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Abstract

CPSS: A Flexible and Efficient Simulator for Wormhole-Routed
Multicomputers

Hoang Uyen Trang Nguyen

In this thesis, we present the design and implementation of the Concordia Parallel
Systems Simulator (CPSS), a simulator for wormhole-routed multicomputers. The
ultimate purpose of the CPSS is to provide a parallel programming environment which
allows users to study impacts of system and software factors on program performance
and to locate performance bottlenecks in parallel programs.

The major challenge in the design of the CPSS is to make a good tradeoff between
the accuracy of simulation results and the feasibility of simulation time. The CPSS
can accurately simulate a large range of regular topologies that represent the com-
munication structures of most applications in scientific computations as well as the
topologies of many large-scale wormhole-routed networks. Users are given the flexibil-
ity of changing communication and computation parameters as often as needed. This
flexibility allows for thorough analyses of program performance under different sets
of systems parameters, or on various multicomputer systems having different charac-
teristics. The CPSS provides a rich, powerful and user-friendly set of correctness and
performance debugging tools. Performance statistics at several levels of details are
available for users to fine-tune their programs.

To support efficient network communication, we also propose optimal program
mappings specifically designed for wormhole-routed networks. Qur theoretical work
in program mapping on wormhole-routed networks aims at emphasizing the impor-
tance of good mappings on such networks. As wormhole routing has become more
popular, network sizes are expanded, and communication overheads are reduced, good
mappings are indispensable to ensure high performance of applications running on

wormbhole-routed networks.
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Chapter 1
Introduction

Many scientific and engineering problems have required large-scale computations
which cannot be provided by uniprocessors. Parallel processing has shown its poten-
tial to meet the demands for high computing power. People have resorted to parallel
computers to speed up the processing of many important scientific and engineering
applications (e.g. weather forecast, oceanography, astrophysics, computational aero-
dynamics, energy resources exploration, genetic engineering). To increase application
performance using parallel processing is nonetheless a complex task because perfor-
mance of parallel applications is influenced by many hardware and software factors
such as algorithm design, system architecture, message routing technique, network
speed, programming model, data and program mapping, and operating system.

In order to evaluate and improve performance of parallel applications effectively,
all deciding factors must be taken into account. Also, programmers/designers should
be able to observe effects of these factors on their applications so as to detect system
bottlenecks and thus optimize performance of the applications (this is referred to
as performance debugging). Unfortunately, there has been a lack of performance
debugging tools for parallel applications and architectures.

The objective of this research is to provide flexible and efficient software tools for
developing parallel code as well as evaluating and optimizing performance of parallel
applications to be run on message-passing multicomputers.

In this chapter, we first discuss the motivations and objectives of our work. We
then present the approach to realize our objectives, and a summary of our contribu-

tions. An outline of the thesis chapters is also included.



1.1 Motivations

Parallel computers are architecturally classified into two categories: shared memory
and message passing. In a shared-memory multiprocessor, all processors uniformly
share a centralized physical memory. Processes on different processors communicate
via shared variables residing in the shared memory. A message-passing multicomputer,
in contrast, has no shared memory: each processor of the multicomputer accesses its
own local memory. Communication between processes is achieved by messages sent
across the network connecting the processors.

Shared-memory architecture suffers from long delays of remote memory accesses.
Another serious drawback of this architecture is the lack of scalability due to the
centralized shared memory. It is very difficult to build a large shared-memory mul-
tiprocessor using a physically shared memory because the number of pins and pads
on the memory chip is very limited. Only a few tens of processors may be connected
to the physically shared memory. The shared memory can also be implemented by
physically distributed memories connected by a common bus, a crossbar switch, or
a multi-stage network. However, scalability is still a problem since every memory
access must now go through the bus, the switch, or the network. Memory access traf-
fic would degrade application performance significantly as the system size increases.
Shared-memory architecture is thus not suitable for very large systems or applications.

Message-passing multicomputers, on the other hand, are more scalable due to
the distributed nature of local memories. The main concern is latency incurred by
message sends/receives. However, with the advancement of hardware technology,
high-speed networks and efficient routing techniques have made message-passing ar-
chitecture the developing trend for parallel computing.

This thesis studies message-passing applications and architectures. Our main goal
is to help programmers write efficient parallel programs by detecting and eliminating
performance bottlenecks in the programs. Performance of parallel programs depends
on many hardware and software factors. Important influencing factors include sys-
tem size and topology, algorithm design, program and data mapping, and routing
technique.

The performance of an application may be good on systems with small sizes but
degrade tremendously as system size increases. The problem here is the lack of

scalability of the application. Therefore, system size is an important factor to be



considered in evaluation of application performance.

Another factor affecting program performance is system topology. For the sake of
programmability, message-passing programs are usually written using virtual topol-
ogy, the topology most natural to express the program structure. For example, the
natural topology for matrix operations is 2D-mesh or 2D-torus. The virtual topology
may be the same as or different from the topology of the physical system on which
the program is running. Ideally, the underlying machine topology should match the
organization of the application in order to obtain best performance: mapping commu-
nicating processes to processors close to each other can help minimize communication
latency. Therefore, system topology must be taken into account when selecting or
developing a multicomputer for specific applications.

To achieve high performance, algorithm design should consider both computation
and communication complexities. Algorithm design is even more crucial to parallel
programs than to sequential programs due to the addition of communication cost to
program performance. One of the design goals should be to minimize the amount
of data to be sent. Furthermore, communicating processes should be placed close to
each other to reduce communication latency and traffic. Another design issue is the
scalability of algorithms. Ideally, application performance should increase linearly
with the system size.

Program and date mapping are essential for parallel programs to achieve high
performance on message-passing multicomputers. Well-designed mappings are needed
to place communicating processes close to each other so as to minimize interprocessor
communication cost. Data mapping is equally important. Each process must rely
mainly on its own local variables and its own local portion of the shared data. The
message passing for data exchange must be relatively infrequent to limit interprocessor
communication.

Since communication overhead may dominate the total cost of an application,
routing techniques have direct impacts on program performance. Whether a routing
technique is suitable for a specific application depends on the communication pattern
of the application. For example, in low traffic, wormhole routing offers low latency
to individual messages. However, packet switching may achieve higher throughput at
high loads [28].

Our objective has been to provide a parallel programming environment which

allows users to study impacts of system and software factors on program performance,
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and locate performance bottlenecks in the program.

1.2 Approaches

We had three choices to realize our objective mentioned above:

1. Analytical modelling: Performance aspects of a parallel program under specific
conditions may be estimated using mathematical formulation. This approach,
however, is suitable only for simple and small computer systems and applica-
tions. Multicomputer systems and their applications are sufficiently complex to

make analytical modelling very difficult.

