the knee effect could be the result of exhausting operating system buffers that

hold packets until a user level program accepts them. Since SunOS allocates 50 buffers to

hold incoming IP packets, each of which can grow up to a kilobyte, it is unlikely that the

knee effect occurs when these bufiers are ail in use.

The knee effect could bo an artifact of the code implementing RCalc and OCARD.

While no conclusive evidence can bo presented that rules out this possibility, it is useful

to note that the author has spent many days inspecting RCalc and OCARD code, vainly

attempting to uncover just such an artifact.

Having eliminated a number of possible causes for the non-linear nature of how Tb

varies with B, one is forced to re-cxainine the assumptions that suggested a linear relation

between Tb and B. These assumptions are repeated here from Section 3.4:

1. RCalc is well-behaved in that the time to process a message of length / is c/ -j- k.

2. The overhead of sending a START message is the same as that of sending a RESULT

message.

3. Multiprogramming delays incurred by RCalc are entirely attributable to RCalc's op

eration.

4. During a single bag iterat ion, t he last RESULT message to be received is, on average.

'The IPX uses the AMD 7990 LANCE Ethernet chip.
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the one returned by tlie B\ \\ server.

Assumption 1 is borne out i)y Figure 4.1, showing the linear relation between Tb and

message length. Since the experiments do not explore the case where the length of the

START and RESULT messages differ, their results can neither confirm nor deny Assumption

2. Note that even if Assumption 2 is not made, one would still derive a linear equation in

I for Tm and thus for Tb- Assumption 3 is nearly a given in the experimental environment:

if no other processes were running on the hosts performing the experiment, from where

else would multiprogramming delays arise other than the experiment? Assumption 4 is

suspect, if only in the sense that one questions the validity of an equation based on which

RESULT message the driver receives last. Such doubt leads to a new derivation of Tb based

on the total amount of work the driver must perform, rather than the order in which it is

performed. To make this derivation, one defines Tb^ ̂  the time it takes to empty the bag.

By thinking of the sending of a START message as scheduling work for the driver to

complete a single START/RESULT transaction, Tb^ can be considered the time it takes for

the work scheduled by all START messages to complete. The case of one server is shown in

Figure 4.5, where sending a single START message schedules both the work needed to send

that START message and the work needed to receive its corresponding RESULT message. Let

6 be the RCalc overhead that does not take place on the driver, so that S = a + iZj + Tr + Z?.

The work scheduled on the driver by sending a single START message at time t to one server

completes at time t + Ts + S + Ce + R,-, and Tb^ = Ts + 6 + Ce + Rr + ko (recall that A:o is the

fixed overhead of using RCalc). The woi k scheduled on the driver when distributing the bag

over two servers, shown in Figure 4.6, completes at time t + T, + ̂+ Ce + max(T4,/?r) + .Rr-

The max operator reflects the scheduling of some of the driver's work during the latency
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introduced by <5. The behavior as more servers are added is captured in the following

equation

Tb^ = T, + 5 + C\ + (B-l) max(r„ i?,) + Rr + ko (4.1)

This equation holds until so many START messages are to be sent that the work of receiving

RESULT messages interferes with the work of sending START messages. At that point, the

driver is saturated with work, the latency introduced by 5 and Ce disappears, and the

equation for Tb^ changes to:

7U - B(T, + Rr) + ko (4.2)

To pictorially represent this satiiialion effect, the work of receiving a RESULT message, Rr,

must be broken down further into two components:

• that work done by tiie kernel wliile servicing interrupts generated by the driver's

Ethernet controller as it accepts RESULT messages, and

• that work done by user level code variously implementing OCARD, RCalc and the

driver program, as it parses and passes the RESULT message across process boundaries.

The interrupt level work occurs at fixed times which are not pre-emptable by other work.

In contrast, the user level work to receive RESULT messages is pre-emptable and is merely

constrained to occur after the corresponding interrupt-level work has completed and, in the

case of the work done by the driver program, after all START messages have been sent.

Figure 4.7 shows the ca.se where B = 4 and the saturation effect comes into play. In it,

work on the driver that is pre-emptable is shown as dotted lines, and solid lines represent

driver work that cannot be pre-empted. Rr is decomposed into two parts as above, where

the interrupt level work is labelled in the legend as "Field RESULT" and the user level work
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is labelled there as "Parse RESULT." Each piece of work is tagged with the number of the

start/result transaction to which it belongs.

The saturation effect can be seen in Figure 4.7 while the fourth START message is being

sent. Shortly after the work to send START 4 begins, the driver's CPU is interrupted to

receive three RESULT messages. Next, sending START 4 finishes, scheduling the interrupt-

level work of RESULT 4 to occur S + C^ seconds from the time at which START 4 completes.

Unlike the unsaturated case, however, previously scheduled user-level work fills the time

between now and then, and the driver proceeds to parse RESULTS 1 and 2. This work

completes, after which the final interrupt generated by this bag iteration is handled. The

driver finishes by parsing RESULTS 3 and 4. Note that there is no time during which work

is not scheduled on the driver.
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While somewhat contrived, the previous example demonstrates a likely cause of the knee

effect seen in Figure 4.2. The ratio determines where the knee occurs; that is, the

number of of START messages t hat can be sent before the first RESULT message arrives will

determine the number of serveis that sat urate the driver host. In the example, this ratio is

close to three; the results of Experiment 2, where Ce = 0, show that ̂  for the experimental

environment is closer to four.