2. Use of real machines: We could run parallel programs directly on a multi-
computer to study their performance. However, testing and debugging tools
supported on real multicomputers are currently very limited. Moreover, real
parallel computers are non-deterministic in nature: the probability for some
bugs to occur may be one over ten thousand. Thus it is very hard to test,
debug and tune a program on a real multicomputer. Topologies and sizes sup-
ported by a real multicomputer are also restricted within small ranges. This
limitation does not allow for studies of scalability of parallel algorithms. Fur-
thermore, real multicomputers are expensive resources which are available to

only a restricted number of users.

3. Simulation: Sequential software running on a uniprocessor can be used to emu-
late program execution on a real multicomputer. The uniprocessor running the
simulating software is called the host machine; the simulated multicomputer
is referred to as the target machine. The simulating software is supposed to
accurately mimic the behavior of the target machine, and yield correct program
outputs as if the program had been executed on the target system. Simulation

has several advantages over the other two approaches:

e Simulation is a more encouraging method for performance debugging than
analytical modelling: it is simpler, easier to understand, and more user-
friendly. In reality, systems too complex to model accurately can often be
simulated, and resulting measurements can be used to guide design and

performance analysis.



o The sequential simulation software is deterministic in nature. Therefore
repetition of executions of a parallel program will always produce the same
results under the same system parameters. This provides a stable environ-
ment to study the program at different levels of detail and from different

perspectives (e.g. computation aspects versus communication aspects).

e Correctness and performance debugging is much easier with simulation
due to the repeatability of sequential programs which perform simulation.
(Correctness debugging helps to locate syntax and semantic errors in the
program so as to make the program work correctly.) Simulation gives
users more control over the debugging process. It permits debugging code
to be inserted into simulation code: this allows users to obtain different
kinds of debugging data and statistics at any given point in time. As a re-
sult, simulation helps to pin-point programming bugs, determine resource

requirements, and identify system bottlenecks.

e High flexibility is provided by software systems which simulate behaviors of
target systems. Simulation allows users to experiment with their programs
on a wide range of topologies and system sizes (simulated system size is
limited only by memory capacity of the host). This helps, for example, to
study the scalability of a parallel algorithm on very large systems, which
may not be feasible to do on real machines. Users are also given the
flexibility to change various computation and communication parameters
to tune their programs to a desired performance. Simulation also helps to

predict performance of hypothetical or unavailable hardware.

Based on the pros and cons of the above three approaches, we selected the sim-
ulation approach. In this thesis, we present the design and implementation of a
simulator for wormhole-routed multicomputers: the Concordia Parallel Systems Sim-
ulator (CPSS). The simulator is a sequential program written in C language and to
be run on uniprocessors such as UNIX workstations and PCs. The code execution
capability of processing elements and operations of the wormhole-routed network are
accurately simulated. The simulator is also fast, flexible and user-friendly. To sup-
port efficient network communication, we also propose optimal program mappings

specifically designed for wormhole-routed networks.
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Figure 1: General structure of the CPPE
1.3 Contributions of the Thesis

The CPSS is a major component of the Concordia Parallel Programming Environment

(CPPE) which consists of two main modules (Figure 1):

1. Concordia Parallel C Compiler (CPCC): The CPCC accepts parallel programs
written in the CPC (Concordia Parallel C) language and generates intermediate
code which will be the input to the CPSS.

2. Concordia Parallel Systems Simulator (CPSS): The CPSS reads in the interme-
diate code produced by the CPCC, simulates execution of the application, yields
program outputs, and provides various performance statistics. An interactive

debugger is built into the CPSS to facilitate program testing and debugging.

The scope of this thesis is the design and implementation of the CPSS, which is

made up of two main components:

1. Code Execution Module (CEM): The CEM plays the role of the processing

elements of a multicomputer system; it executes the intermediate code produced
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by the CPCC.

2. Network Manager: The role of the network manager is to allocate network
resources to messages, route and deliver messages, and detect deadlock in the

network if any.

The thesis also presents optimal mappings for programs running on wormhole-
routed networks. Optimality of proposed mappings are proved theoretically and con-

firmed by experimental results obtained from the simulator.

1.3.1 Parallel System Simulator

Two potential problems simulation usually encounters are accuracy and speed. There
is a tradeoff between these two factors: the more accurate the simulation is, the longer
the simulation time takes in general. Qur simulator has been carefully designed to
give most accurate simulation results within a reasonable amount of time.

The CPSS uses the functional simulation technique [13, 34, 25] which offers the
most accurate results among the existing simulation techniques (e.g. trace-driven
[10, 11, 21], direct execution [32], code-augmented direct execution [12, 19, 35]). This
technique interprets parallel object code instructions at the functional level, hence the
accuracy. In the CPSS, accurate simulation is also achieved by parameterizing system
measurements (e.g, system clock cycle, execution times of object code instructions of
the target architecture, packet size, link buffer size, link delay, message and packet
startup overheads). The ability of changing system parameters allows the user to
simulate any target architecture accurately by just redefining the system parameters
in the simulator to reflect the characteristics of that architecture.

As far as performance is concerned, parallel primitives are interpreted at a rea-
sonable level of abstraction so as to obtain fast simulation and not to compromise
simulation accuracy. We do not go into very low levels of details but retain essential
characteristics of the target processors and network. The entire simulation system,
including the application program, is run by a single process. The simulation does
not incur any host context switching, and thus saves simulation time.

Besides accuracy, the functional simulation technique also outperforms the other
simulation techniques in terms of flexibility and convenience of debugging. Our sim-

ulator can simulate a wide range of multicomputer topologies and sizes. It also



supports a large set of configurable parameters which permit users to fine-tune their
applications and simulate various multicomputer systems. Moreover, the same par-
allel program can be mapped to different physical architectures at run time. In the
CPSS, parameter or mapping changes do not require any modifications to the simu-
lator program or the application program. This convenience is unique to the CPSS
among the existing multicomputer simulators. In other simulators [12, 19, 35], when
a parameter (e.g. physical topology) is changed, the simulator program must be
modified, re-compiled and re-linked with the application.

The routing technique currently supported by the CPSS is wormhole routing. The
design and implementation of the simulator are modular and decoupled. Therefore,
any kind of network other than wormbhole routing (e.g. packet switching, circuit
switching) can be implemented independently and integrated into the simulator easily.

The CPSS provides many debugging tools to facilitate users’ code development.
Design concepts of the debugging tools are borrowed from sequential programming
environments to make the tools as user-friendly as possible. Performance statistics
at various levels of details are also available to support algorithmic and architectural
performance evaluation and tuning.

Finally, the CPSS provides repeatability which is essential for implementing a.
stable and reliable debugging environment. On real machines, a deterministic appli-
cation may generate a different result for each run due to race conditions and varied
speed of CPUs and routers. The CPSS also supports multiple executions of a non-
deterministic application to give users a broad and accurate view of the application’s
behaviors under different outcomes of race conditions. Multiple executions are equally

useful for testing the robustness of a deterministic application.

1.3.2 Wormhole-Routed Network Simulator

This is a concise, accurate, fast and flexible wormhole-routed network simulator.
Messages, packets, flits, physical links, virtual channels, arbitration queues, and
operations on these entities are simulated in details. Simulation results are thus very
accurate. To speed up the simulation process, we selectively left out low-level hard-
ware details which do not compromise simulation results. Also, to reduce simulation
time, we employ an approximate version of round-robin scheduling of virtual channels

time-sharing a physical link. Default arbitration/allocation schemes are either FIFO



or round-robin (wherever applicable) to obtain fast simulation. However, arbitra-
tion/allocation schemes are parameterized so that other schemes can easily replace
default settings.

The network simulator can simulate a wide range of topologies (lines, rings,
meshes, tori and hypercubes), and accommodate large networks of up to thousands
of nodes. Most network parameters are configurable to allow users to fine-tune per-
formance of their programs as needed. The simulator can be used as a stand-alone

network simulator or embedded into the CPSS to simulate execution of real applica-

tions.

1.3.3 Optimal Mappings on Worinhole-Routed Networks

Unlike packet switching, wormhole routing has communication latencies that are
nearly independent of path lengths [17, 8]. Therefore minimizing path lengths is
no longer a mapping objective for wormhole-routed networks (1, 3, 17]. Random
mapping is claimed to be good enough for second generation wormhole-routed multi-
computer systems [9]. In fact, small system sizes and high communication overheads
are limiting the effect of contention from becoming serious in current systems. With
an increase in system sizes and a reduction in communication overheads in future sys-
tems, contention can significantly degrade communication performance (2, 4]. Never-
theless, there has not been enough emphasis on the importance of program mapping
on wormhole-routed networks or on good mappings themselves.

In this thesis, we propose several optimal mappings for programs running on
wormbhole-routed networks. The mapping objective is to minimize link contention
among messages. The mappings cover a wide range of topologies and system sizes.
The optimality of the mappings is proved theoretically and then justified by exper-
imental results obtained from real parallel applications running on our simulator.
Simulation results show that our mapping functions significantly outperform random

mappings in terms of communication performance, especially on large networks.

1.3.4 Summary

The CPSS is especially useful for the development of architecture-independent parallel
applications. It is intended to be a tool for evaluating impacts of system and software

factors on application performance. The ultimate goal is to determine performance

9



bottlenecks in the program so as to improve its performance. The simulator is equally
helpful to the design and analysis of novel multicomputer systems. It can also serve
as a teaching tool for users who want to learn parallel programming. The simulator
is accurate, fast, and flexible; its debugging environment is user-friendly.

Our theoretical work in program mapping on wormhole-routed networks aims at
stressing the importance of good mappings on such networks. As wormhole routing
has become more popular, network sizes are expanded, and communication over-
heads are reduced, good mappings are indispensable to ensure high performance of

applications running on wormhole-routed networks.

1.4 Thesis Outline

In chapter 2, we present a critical review of existing multicomputer simulators and
wormbhole-routed network simulators. The review includes an analytical comparison of
different simulation techniques. Chapter 3 gives an overview description of the CPSS.
Design objectives and system modelling are discussed. Major components of the CPSS
are also described at a high level. In chapter 4, the design and implementation of the
code execution module are described in details. The description focuses on parallel
execution aspects of multicomputer systems, and highlights the simulation techniques
we have used. We then discuss the design and implementation of the wormhole-routed
network simulator in chapter 5. In chapter 6, we propose several optimal mappings
for programs running on wormbhole-routed networks. The optimality of the mappings
is theoretically proved, and then confirmed by experimental results obtained from
the simulator. Chapter 7 provides a summary of the thesis and suggestions for future
work.

Three additional appendices are given at the end of the thesis. Appendix A pro-
vides a description of parallel features of the CPC language which allow the creation
of parallel processes, the definition of parallel architectures, process communication
via channel variables, and process-to-processor mapping. Appendix B serves as a
user’s manual for using the CPSS. It begins with general instructions on how to use
the CPSS to run programs. Then each command of the interactive debugging tools
is described. Finally, the set of intermediate code instructions used by the CPPE is
listed in Appendix C.
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Chapter 2
Literature Survey

The general structure of a multicomputer system consists of a set of processors (or
nodes) connected by an interconnection network as illustrated in Figure 2. Each pro-
cessor has its own processing element (PE) , local memory (LM), router (R) and other
supporting devices. The processing element and the local memory run computation
activities, while the router and the network support communication among processors
via message passing.

Consequently, simulating a multicomputer system should effectively reflect two
separate aspects of the system: computation and communication. A good simulator
should accurately simulate both computation and communication activities taking
place in the target system. However, depending on the purpose of a simulator, the
simulation of either aspect can be simplified to focus on only one kind of activity.
For example, the Multi-Pascal simulator [34, 25] emphasizes on the accuracy of code
execution simulation (i.e. computation aspect) but has a very simple implementation
for network communication. In fact, the simulator does not support dynamic network
simulation at all; arrival times of messages are calculated based on a predetermined
communication model. The PARSE simulator [26], in contrast, simulates network
activities in details but simplifies code execution simulation for more efficiency.

Our simulator is intended to provide accurate simulation of both computation and
communication activities. The purpose of the simulator is to provide a flexible and
user-friendly environment for correctness and performance debugging of parallel pro-
grams. We also focus on the issue of program mapping on wormhole-routed networks
to help programmers further optimize performance of their applications. Another

important objective is to produce simulation results within acceptable time limits.
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Figure 2: Modeling the multicomputer system

This chapter presents a literature review of existing code execution simulation
techniques and typical simulators which employ these techniques. Wormbhole-routed
network simulation techniques are also discussed in a similar manner. We also provide

a literature survey on program mapping on wormhole-routed networks.

2.1 Code Execution Simulation

Several simulation systems for parallel computers have been developed [12, 19, 35,

25, 26]. Existing simulation techniques can be classified into three categories.