If the Ts, and Rr are assumed to be linear in /, the length of START and RESULT

messages, and if it is further assumed that Rr > Ta (as will be argued later), then Equa

tions 4.1 and 4.2 change to

TSt — {Cs + Cs)l -f B{Crl kr) + ka + ks ko Cgi B < A (4-3)

= B{(ca + c,)/ -f k,. -f- ka) -j- ko, B '> A (4'4)

By comparing how the slopes and intercepts taken from the lines in Figures 4.1 and 4.2

vary with B, values for most of the various c's and fc's can be estimated. The system of

equations so derived follows:

cv = 6.25

t'i + = 25.65

Cs + Cr = 12.67

kr = 5449

ks ks ko — = 6502

k'r ka — 6057

ko = 4438
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Solving it yields;

Cr — 0.25, kr = 5449

c, = 6.42, ks = 608

cs = 19.23, ks = 2627

ko = 4438

Substituting these values into E(]uations 4.3 and 4.4 with Cg = 0 gives:

Tb, = (6.257^ + 25.65)/ + 54495 + 6502, 5 < 4 (4.5)

= 12.675/ + 60575 + 4438, 5 > 4 (4.6)

Figure 4.8 shows the observed values of Tb, and the lines produced from the previous

equations. While their agreement bodes well for a predictor based on work schedules,

some interpretation of these values is in order.

Note, for instance, that k, < k,.. Sadly, this is expected, kg, the per-message overhead

incurred when receiving a message, includes both a context switch from OCARD's reader

process into the driver's client Lisj:) program^ and times to field packet interrupts. In

contrast, there are at most two context switches from the driver program to the OCARD

writer no matter how many messages are sent,^ and kg, the per-message overhead incurred

^The reacler'.s main loop awaits network I/O and then iterates over reading an available packet and
sending it to the client. If the inter-arrival ga|) between packets is such that the reader can finish delivering
a packet to the client before anothei' packet airives, the kernel will put the reader to sleep awaiting a packet
and awaken the client to accept the pi'cviously delivered packet. In the worst case, this behavior can result
in one context switch per packet.

®At most 8 kilobytes are sent, twice the size of the buffer reserved by SunOS for interprocess communi
cation between the client and the writer, so at most 2 context switches occur when the writer sends packets
to the servers.
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when sending a message, does not include any times attributable to interrupts.

That Cj > Cr is not surprising, given that Cj, the per-byte overhead associated with

sending a message, includes delays incurred while messages are saved for potential retrans

mission. Note that for all 2 < / < 500, 0.42/ -f 608 < 6.25/ -1- 5449, i.e., , Tg < Rr, the

previous arguments justify the earlier assumption that T, < Rr.

The value of cs includes times while a server both receives and sends a message, in

addition to two transmissions of a message via UDP. Since the same code implementing

OCARD runs on both drivers and servers, cs should be nearly c,-f plus UDP transmission

times. The lower bound on UDP transmission times is the data rate of the underlying

hardware, 1.25 bytes per /rsecs in the case of Ethernet, so one would expect cs to be at least

6.25-1-6.42-1-2.5 = 15.17. The computed value of 19.23 is close enough to this lower bound

that one may conclude as is consistent with the other constants of proportionality.

While ko includes the time to switch once from the driver's Lisp program to OCARD's

reader, it is likely dominated by garbage collection times, some of which will not be propor

tional to either B or /. Since no timings are made until RCalc-Lisp is initialized, ko does

not include times for such things as establishing a connection to a nameserver or starting

the writer or reader processes.

4.2.3 Results of Experiment 3

Experiment 3 seeks to determine how Ty varies with Cg, the strength of the bag calculation,

and B, the number of servers (and, hence, the size of the bag). The TTA is used as

the bag calculation in a bag-of-work style parallel algorithm implemented in RCalc using

different numbers of servers. The average of five minutes of samples are shown in Figure 4.9,
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demonstrating a linear relation between Cg and Tb, where the slopes of the lines are, as

expected, very nearly one.
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The points to the left of Figure 4.9 on the lines for 8 and 16 servers show a slight non-

linearity. This non-linearity cannot conclusively be accounted for, though it may be a result

of a difference in the order in which t he kernel's scheduling algorithm chooses processes. The

effect is small enough that it is considered outside the scope of this study, and discovering

its cause is left for future research.
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4.3 Experimental Results to Validate Improved Predictor

4.3.1 Results of Experiment 4

Experiment 4 seeks to determine the strengths of the different bag calculations in the PSA-

TSP. Recall that the PSA-TSP bag calculation randomly perturbs a given configuration

until each city has been moved a number of times dependent on the number of participating

servers. Figure 4.10 shows tlie average values of Cg for the PSA-TSP as the number of moves

changes.
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It should be pointed out that the linearity of this curve is wholly a property of solving the

TSP using SA, and thus has no effect on how these data are used in the testing methodology

nor on how the data are used in the analytic predictor. No conclusions need be made on the

data in Figure 4.10, and only one observation is relevant to this study: the bag calculations

of the PSA-TSP are precisely those of a serial implementation of a simulated annealing TSP-

solver. Therefore, these results also give empirical values of s, used in the computation of

B (c/Section 3.4).