1. Direct execution. A parallel program is first compiled into object code which is
in the assembly language of the host. During compilation, the compiler identifies
two kinds of instruction for the purpose of simulation: local instructions and
non-local instructions. An instruction is local if it has effects on only the local
processor. Examples of local instructions are register-to-register instructions
or memory accesses to a local variable residing in the local memory. Non-
local instructions, in contrast, impact another part of the system such as a
remote processor or the network. In particular, non-local instructions perform
parallel tasks such as process creation/termination, message sends/receives or
process synchronization. Each non-local instruction will be simulated via a
procedure call which interprets the instruction at the functional level. Local
instructions, on the other hand, are executed directly by host processes and

timed with the host’s clock. This simulation technique is fast but not accurate
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since the simulation is timed with the host’s clock and not the clock of the

target architecture.

2. Direct execution with code augmentation. This approach enhances the pure
direct execution technique by adding cycle counts of local instructions to the
object code during the compilation phase. The cycle count of an instruction
is the time it would take to execute this instruction on the real machine. The
simulation of local instructions is no longer timed with the host’s clock but
accumulated using cycle counts added to the object code. This approach thus

results in a more accurate simulation than the pure direct execution technique.

3. Functional simulation. A parallel program is first translated into intermediate
code of a virtual parallel machine. The set of intermediate code instructions
is definable and can be different from the host’s assembly language. At run
time, the intermediate code instructions are interpreted at the functional level
as if they were being executed on the target machine. Functional simulation
in general takes more simulating time than the other two techniques, but its

simulation results are the most accurate.

The following sub-sections will analyze these techniques in details. We will discuss

their characteristics, advantages, drawbacks, and example simulators.

2.1.1 Direct Execution

In this approach, a parallel program is first compiled into object code which is in
the assembly language of the host. During compilation, non-local instructions are
converted to procedure calls that interpret the instructions. Local instructions are
compiled directly into host assembly instructions. During program execution, each
application process is simulated by a distinct host process. Local instructions of an
application process are executed directly by the corresponding host process since they
do not affect other parts of the system. Non-local instructions, however, need to be
interpreted at the functional level. That is, the behavior of each non-local instruction
is emulated by a host routine as if the instruction were being executed on the real
system. There is an additional process (called the simulation engine) which executes
all non-local instructions. Since non-local instructions affect components other than

their local processors, their execution must be centralized and coordinated to ensure
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program correctness. When an application process encounters a non-local instruction,
the corresponding host process passes the control to the simulation engine which will
run that non-local instruction.

An example simulator is the CARE simulator {32, 33] which simulates LISP code
using direct execution and a hardware timer. In this simulator, non-local instructions
are interpreted by the simulation engine. Local instructions are directly run by the
host’s simulating processes and timed with the host’s clock.

This technique is generally faster than the functional simulation approach because
local instructions are executed directly instead of being interpreted. However it suffers
from a major drawback: difficult debugging. Local instructions are directly executed
by the host and the simulation engine does not have much control on the execution of
local instructions. Thus it is very difficult to establish the connection between user-
application statements and low-level data or simulation activities. Such connection
is essential for in-session debugging and fine-tuning an application. (In-session de-
bugging refers to the debugging interaction between the user and the program during
execution of the program. Examples of in-session debugging are single-stepping the
program, setting break points or tracing a variable after breakpoints). For example, it
is very hard to examine the value of a local variable belonging to a particular process.
Sequential debugging tools such as dbz are not able to locate the desired process in
order to access its local variable (unless monitoring code is added to the application
to identify the desired process). In-session debugging is in general not feasible with
the direct execution technique.

Because each application process is simulated by a host process, context switch-
ing will incur high overhead if the number of application processes is considerable.
Furthermore, the number of application processes that can be simulated concurrently
is very limited.

An even more serious drawback of this approach is low accuracy. The reasons for

inaccurate simulation results are:

o Coarse granularity of the host’s clock which is usually workstation clocks. There-
fore, the timing is not accurate because execution time of an instruction is often
truncated to the nearest milliseconds. Within a millisecond, the target multi-
computer may have executed thousands of instructions or sent hundreds of

messages.
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e Control code added to monitor the simulation. Monitoring code is often needed
because in-session debugging is very hard with direct execution. Such code frag-
ments would not be executed on the target machine. However, in this approach,
there is no way to distinguish the monitoring code from the application code.
Therefore the direct execution technique also times the monitoring code and

this affects the overall execution time.

In summary, the direct execution technique is fast but inaccurate. This approach
is usually used for studying hardware features such as caching in shared-memory mul-
tiprocessors or network performance evaluation. In such applications, the accuracy of
code execution simulation is not important. In addition, debugging tools provided by
direct-execution simulators are very limited and based primarily on monitoring code
added to the application and the simulation engine.

This approach is not suitable for the purpose of our simulator, which is to ac-
curately simulate both computation and communication activities of a target multi-
computer, and to provide a user-friendly debugging environment.

There exists an enhancement to the direct execution technique, which employs

code augmentation to count execution time of local instructions on the target system.

2.1.2 Direct Execution with Code Augmentation

Code augmentation is an extra step added to the compilation process, which inserts
cycle counts to the compiled object code. The cycle count of an instruction is the
time the target system would take to execute that instruction. Cycle counts of object
code will be accumulated during simulation as if the code were being executed on the
target multicomputer. This results in a more accurate simulation.

Like the pure direct execution technique, code-augmented direct execution is gen-
erally faster than functional simulation since local instructions are not interpreted
but executed directly. Code augmentation, on the other hand, offers more accuracy
to simulation results than pure direct execution.

However, the problem of difficult debugging still exists. In fact, correctness and
performance debugging in direct-execution simulators relies heavily on the instru-
mented software technique due to the difficulty of in-session debugging. In the instru-
mented software approach, additional code is inserted into the simulation engine and

the application to monitor the simulation. Adding monitoring code to the simulation
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engine does not cause any side-effect except that the added code may slow down
the simulation. However, adding monitoring code to cycle-counted code (i.e. local
instructions blocks) can be problematic. A simple addition will change the behav-
ior of the simulation since the cost of monitoring code is also included in the cycle
counting. Conditional compilation flags or macros can be used to exclude the cost
of added monitoring code [12]. However, even with conditional compilation flags or
macros, the addition may change the behavior of the application. This is because
the additional code may affect the surrounding code indirectly. For example, if the
additional code uses several registers, the surrounding code may spill more registers
than the previous version (which contains no monitoring code). This would increase
the cost and thus could change the behavior of the system. The more debugging or
statistic traces are required, the more perturbed the simulation can be.