4.3.2 Results of Experiment 5

Experiment 5 gives values for CV of the PSA-TSP. This experiment corresponds to applying

Step 1 of the testing methodology to the PSA-TSP. Figure 4.11 shows average times to

refill the bag of PSA-TSP versus the number of participating servers. Again, these times

are properties of the PSA-TSP, and need not be dwelt upon.

4.3.3 Results of Experiment 6

Experiment 6 times the PSA-TSP when different number of servers, B, are used. Figure 4.12

shows the average of five minutes of run times of the PSA-TSP, plotted versus B. These

values are taken to be p when computing E, the efficiency of the PSA-TSP.
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4.4 Answers to Research Questions

In the following sections, the roseaich (|iiestions of Section 1.3 are explicitly addressed.

4.4.1 Question One: Derive a Predictor of Efficiency

Restated from Chapter 1, Research Question One is:

To what extent can a predictor for the efficiency of bag-of-work algorithms as

realized using RCalc be analytically derived?

Equation 3.2

B{Cf, + p) + Cr + </>
^uppcr

{B + l)(C*c + p + Cr + <^)

gives an upper bound on efficiency. Equation 3.6

C, +(?!>+ B{Ce + p)
E =

[B 4" l)(Cr + 0 + Cf + p + ci{lx + Ir) + ko) + (B^ — l)c,/x + (B +

is the derived analytic predictor of efliciency.

Both are derived from a model of Irag-of-work computations meeting the following cri

teria, repeated here from Section 3.3:

• The algorithm iterates through the steps of first distributing all work in the bag across

server processes, and then refilling the bag with new work based on the results. All

the outstanding work must complete before the bag can be refilled with new work.

• The algorithm's bag tasks are all similar in nature. In particular, they each require

the same amount of CPU time, and both their CPU requirements and the CPU time

necessary to convert their results into new tasks do not change from one iteration of

emptying and refilling the hag to the next.

97



• The size of the bag is not, changed by the algorithm.

The restrictions on using RCalc for tiie analytic predictor to apply are:

• A single driver host is solely responsible for emptying and refilling the bag, and it

never performs any of the work in the bag.

• At the start of the algorit hm, there are exactly as many tasks in the bag as there are

server processes.

• The server and driver hosts are of equal power, and the only processes that execute

on them are those involved with either RCalc or the algorithm.

The assumptions used in the derivat ion of the of Equation 3.6 are:

• Message passing delays are linear in the length of messages.

• Sending and receiving START messages with RCalc incurs the same type of delays as

sending and receiving RESULT messages.

• Multiprogramming delays incurred on the server while calculating RESULT messages

have low deviation and are le.ss than delays introduced by RCalc.

4.4.2 Question Two: Test and Modify the Predictor

Restated from Chapter 1, the first part of Research Question Two is:

To what extent can a testing methodology be devised so that the analytic pre

dictor of efficiency may be api)lied to bag-of-work algorithms as implemented in

RCalc?
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The second half of Research Question Two is:

To what extent can the analytic predictor of efficiency be modified to account

for the results of applying the testing methodology to RCalc?

Q2-A has been answered in Section 3.5. The testing methodology presented there is

outlined here:

Perform the following steps for each algorithm.

1. Determine how the strength of the algorithm's bag calculation, Cg, and the strength

of the calculation recpiired to refill t he bag, Cr, both vary with the algorithm's input.

2. Determine how the lengths of the algorithms' START and RESULT messages vary with

the algorithm's input.

Perform the following steps once per experimental environment.

3. Determine how the TTA's Ts varies with the number of servers, B, and message

length.

4. Using results of the previous stej), determine constants that characterize RCalc's per

formance.

The results of applying the methodology and using the analytic predictor on the TTA

follow.

The upper bound given in Ecpiatioii 3.2 is plotted along with the maximum efficiencies

obtained in Experiment 3 in Figure 4.13. The tightness of the bound increases as Cg
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increases, that is, as the overhead of RCalc becomes negligible with respect to the compu

tations performed by the servers. Since the bound was produced based on the assumption

of no communication delays, this increasing tightness is only expected. Equation 3.2 is an

accurate upper bound.

The assumptions made in Seclion 3.'1 to derive the analytic predictor of Equation 3.6,

however, have been shown to be flawed; they do not predict the saturation effect seen in

Figure 4.2. To do so, two new eciuat ions for p, the time to perform a bag-of-work calculation

in parallel, are derived based on E(|uations 4.3 and 4.4. One, for Punsati applies in the absence

of saturation; the other, for Psati ds presence. These are used to derive corresponding

equations for E, and thus a better analytic predictor of E.