Several simulators were implemented using the code augmentation approach. Typ-
ical simulators of this kind are Proteus [12], Tango {19, 22], EPPP [35, 36] and
PARSE [26].

Proteus

The pure direct execution technique correctly simulates the functionality of local in-
structions but ignores the exact calculation of the actual execution time. Proteus [12]
(developed at MIT in 1991) uses code augmentation to count the cycles required by
the target machine to execute local instructions.

The application program is first compiled into the host’s assembly language. A
code-augmenting program will then add cycle counts to local instructions of the object
code. The compiled code is first divided into basic blocks of local instructions. A
basic block is the smallest block of code delimited by a non-local instruction or an
instruction where the execution can branch (e.g. a jump, a function call). Each
instruction of a basic block is then matched with a cycle count by looking up a table.
The cycle counts of all the instructions in that basic block are then summed and an
instruction updating a global cycle counter is added at the end of the block. The cost
of each basic block is thus a fixed number and determined at compile time.

Each application process of the target is simulated by a light-weight process
(thread) of the host. Context switching on the host is required to interleave exe-

cution of threads which run local instruction blocks. Each thread context switching
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takes 3 microseconds. Non-local instructions are implemented by procedures and in-
terpreted by the simulation engine as in the pure direct execution approach. During
program execution, the simulation engine also manages simulating threads: when a
simulating thread finishes execution of a basic block, it updates the cycle counter of
its simulated processor and gives control to the engine. The engine then selects the
next available block for execution and passes control to the corresponding simulating
thread. The engine also handles interprocessor communications.

A specific engine must be defined for each simulated MIMD architecture. When
the user chooses to simulate a specific multicomputer system, the user has to modify
the parameters of the engine. The engine is then re-compiled and linked with the
user’s application.

Proteus’ debugging capability depends heavily on the use of sequential dbz tools.
The user is also allowed to add monitoring code into the simulation engine and the
application. During program execution, monitoring code produces data and event
traces, and logs the traces into an output file. When the program execution is com-
pleted, an graph generator is used to interpret the trace file data and present the
results of the simulation.

Although Proteus simulation is fast, it suffers from several drawbacks.

e The timing results may not be accurate because the cost of each basic block is
determined at compile time and is a fixed number. In reality, the cost of an
instruction depends on other run-time factors such as the operands (or cache

hits if the target machine is a shared-memory architecture).

e The simulator can simulate accurately only a limited set of architectures whose
instruction sets are similar to that of the host. If the instruction set of the
target machine is quite different from that of the host, the assignment of a cycle

count to every local assembly instruction is no longer accurate.

e Simulation performance may be substantially degraded if the application in-
volves many processes. In addition to the simulation engine process, a host
process is created for each application process. If the number of application pro-
cesses is large, this may incur substantial overheads of context switching among
the simulating threads. In practice, augmentation overhead is an insignificant

part of simulation cost. Simulating non-local instructions and context switching
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dominate the cost of simulation [12].

e The simulator is not flexible from the user’s point of view. When the architec-
ture is changed, the engine parameters must be modified. The engine is then
re-compiled and linked with the user application. This is not convenient, for
example, for experimenting with program mappings. This experiment would
require to run the same program on different architectures of varied sizes. The
simulator must be modified, re-compiled and linked with the application code

every time the topology or system size is changed.

e Debugging capability relies mainly on software instrumentation. In-session de-

bugging facility is very limited and depends on sequential dbz tools.

Tango

Tango simulator [19, 22] was built at Stanford University in 1990. Tango and Proteus
were developed independently but they are quite similar. However Tango simulates
only shared-memory architectures.

Application programs are written in C or Fortran. Parallel features are provided
by macros. For instance, Lock acquires a binary lock and Unlock releases it. The
compilation process consists of five steps: macro expansion, compilation into assembly
language, code augmentation, assembly and linkage. If a parameter needs to be
changed, the simulation engine must be modified and the compilation process is
repeated.

Like Proteus, Tango may produce inaccurate simulation results due to fixed costs
of local instruction blocks calculated at compile time. Similarly, the target system
is assumed to have a basic instruction set that can be approximated by the host
architecture in order to obtain accurate simulation.

Novel target machine instructions that do not exist on the host are implemented
in libraries and macro packages and will be interpreted at run time. However, if the
target machine instruction set differs considerably from the host instruction set, the
simulation would approach functional simulation.

Tango’s performance is not as good as that of Proteus. Tango uses Unix pro-
cesses to simulate parallel execution while Proteus uses faster light-weight processes

managed by the simulation engine. Context switching time in Tango is 180 to 250
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microseconds [19]. If the application execution involves a large number of processes,
context switching cost is significant.

Tango does not support any in-session debugging tools. Debugging and statistics
data are provided using the instrumented software approach. Many kinds of trace file
are generated. System events are recorded in trace files. Program outputs are logged
in an output file. There are also process summary file and event trace file. This is
not a user-friendly debugging environment for parallel applications.

Tango was implemented for studying shared-memory behaviors, shared-memory
synchronization and concurrency abstractions, and for architectural evaluation [19]. It
can also be used for application studies. However debugging tools are not adequately

provided for code development or performance fine-tuning.

EPPP Project

The EPPP (Environment for Portable Parallel Programming) simulator [35, 36] is in
fact an extended version of Proteus. Target architectures of the EPPP simulator are
superscalar/superpipelined processors. Applications are written in C with extended
parallel features for superscalar/superpipelined operations.

In this simulator, the augmentation phase is enhanced to accurately simulate a
particular target architecture whose instruction set differ from that of the host. An
application program will first be compiled and optimized as it would be on the target
system. The intermediate code just produced will then be augmented with cycle
counts. A second pass on the augmented intermediate code will generate assembly
code for execution on the host.

The above enhancement requires the compiler to be modified specifically for each
different target architecture. This is a major task calling for much time and effort.
Therefore, the target architectures of the EPPP simulator have been so far limited
to only very few systems [35].

Like Tango, no in-session debugging tools are available in the EPPP. The only
available debugging feature is the optional generation of an extended version of PICL

traces [37]. Traces are then analyzed and interpreted by a software.
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PARSE

Unlike Proteus or Tango which uses a separate program to augment the compiled
code, PARSE [26] has code augmentation implemented directly in the compilation
phase. The GNU C/C++ compiler was modified to augment parallel code when its
basic block profiling flag is enabled.

This simulator is aimed at analyzing communication architectures and commu-
nication performance of parallel applications. Thus a high level of accuracy of code
execution simulation is not of special interest to the simulator. For example, PARSE
assumes that each instruction takes one clock cycle to execute and that memory
accesses do not take additional cycles.

No tools are provided for correctness debugging of parallel programs. Performance
debugging is available to analyze communication performance. However it is not user-
friendly. The user specifies the monitoring of various events performed within the
communication network through a configuration file. The simulator will generate a
trace file containing a time sorted list of all requested events. Detailed communication

statistics can then be determined by examining these traces using data analysis toeols.

Summary

Direct execution (pure or with code augmentation) is fast but always associated with

two severe drawbacks:

¢ In-session debugging is very hard due to the nature of direct execution. De-
bugging and statistics rely heavily on the instrumented software approach. The
accuracy of simulation results then depends on how much monitoring code per-
turbs system and application behaviors. The more traces/data required, the
less accurate simulation results. This approach is thus not well suited for code

developing or fine-tuning application performance.

¢ Simulation results are not accurate if the host’s instruction set differs from that
of the target. The inaccuracy also results from the fact that cycle counts of
local blocks are accumulated at compile-time. In reality, execution time of an

instruction depends on many run-time factors.

Direct-execution simulation is usually employed for studying hardware-related fea-

tures such as caching, shared memory behaviors, or network properties where accuracy
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of code execution is not a critical objective.
To effectively support code development and application performance fine-tuning,
another simulation technique is required, which is more accurate and can accommo-

date more powerful debugging tools.

2.1.3 Functional Simulation

This technique interprets instructions of the target machine at the functional block
level as if they were being executed on the target. Each instruction of the target
machine is usually expressed as a host macro/procedure whose size depends on the
complexity of the instruction and the desired level of simulation accuracy.

A parallel program is first translated into intermediate object code. The set of
intermediate code instructions can differ from the host’s assembly language. Ideally,
it should be defined to match the target instruction set. However this is not a nec-
essary condition for accurate simulation because the simulator designer has control
over how to interpret intermediate instructions. The designer may approximate a tar-
get instruction by modifying interpretation code of the corresponding intermediate
instruction.

The level of detail of interpreting intermediate code determines simulation accu-
racy and time. There is a tradeoff between these two factors: the finer granularity of
interpretation, the more accurate results and the longer simulation time. The finest
level of interpretation is machine-instruction level which is architecture-dependent
and very time-consuming.

Although functional simulation generally takes more simulation time than the

direct execution approach, it is a very attractive technique for performance debugging
due to

e Very high accuracy. This is due to the interpretation of intermediate instruc-
tions as if they were executed on the target machine. Also, intermediate in-
structions can be added or removed from the instruction set, and re-defined in
terms of its functionality to match the target instruction set. In addition, cycle
counts of intermediate instructions are accumulated at actual run time (whereas
direct-execution simulators compute execution time of local blocks in advance,

at compile time).
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e Flexibility. The set of intermediate instructions can be modified and function-
ality of instructions can be re-programmed to match the target architecture.
Also, the level of accuracy can be traded for faster simulation by adjusting the

detail level of code interpretation.

e Flexible and convenient debugging. Code interpretation permits the simula-
tor to have complete control over program execution. This allows to establish
the connection between user program statements and intermediate instructions.
The user can thus set breakpoints, examine trace variables, or single-step the
program fragment belonging to a particular process. The user can also view
status of processes, processors and messages at any point during program exe-
cution. Monitoring code can be added to the simulating code without affecting

simulation outcomes at all: execution time of monitoring code is not accumu-
lated.

A typical simulator employing this technique is Multi-Pascal simulator [34, 25].

Multi-Pascal Simulator

This simulator simulates both shared-memory and message-passing architectures.
The programming language for writing applications is Multi-Pascal [25], which is
based on Pascal and added with parallel features to express parallel operations such
as process creation/termination, message send/receive and process-to-processor map-
ping. Parallel operations are defined at a high-level of abstraction to enhance pro-
grammability. For instance, message send and receive are expressed in terms of or-
dinary Pascal assignments. Writing to a channel variable represents a message send;
reading from the channel variable corresponds to a message receive [25].

User programs are first compiled into intermediate code. Each intermediate code
instruction is associated with a fixed cost which is the cycle count of that instruc-
tion on the target multicomputer. At run time, intermediate code instructions are
interpreted and their cycle counts are accumulated properly.

The simulator and the application are run by a single host process. Parallelism
is simulated by time slicing: each application process is given a quantum to run and
application processes are scheduled in a round-robin fashion. When every application

process has finished its quantum, the global clock is advanced to the next quantum.
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The implementation is similar to round-robin scheduling of processes on a multitask-
ing uniprocessor, except that the global clock is not accumulating running times of
all processes but is incremented by the duration of the quantum. Since all application
processes are simulated by a single host process using time slicing, there is no context
switching overhead on the host.

Multi-Pascal simulator provides a rich set of debugging tools. It allows users to
set instruction breakpoints and time breakpoints, define and examine trace variables,
and single-step the code of a specific process. Users can also view status of processes
and processors after a breakpoint, processor utilization as a function of time, and
computation/communication time. Multi-Pascal debugging environment is a good
illustration of flexible and convenient debugging provided by the functional simulation
approach.

Despite the advantages inherited from the functional simulation technique, Multi-

Pascal still has some limitations which prevent it from being a performance debugger.

e Cycle counts of intermediate instructions are hardcoded into the interpreting
code of the instructions and not well-defined. For instance, an integer operation
takes the same amount of time as a floating point operation, which is one time
unit. Simulation results thus may not be accurate. In fact, the intended use of
Multi-Pascal simulator is as a parallel programming teaching tool for students
and novice programmers. It was not meant to be a tool for studying performance

of real parallel applications.

e The simulator does not support the concept of virtual architecture. The ar-
chitecture declared in the application program is also the physical architecture.
Users need to specify process-to-processor mapping in the application (unless
they wish to use the default mapping provided by the Multi-Pascal compiler);
there is no run-time mapping. If the physical architecture or the mapping is
changed, the application needs to be modified and re-compiled. This limitation
makes study of program and data mapping inconvenient and time-consuming.
Moreover, the user is forced to organize the program to match the available

physical architecture which may not be a natural structure to the application.

e The simulator assumes an underlying packet-switching network. However, there

is no dynamic network simulation. Communication overheads of message sends
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and receives are calculated based on a communication model.

¢ The simulator does not support file I/O. In fact, it is not intended for large
applications.

Our simulator (CPSS) attempts to overcome the above limitations to offer parallel

programmers an accurate, fast, flexible and user-friendly performance debugger.