^7-Piiiisat — B

= — {Tb^ + Ct. +T) + Cr + <f>)

=  + C!,)l + B(Crl + K) + k, + ks + ko + Cr+'^)
B

The efficiency when the drivei' lemains unsaturated is thus

"f^unsat
F,unsat —

1)

Punsat(-^

A'(^^ + Ce-Hp)
^{B -I- l)((c, -f cs)l + B(c,.l + kr) + k, + ks + ko + Ce + p + Cr + <i>)

BO-^^ + Ce+p)
(B -h 1)((C5 4- Cs)l + B(c, l -t- kr) + k^ + ks + ko + Ce + p + Cr + <i>)
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_  Cy + 0 + B{Ce + p) /| yx
{B + l)((Cj + Ci + Cr)l + ks + ̂'(5 kr + kfi + Ce P -\- Cr <j>) (-B^ — l)(Cr' + «r)

While quantitatively different from Eciuation 3.6, the qualitative analyses of Equation 4.7

and Equation 3.6 yield similar results. If, as in Section 3.4, the limit of Equation 4.7 as

B  oo is taken, the term in the denominator dominates, and, again as in Section 3.4,

^'unsat —> 0. One can conclude that effort spent improving RCalc should be concentrated on

reducing Cr and Av, the per-byte and pei-server/message overhead associated with receiving

messages. Given the assumption that /?, > T^, this conclusion amounts to "reduce the most

expensive per-byte and |)er-server/message overhead in RCalc," not at all different from

the previous suggestion based on Ecpiat ion 3.6 of reducing per-byte and per-server/message

overhead. And, again, for a given number of server hosts, B, Equation 4.7's maximum is

reached as Ce oo at and its minimum of is reached as Cr —> oo. The suggestion

that efficiency can be improved iry giving the servers involved in a calculation as much work

to perform as possible while giving the driver as little work as possible is exactly that drawn

by observing the extrerna of Equation 3.6, and it is still as obvious.

In the saturated case, psat = + Cr)l + ks + kr) + ko + Cr + (p) and

s

sat —

Psat(5 + 1)

A(^^+Ge+P)
^(B + l)(B{{c, + Cr)l + + kr) + Cr + (f> + ko)

C'r -p (^ -|- B(Ce -p p)

{B + l)((c, -|- (:, )/ -|- A',, -f A',- -f A'o + Cr + (l>) + (B^ — l)((Cj -1- Cr)l + k, + kr)
(4.8)

It is clear that Equations 4.8 and 4.7 are qualitatively similar, and none of the suggestions

derived from the qualitative analysis of Ecpiation 4.7 nor of Equation 3.6 are contradicted:

102



the model parameters having the greatest impact on efficiency are B, Ce, and Cr, while of

the properties of RCalc, the per-byto and per-server/message overhead dominate E.

Using Equation 4.7, the unsaturated case, and the previously derived values of various

c's and fc's, the efficiency of the TIVV is predicted. The efficiencies so predicted are plotted

in Figure 4.14 versus the number of servers participating in the TTA for different strengths

of bag calculations. In Figure 4.1.5, the efficiencies observed in Experiment 4 are similarly
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plotted. Figure 4.16 shows the ratios of the predicted efficiencies over the the observed

efficiencies plotted versus the strength of the bag calculations. As can be seen, Equa

tion 4.7 generally underestimates the efficiency of the TTA, and its predictions worsen as
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the number of servers increases. liowovei , Eciuation 4.7 is rarely wrong by more than ten

percent, and it is never wrong by more than sixteen percent. Clearly, the error is some

function of Cc- The shape of the curves are similar to those found in analyzing critically

damped vibration, suggesting that the error is an exponential function ofCe. The predictor

is at its most erroneous where C'c is neai' zero and near one-tenth of a second, near the edges

of the Unix scheduler's time c|uanta. The location of these extrema, and the resemblance of

the curves in Figure 4.16 to those involving exponential decay used by the Unix scheduler

to calculate a process's priority, suggests that part of the error in prediction likely reflects

an error in modelling multiprogramming delays. The multiprogramming delays incurred

during Experiment 3, for example, were modelled as the sum of the average delays incurred

during Experiments 1 and 2. However, the calculations in Experiments 1 and 2 involve

I/O,'' during which time they rcliiK|uisli the CPU to a runnable process. The average mul

tiprogramming delay experienced Iry the two sets of processes is then not the sum of the

average times to execute each set: it is less than the sum, and the degree to which it is less

than the sum is controlled by the kernel's exponential-based scheduling policy.

Figure 4.17 shows this same ratio of predicted efficiency over observed efficiency, plotted

versus the number of servers for different bag strengths. While some regularity exists

in these data, the points in the upper right corner of the graph are anomalous. They arise

from data previously (c/Section 4.2.3) defined to be outside the scope of this study. If one

excludes these points, the curves of Figure 4.17 appear to be some function of B.

^This is true for any process: even if no exjilicit. I/O is done by a process, its leaist recently used memory
pages will be paged out to backing store, and newly referenced ones will be read into memory.
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Plotting versus the nuiribei of servers for different bag strengths, as in Fig

ure 4.18, uncovers this function: tiie pcncentage error in prediction appears to be propor

tional to the number of servers. Excluding the previously specified points, this means
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4.4.3 Question Three; Validate the Predictor

Research Question Three, restated IVoiii Cliapter 1, is:

To what extent is tiie conil)ination of the analytic predictor and the testing

methodology validated when apjjlying it to an example bag-of-work algorithm?

Using Equation 4.7 to predict E, Figure 4.19 shows observed and predicted efficiencies

for the PSA-TSP plotted against t he number of servers. Figure 4.20 plots the ratios of

the predicted efficiency to the observed efficiency versus the number of servers. The error

ratio increases with the number of servers to a maximum of twenty-one percent. If, as in

Figure 4.21 is plotted versus the niirnber of servers, a linear relation similar to that
°  ̂obsv '

in the case of the TTA can ix' seen. Figure 4.22 plots the error ratio versus bag strength,

and, again as in the case of the TT.'\, an exponential relation between the error ratio and

Ce is suggested.
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Chapter 5

Summary, Conclusions, and

Recommendations

This Chapter summarizes the study and its results, draws some conclusions based the
study's results, and makes some recommendations for future research.