2.1.4 CPSS Simulation Technique

The CPSS uses the functional simulation approach to simulate execution of par-
allel programs on a multicomputer system. Applications are written in the CPC
language which enhances the C language with parallel features to express process
creation/termination and message sends/receives. Parallel operations are defined at
a high level of abstraction and reuse existing syntax of the C language wherever
possible to promote programmability and ease of learning.

The intermediate instruction set is designed based on an analysis of common
operations of parallel systems. The objective is to simulate a wide range of message-
passing multicomputers. Every intermediate code instruction is associated with a
configurable cost which can be adjusted to match a specific target.

The intermediate instruction set can be extended if it is different from the target’s
instruction set. The implementation of the simulator is modular and decoupled. So a
new intermediate instruction can be added easily to the simulator as a routine which
interprets the instruction. The addition of a new intermediate instruction does not
affect the simulation of another target whose instruction set does not contain the new
instruction since this target would not use the added routine at all.

One of our design goals is to obtain simulation outcomes fast. We do not go into
low level details but maintain the essential characteristics of instruction behaviors on
target machines in order to yield program outputs within reasonable time limits. Also,
the intermediate instruction set is defined at a high-level of abstraction. Application
processes are run by a single host process. So there is no host context switching
during simulation. This helps to simulate applications with large numbers of processes
efficiently.

The CPSS supports virtual architecture programming and run-time mapping to

improve programmability of message-passing applications. The burden of program
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mapping is now shifted from the user to the simulator. The user writes an application
using the virtual architecture most natural to the application. At run-time the virtual
architecture will be mapped to the available physical architecture. Moreover, the
same source program can be mapped to different physical architectures without any
changes to the source code. The simulator provides a library of optimal and optimized
mappings.

The CPSS contains a dynamic network simulator. The simulated network is
wormbhole-routed, flit-based and time-driven. Packets are routed link by link until
completely received. The network simulator offers very accurate message routing and
communication performance statistics.

Similar to Multi-Pascal simulator, the CPSS provides users with a rich set of
debugging tools. Users can set instruction and time breakpoints, define trace variables
and single-step the source code of a particular process. As a performance debugger,
the simulator allows users to define system parameters, examine status of processes,
processors and messages, and view computation and communication statistics.

The CPSS is also very flexible and convenient. Users can configure most com-
putation and communication parameters. Values of the parameters can be changed
within the same simulation session as often as needed. No re-compilation is required:
the same intermediate code of the application and the same simulator code are al-
ways executed. This flexibility is unique to CPSS among the existing multicomputer

simulators.

2.2 Wormhole-Routed Network Simulation

In this section, we first review existing routing techniques to highlight the advantages
of wormhole routing over the other techniques. Example wormhole-routed network
simulators and their simulation techniques are then discussed. We also provide a brief

description of our network simulator, its simulation technique and characteristics.

2.2.1 Routing Techniques

This subsection provides a concise description of existing routing techniques and their
characteristics. These techniques are packet switching, virtual cut-through, circuit

switching, and wormhole routing.
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Packet Switching

This technique is also called store-and-forward switching [23, 8, 47]. In a packet-
switched network, when a packet arrives at an intermediate node, the entire packet is
stored in a packet buffer. The packet is then forwarded to the next node on the path
when the next output channel is available and the next node has an available buffer.

Let P be the packet size (in bits), B the channel bandwidth (in bits/second), and
D the distance between the source and destination nodes (number of hops). Ignoring
message and packet startup overheads and block time due to resource shortage, the
network latency incurred by one packet is (P/B)D.

Packet switching is simple to implement. It was used in first-generation commer-
cial multicomputers such as Intel iPSC/1 [43], nCUBE/1 [44], Ametek S/14, and FPS
T-series [45]. However, it has become less popular because of the following serious

drawbacks.

e Enormous buffering is required in every node.

e Routing overhead is incurred by the entire packet. The packet is buffered and

retransmitted at every intermediate node on its path.

e The network latency is proportional to the distance between the source and the

destination nodes.

Virtual Cut-Through

This approach can be considered as an enhancement to the packet switching tech-
nique [46]. The enhancement is to reduce the amount of time spent transmitting
data. A packet is buffered at an intermediate node only if the next required channel
is busy.

The network latency for virtual cut-through is (H/B)D + P/B where H is the
length (in bits) of the packet header that stores control information such as the
destination address and the packet sequence number. If H << P, the second term,
P/B, will dominate the total latency. In this case, the distance D has a negligible
effect on the communication latency.

If the network load is light, the routing overhead (buffering and transmission)

is significantly reduced compared with packet switching. Packet routing latency is
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thus less sensitive to path length. However, if the network traffic is high, the routing
overbead approaches that of packet switching because blocked packets must also be
buffered.

This technique was adopted in the research prototype Harts developed at the

University of Michigan, which is a hexagonal mesh multicomputer.

Circuit Switching

The routing of a packet in a circuit-switched network involves three phases:

1. Circuit establishment phase: a physical circuit is constructed between the source

and destination nodes.

2. Packet transmission phase: the packet is transmitted along the established cir-
cuit to the destination. During this phase, the channels constituting the circuit
are reserved exclusively for this packet. Thus no buffering is needed at inter-

mediate nodes.

3. Circuit termination phase: the circuit is released as the tail of the packet is

transmitted.

The network latency for circuit switching is (C/B)D + P/ B where C is the length
(in bits) of the control data transmitted to establish the circuit. When C << P, the
distance D will produce a negligible effect on the network latency.

Second-generation multicomputers such as iPSC/2 and iPSC/860 [53] employ cir-
cuit switching because of its lower network latency and reduced buffer space require-
ments. However, it is very difficult for circuit switching to support sharing of physical
links among contending packets. This results in low network utilization and suscep-
tibility to deadlock.

Wormbhole Routing

In a wormhole-routed network, a packet is divided into a number of flits (flow con-
trol digits) for transmission. Unlike the other routing techniques, wormbhole routing
requires the buffer at each node to store only a few flits.

As soon as a node examines the header flit of a packet, it selects the next link

on the route and begins forwarding flits down that link. The header flit governs the
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route. As the header advances along the specified path, the remaining flits follow in a
pipeline fashion. If the header flit encounters a link in use, it is blocked until the link
is freed. The flow control also blocks the following flits and they remain in flit buffers
along the established path. When the last flit of the packet (the tail flit) leaves a
node, the link assigned to that packet is released and may be reassigned to another
packet.

Let F be the flit size (in bits). The network latency for wormhole routing is
(F/B)D + P/B. If F << P, the distance D will not affect the latency much unless
the path is very long.