5.1 Summary

Four results have been presented. The first is RCalc-Lisp, a MIMD-LAN framework that

may be used to implement parallel algoritlirns in Common Lisp given a collection of Unix
workstations that run the TCP/IP protocol suite. The second result is an analytic predictor

of parallel efTiciency that applies to any MIMD-LAN system used to implement certain
types of bag-of-work parallelism. The third result, closely related to the second, is a testing
methodology that can be used to both obtain performance characteristics needed to apply
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the analytic rnociel to a MIMD-LAN systcnn and to judge the accuracy of the analytic model.
The final result is illustrative, reporting on the application of both the predictor and the
methodology to RCalc-Lisp and the experiences gained in doing so.

5.1.1 RCalc-Lisp

RCalc-Lisp uses a UDP-based trans,)ort, OCARD, to allow a single driver host to reliably
distribute work in the form of Lis,) S-exjMessions across a collection of server hosts. Using
simple Lisp functions, the driver presents these S-expressions to the servers, which asyn
chronously return the results of evaluating the S-expressions to the driver. Parallelism is
achieved when more than one .scn,r/' can simultaneously evaluate different S-expressions.

While not constrained to implement any particular type of parallelism, RCalc-Lisp has been
shown to be suited to bag-of-work style parallelism.

RCalc-Lisp has been used to imjjiemeiit a parallel Simulated Annealing engine based
on the work in [DLS93], and this engine has been applied to solving a 30 city Travelling
Salesman Problem.

The most current version of RCalc-Lisp has only been tested on Sun-4 workstations

running SunOS-4.1.3 using Austin Kyoto Common Lisp. The data gathered regarding
RCalc-Lisp's performance pertain only to SparcStation IPXs running SunOS-4.1.3.

5.1.2 Analytic Predictor

As presented, the analytic predictor is constrained to modelling bag-of-work style parallelism
where a single CPU, known as the driver, alternates between two states, that of emptying

the bag by distributing B symmet ric iiieces of work over a collection of P server CPU s, and
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that of refilling the bag by collecting t he results of the B servers' efforts and using them to
calculate new work for the bag. It is fui t her restricted to the case where the lengths of the
messages used to distribute work and return results are the same. The MIMD-LAN system
in question is assumed to be well-behaved, in that delays associated with message-passing
are linear in the length of the rne.ssage. Conceptually, the length restriction, the constraint
that the bag size be equal to the number of servers, and the restriction that the work in
the bag be symmetric can be lifted without changing the model of computation on which
the predictor is based; concretely, t,h(< algebraic derivation of the predictor presented earlier
makes use of these restrictions.

To predict E using the analytic model, the following must be known about the bag-of-
work algorithm and about the hosts participating in the calculations.

• Ce, the strength, in CPU-microseconds, of the pieces of work distributed over the
servers;

• p, the average multi|rrogramming delay, in microseconds, experienced by a server while
performing a work item;

• Cry the strength, in CPU-microseconds, of the calculation that utilizes the results
returned by the B servers to refill t he bag of work; and,

• (p, the average multiprograniming delay, in microseconds, experienced by the driver

while refilling the bag.

By trivially modelling the delays associated with the hardware and software interconnecting

the driver with the servers as being non-existent, an upper bound on E has been shown to
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be _
B{C\+p)+Cr + 4> _

~ (B+l){Ce + P + Cr + ci>)

To better model the effects of tiie iiardware and software connecting the driver and
servers, the length / of the messages sending work its results must be known. In addition,
the following characteristics of the MIMD-LAN framework are required:

• c, and ks, the per-byte and per-message overhead on the driver, respectively, associ
ated with sending a piece of work to a server;

• c, and Av, the per-byte and per-message overhead on the driver, respectively, associ
ated with receiving the result ol a jjicce of work from a single server,

• cs and ks, the per byte and per-message overhead, respectively, of sending a work
item and receiving the results of performing it that is not attributable to delays on

the driver, including, for examjile, the overhead of the LAN hardware; and,

• ko, the per-bag overhead of using t he framework.

The testing methodology can be used to obt ain these characteristics. Once they are known,
there are two equations for E that comprise the analytic predictor. The first applies when
the servers return work while the driver is still emptying the bag. This condition, termed

saturation, occurs when C, is ou the order of the communication delays, in particular, when
Cc+cji+kj <5 — 1. When saturation occurs,
Csl+k}

C'r + </> + B(Ce + p)
~ (5 -1- + C,.)l -b A-, + Av -1- A'u -f Cr -b ̂ ) + (5^ - 1){(C4 + Cr)l -b A:, -b k^)

When the driver is not saturated,

C, -b + B(Ce "b p)
^unsat = + CJ5 + C.)/ + k. -b ks + kr + ko + C, ̂ p + Cr+ 4>) + {B^ " l){Crl + ̂r)
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A qualitative analysis of both e(|iiat ions yields the following intuitively pleasing conclu

sions

1. Effort spent in improving a pai tit ular MIMD-LAN system should focus on reducing

per-message delays.

2. To improve efficiency, the servers should be given as much work as possible and the

driver should be given as little work as possible.

5.1.3 Testing Methodology

There are two parts of the testing methodology. The first applies to every algorithm tested.

The second applies to the MIMD-LAN system and the environment in which it is used.

The methodology tests a MIMD-LAN system using the Trivial, Tunable Algorithm

(TTA), which simply loads a value, j( , into a hardware register and decrements it to zero.

The times to complete a single bag iteration using a given MIMD-LAN system are measured

as B, I, and g, are all varied. Cf and J> are determined as functions of g. The timings are

plotted as functions of CV -I- p, and, using least-squares curve fitting techniques, values for

c,, ks Cr, kr, cs, ks, and ko can be estimated.

5.1.4 Results and Experiences Gained

The analytic predictor was checked by applying the testing methodology to a simple, well-

understood bag-of-work algorithm. The insight gained in doing so were applied to improving

the accuracy of the analytic piedictoi.

While applying the tests to RChilc-Lisp, a timing methodology, termed the map-clock
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method, was developed that, when used on SparcStation l+'s, has five times less overhead
than the the traditional Unix method of utilizing the gettimeofdayQ system call. Though
inherently non-portable, other researchers may find its speed useful when working with
Sun-4 machines running SunOS-4.1.x.

The experiments also uncovered the erratic eifect of the Lisp Garbage Collector on
timings of the TTA as implemented in Lisp. These effects were not lessened by granting
the memory allocator access to more storage. Modifications in the code implementing the
TTA were therefore made so that it. would not require the services of the Garbage Collector

(GC). Similar modifications to other parts of the Lisp code implementing RCalc-Lisp were
made. These efforts were successfnl to a lesser degree. Rather than modelling GC, samples

during which GC occurred were discarded.

The parameters of the TTA used in the testing methodology were varied in two experi
ments. In the first, C; and C, were fixed at 0, I was varied from two to 499, and B ranged

from one to sixteen. The saturation effect mentioned previously was first observed dur

ing this experiment, and the analytic predictor was modified to account for it. The newly
modified predictor therefore forecasteil the results of this experiment with great accuracy.

In the second experiment, I was fixed at ten, Ce varied from 9.7 milliseconds to nearly

one second, and B again ranged from one to sixteen. The analytic predictor forecasted the

results of this experiment with varying degrees of success, typically underestimating the
observed efficiency. Usually within ten percent of the observed value, the predicted value

was off by at most sixteen percent . The error was shown to behave regularly with respect

to Ce and B. The correction in (f-V appears to be exponential. Since the Unix process

scheduler uses exponential decay when calculating process priorities, it is possible that the
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error in Ce reflects an error in modelling multiprogramming delays. The correction in B

was shown to be , and no plausible explanation for the error in B was given. In any

event, the predicted value for E matches the observed value within ten percent for values

of Ce > 0.2secs.

The analytic predictor was then used to forecast the efficiency of the PSA-TSP as

implemented in RCalc-Lisp and applied to a 30 city TSP. B ranged from one to sixteen

servers, while /, Ce, and CV, all properties of the PSA-TSP, were derived experimentally.

All predictions were within twenty-one percent of the observed value. Again, the correction

in Ce was shown to be exponential, and the correction in B was shown to be of the form

B
cB+k'

5.2 Conclusions

5.2.1 Garbage Collection is Problematic

Modelling the behavior of a Lisp C'C is problematic. Its effect is seen as a large variation in

the run times of simple algorit hms. Despite much effort-including allocating more memory

for the Lisp-GC's effects on timings were neither eliminated nor satisfactorily modelled.

5.2.2 Sometimes, Use Powerful Drivers

Given a heterogeneous collection ol workstations involved in a driver/server bag-of-work

computation, there are some instances where one of the more powerful workstations should

be chosen as the driver, rather than using it as one of the servers. Since the analytic

predictor derived in this work does not ajrply to a heterogeneous collection of workstations.
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these cases must be discovered emiriiically.

5.2.3 Though Useful, RCalc-Lisp May Be Obsolete

RCalc-Llsp can be used to obtain measurable parallelism in a Common Lisp environment.
However, other work, such that reported in [PD91], has likely superseded it.

5.2.4 The Empiric Model As MIMD-LAN Test Harness

The tunability of the TTA's {>,rannlarity allows one to readily explore communication bot

tlenecks in MIMD-LAN systems. Civen the similarity between the nature of the error in the

analytic predictor's forecast of t he TTA's efficiency and the nature of its error in predicting
the PSA-TSP's efficiency, one may tentatively conclude that the testing methodology itself

can predict, with some modification, t he Ireliavior of bag-of-work algorithms as implemented
under a MIMD-LAN system. This generality suggests that the TTA-based testing method

ology may be more useful as a benchmark for MIMD-LAN systems than as a predictor for
specific algorithms.

5.3 Recommendations for Future Research and Further Im

provement

5.3.1 Implement Other Bag-of-Work Algorithms

Other bag-of-work algorithms should be implemented in RCalc-Lisp so that the suitability

of both the analytic predictor and the testing methodology may be further explored.
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5.3.2 Analyze Other MIMD-LAN Systems

Likewise, the accuracy of the predict or and the tests should be further explored by applying
them to other MIMD-LAN systems.

5.3.3 Improve Predictive Power

Clearly, the accuracy of the analytic predictor may be improved. Some indications already
exist as to which avenues one might pursue to gain a better understanding of how and
why the current model's error varies in both B and Ce- In particular, the distributions of
multiprogramming delay introduced by the Unix scheduler should be better modelled.

5.3.4 Adapt to Asymmetric Environments

The predictor and the tests are restricted in their applicability, the analytic predictor more
so than the testing methodology. Of t he following restrictions on the applicability of the
analytic predictor

• the number of work items in the bag when it is full must be equal to the number of

server hosts

• the messages sent by the modelled algorithm must all be the same length

• the calculations performed by the servers must all be the same strength, and

• the statistical distributions of the micro-programming delays on each host involved in

a computation are the same

the first three could most easily be lifted when expanding its domain.
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Changing the testing methodology to lift these restrictions amounts to altering how

certain functions are called in RCalc-Lisp. While these changes are trivial to implement, no

predictions on their effects are possible without associated changes in the analytic model.

5.3.5 Alter Testing Methodology for Use as MIMD-LAN Benchmark

Work should be done on adapt ing the testings methodology as a benchmark for MIMD-LAN

systems. Towards that goal, some eflorl should be spent in incorporating a mix of integer

and floating point computations into the TTA.
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RCALC LISP(LOCAL) RCALC-IJSP(LC>CAL)

NAME .

rcalc-lisp, rcalc:iiiit. rcalc:stop, rcalc :sc-iiil-nisg. rtalc:ge(-insg. rcalc;make-server, rcalc:make-dnvcr, calc-
serve — AKCU specific Lisp interface to iJie RCalc module

SYNOPSIS

(load *VslIver/liomcs/jcpcwa>7CucliulainiV2/rcalc-lisp")

(in-packagc 'rcalc)

(del'un make-driver (host-lile))

(det'un make-server (exec-nanic &kcy nioiioiitliic))

(defun Init (^optional liosl-lile &kcy calc-sldc))

(defun stop ())

(det'un send-msg (message))

(defun get-msg (^optional sees «&op(ional usecs))

calc-serve ( —m ] ( —n nicetiess ] I —x nui.\calcs ] calculator

DESCRIPTION

The RCalc package is a set of C routines and a collection of cxecutables that implement a simple bag-of-
work model of dislribuled calculation, 'l lic rcalc-lisp package provides a Common Lisp interface to to the
RCalc C routines. This interface is specific to Austin Kyoto Common Lisp, akcl. running on a Unix sys-
tern.

Using RCalc, there arc two types of hosts involved in a calculation: calculation drivers and calculation
servers, drivers send messages rccjucsiing that senders start a particular calculation, servers respond to
requests witli ruessa^es either containing the result of a calculation or indicating some failure on the
server*s part. Once r/wssaiit's are sent, it may be assumed that they are delivered; no special action need be
taken by the user to assure delivery- However, seivers may choose not to perfonn calculations, or, as
stated, may fail at attempting them. Reasons wliy cither failures or refusals may occur are discussed below.
Under rcalc-lisp, the calculation a driver requests a server to perform is the evaluation of a Lisp s-
expression.

Calling make-driver establishes the type of the calling host as a driver and determines which hosts will be
involves! in calculations as seivers. The host-file parameter is a string that names a file of newline-
separated hostiiames. The delauli value of host-Jile is "cale-hosU". make-driver will return the number of
hosts in host-Jile. Alternatively, one can call iuit. Tlie calc-side key is an atom, either DRIVER or
SERVER, specifying whether the host calling init is a driver or a server, calc-side is not optional; it is an
error if it is not present. Ordinarily, init isn't called. To create a server host as they arc described herein,
see tlie description of tiiake-seiver, below.

send-msg and get-msg send and receicve tncssages. A message is a list of the form (host type id body),
host is an integer index into the host-fih'. 0 designates the first host named in the file; 1, the second, etc.
When sending messages, host spcc ilies the klesiination host. When receiving them, it specifies the host that
sent the message. type is an atom, one ol NUI->L-MSG, S-EXP, VALUE, FAILED, RESET, or DIE. It
defines the semantics of the rcmaimlcr of the message, id is an integer that, for some messages, uniquely
identifies the body of the message. Its primary use is to pair messages of type S-EXP with those of type
VALUE or FAILED, body is usually an aibiuary s-expression.

A NULL-MSG contains no useful information. It should never be explicitly sent using send-msg^ and it
will never be returned by get-msg. The interpretation of a NULL-IVlSG*s id and body is undefined. A user
of rcalc-lisp should never see a NULL-M.SG; it is included only for the sake of completeness.

An S-EXP message is a request sent from a driver to a server that the server evaluate the body of the mes
sage. Tlie jerr-er responds with either a VALUE or a FAILED message, id provides a mapping between
S-EXPs and their responses; llicrcfore. each {host, id) pair should be unique in the set of S-EXPs for which
there are outstanding responses, itls must be in the range O to MAXINfT—1 as defined in the file
/usr/includc/valucs».h. rcalc-lisp places no turiher restrictions on ids^ so care must be taken that the user
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rcalc-ijsp(lcx:al)
RCAL.C-USP(LOCAL)

I  VAI UEs or FAILEDs. servers nevBT send S-EXP messages.can associate S-EXPs w.U. U.e appropr.ut. VALUEs or FA ^
A VALUE message is relurnecl Iron, a !^!^°"responds. body is the s-expression the server pro-
same as that in the S-EXP ] I'' only the first value of a mulUple-value wiU be placed
duced by evaluating the body ol the S-LXl message uniy
in tlie VALUE message, drivers should never sen Amrsno the rea

,  , , , Irivvr tliat a server failed to evaluate an s-expression. Among the rea
A FAILED message indicates to a drt\ci Uiat a serve
sons a server might respond with a FAILED mes.sage are

running the n.ax.mum number of calculations aUowed to it
a bad s-EXF may have resulted in an t^r. or may have pro-

rul"d a value that be read by akcl (e.g.. somethmg contammg #< )
an contact the requested server host.

drivers should never send FAILEl> messages.
. .r,ver sends a KF.ET m a .nver telU^ it to ̂

::::::r'be rr terminate -me
RESET messages, servers never send DIE nie.s.sojte s. , .

TO CO... o ,o.ol..b.o by
„.,bOb, wb.„ ,„o ,>.vo.
make-server takes two arguments. n determines the server's state between messages. If

rsiss siibSsrr-rjr.
:;zr::r-r roo „ a. .bo„.

the nanie of the executable file created by make-server.

Tlie server is inonolitldc
OPTIONS ^ _

.„ niceaess server processes wdTrun at a ,„ce value of niceness. The default mee value if -n is not
given is 0.

■X "Returns' a FAILl-^D m "vsrSeltrrS^^^^ " "
reached. The default value of ma.xcalcs is 5.

EXAMPLES ,. _nd •driver-host" will use rcalc-lisp. Text in
l-or the following exatnples. two hosts tia.ne.l server-host and dnver n
bold IS produced by the system. Text in r..man is typed by the user.
To create a server loaded up with eode from the tile named "soweto.lsp' :

siervcr-liost% akcl
>(load "soweio.lsp")
Loading sowcto.lsp
Finished loading soweio.lsp
T

>(load ••/silver/honies/jepeway/Cuchulainn/2/rcalc-lisp )Loading/silver/I.omes/iepeway/Cuel.ulainn/2/rcalc-lisp.lsp

17 July 1993 ^
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RCALC-LJSP(LOCAL)

Finished loading/silvei/liomes/jepeway/CuchuIalnn/2/rcalc-Usp.lsp
T

>(make-server "beat" :monol»iliic l)
server-host %

To start the server.
server-liost% echo driver-host > calc-hosts
scrver-host% /silver/hoinc-s/jcpcway/Cuchulainn/2/calc-servc -m beat &
sc rve r-li OS 1

To start the driver and ask the sei-\ c r to atkl 1 to 99.
driver-host% echo scrver-liost > caic-Iiosls
driver-host% ackl ^
>(load '7siJver/hoiiics/jepcway/Cuchulainn/2/rcalc-lisp )Loading/silvcr/bomcs/jcpcway/Cucliulainn/2/rcalc-lisp. p
Finished loading/silver/lion>cs/.iepewoy/Cuchulainn/2/rcalc-lisp.lsp
T

>(inake-driver "calc-hosts" nil)
1

>(send-msg '(O s-exp 0(1 + 99)))
NIL

>(gel-insg)
(O VALUE 1 lOO)

>(byc)
Bye.
driver-host%

FILES
/siiver/liomes/jepeyvay/Cuchulainn/2

parent directory of rcalc-lisp files
rcalcMsp.lsp Austin Kyoto Coininon Lisp code to load rcalc-ltsp
./calc-hosts deiaull host file

SEE ALSO _ , ^ ,
Austin Kyoto Common Lisp User s Guale, iiice(J)

diagnostic „,„„.s nil when there are no .ncssages available. senJ-msg and stop always return NIL. inir and
make-driver return the number of hosts found in host-file, make-server never returns.

For the moment, the only operaUng systen. under which rcalc-lisp runs is SunOS-4.1.3.
Ordered delivery ot messages ts not guara,.teed. Further, unordered delivery is a common occurrence.
Note that messn..es are deliveretl to dneer hosts uninterpreted^ «pS
to other drivers and ignore all of llie se.nantics menuoned above. Consider this a featur
with care.

it RCalc may see alien packets or tnay never see packets sent to it.

I7.1ulyl993 ^
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releas«l. To do a U.orout,!, clca.,-up .iu-, sec, an unrecoverable error message printed on the temainal.
kill all processes named "r-ocard" and/oi w-ocard .
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Vita

Born in Chicago, Illinois on 7 August 1963, Chris Markland Jepeway tramped
around the country pursuing sundry educational whims. Given a firm
by the public schools of Orangeburg, South Carolina, he graduated from The Baylor Schod
located in Chattanooga, Tennessee in 1981. He received a BS m Electrical ^
Rice University at the May 198.7 cominencernent exercises in Houston, Texas. After a briet
stay in southern California, where what he learned can't be put into writing, he moved o
Knoxville, Tennessee to attend Graduate School. By the time you can obtain this document
from a library, he hopes to have earned an MS in Computer Science from the University of
Tennessee, Knoxville. What he's doing while you're reading these words is anyone s guess.
If you're the gambling type, though, bet that he's no longer in school.