Virtual channels time-sharing a physical link are possible in wormhole-routed net-
works. However, virtual channels occupied by a message are not relinquished even if
the message is currently blocked, and this may lead to deadlock. Deadlock-free routing
algorithms [15] for wormhole-routed networks have been proposed, which multiplex
multiple virtual channels on the physical link, properly number virtual channels and
route messages in order of decreasing (or increasing) of virtual channel numbers.

Many multicomputer systems have used wormhole routing; among them are Ame-
tek 2010 [9], nCUBE 6400 [48], Intel/DARPA’s Touchtone Delta, Intel Paragon [49],
Intel/CMU’s iWarp [50], and the Transputer IMS T9000 family [51]. The popularity

of wormhole routing is due to the following advantages.

e Network latency is relatively insensitive to path length.

¢ Required buffer space is small: only small FIFO flit buffers are required instead
of large buffers for packets.

e It is easy to support virtual channels which allow contending packets to time-
share a physical link. Virtual channels help to improve network utilization, and
are used to implement deadlock-free routing algorithms in wormhole-routed

networks.

e Wormbhole routing allows packet replication in which copies of a flit can be sent
on multiple output channels (virtual channels). Packet replication is useful in
supporting broadcast and multicast communication [38]. Circuit switching, by

its nature, does not allow packet replication.
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Summary

Virtual cut-through, circuit switching and wormhole routing are more attractive than
packet switching due to lower latency and reduced buffer space requirements. How-
ever, the behavior of virtual cut-through will resemble that of packet switching if
network contention is significant. Circuit switching, on the other hand, is susceptible
to deadlock and may result in low network utilization due to the absence of virtual
channels.

Wormbhole routing is currently the most popular routing technique because of low
network latency, small buffer requirements and easy support for virtual channels.
Several wormhole-routed network simulators have been implemented for the purpose
of studying/evaluating wormhole routing characteristics and network performance
(2, 29, 18]. In the following subsection, we describe typical simulators and their

simulation techniques, useful features, and drawbacks

2.2.2 Wormbhole-Routed Network Simulators

All existing wormhole-routed network simulators employ the time-driven approach
instead of the commonly used discrete-event simulation approach because it is faster,

simpler to implement, easier to understand, and yet very accurate.

Chittor’s Simulator

This simulator [2] was implemented to study the effects of random and optimized
mappings on communication performance.

The simulator is very simple. Messages are randomly generated and not packe-
tized; each message is treated as one packet of the same size. Flit size is also a fixed
number (8 bits). The simulator does not support virtual channels. The buffer size
at each link is one flit (8 bits). Therefore the simulator can simulate networks of at
most 256 nodes. The following topologies are available: line, hypercube, 2D-mesh,
3D-mesh and tree. However, every time the topology is changed, the simulator needs
to be re-compiled.

The simulation is time-driven. There is a global clock. As the clock advances
by one time unit, messages that are not blocked move forward by one link. Routing

algorithms are deterministic (e.g. XY-routing for meshes and E-cube routing for
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hypercubes). Message routing is simple since the simulator does not implement virtual
channels. As a message moves forward, only the positions of the head flit and tail flit
need to be recorded.

In summary, this simulator is very simple. It simulates the very basic wormhole-
routed network with no variations or enhancements (e.g., virtual channels, packetiza-
tion, configurable parameters). The major drawback of the simulator is the absence of
virtual channels which are crucial for implementing deadlock-free routing algorithms

in wormhole-routed networks [15].

Saha’s Simulator

This simulator [29] was designed to study wormhole-routed networks embedded within
real-time, application-specific multicomputers. The network of such systems must also
meet stringent timing and dependability requirements of real-time systems.

The simulator simulates only one topology which is 2D-torus and employs deter-
ministic routing (XY-routing).

The simulation is time-driven and node-driven: for each cycle of simulated time,
every node in the network is simulated. Messages of arbitrary length are created and
divided into flits. Each node injects a message with a pre-determined probability. The
destination address of the message is randomly generated with a uniform distribution.
The message is assigned a priority. The router will use message priorities for all
arbitration/allocation decisions wherever applicable.

Each arbitration/allocation scheme is implemented by a prioritized queue based
on message priorities. Thus the simulation is slow due to management of different
kinds of prioritized queues in the system.

Virtual channels are implemented in this simulator. Virtual channels of each link
are organized in the form of a prioritized queue.

The simulator is flit-based: it deals with individual flits. As the header flit of a
message is advanced, the non-header flits of the message simply follow the established
path if possible.

In summary, the simulator is time-driven, node-driven and flit-based. Virtual
channels are effectively simulated. However, the simulation is slow, especially for
large networks, due to management of different kinds of prioritized queues. All arbi-

tration/allocation decisions are based on priorities of messages. This is a stand-alone
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network simulator with no program execution component. Messages are randomly

generated.

Dally’s Simulator

This simulator [18] supports k-ary n-cube and k-ary n-fly networks. It simulates
interconnection networks at the flit-level. A flit transfer between two nodes is assumed
to take place in one time unit. The network is simulated synchronously moving all
flits that have been granted channels in one time step and then advancing time to
the next step.

For a specific network topology and size, users can define the number of vir-
tual channels per link and the routing algorithm (deterministic or adaptive). The
simulator provides two algorithms for link bandwidth allocation: random and the
oldest-packet-first scheme (deadline scheduling). Deadline scheduling is claimed to
help reduce average message latency and make message latency more predictable [18].

Messages are randomly generated using a pre-determined probability depending
on the purpose of a specific experiment. Each message is also a packet of fixed length
(20 flits). Flit size is not considered in this simulator. Operations of virtual channels
and routing algorithms are simulated in details.

In summary, the simulator is time-driven and flit-based. It simulates virtual chan-
nels and routing algorithms in details. The simulation is slow due to many low-level
hardware details and too many phases involved in a communication step. This is also
a stand-alone network simulator with no support for running real applications. In
fact, it was implemented to study the effect of virtual channels on network perfor-
mance (throughput and latency) [18]. Although the simulator is very accurate, its

simulation time would be unreasonable for our purpose.

2.2.3 Our Network Simulation Technique

Our network simulator also employs the time-driven technique. The simulator is time-
driven and message-driven: for every network cycle, the network manager attempts to
advance each flit of every packet by one link if possible. Physical links are scheduled
for virtual channel time sharing only if required (i.e. if a link is used by at least one
packet); unused links are not scheduled. We use an approximative version of round-

robin scheduling to speed up the simulation time. The scheduling algorithm will be
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described in details in section 5.4.3.

To further reduce simulation time, we selectively left out low-level hardware de-
tails. For instance, the network simulator does not route actual contents of messages
but simulates the routing using sequence numbers of packets and flits. Therefore
flit buffers need not be implemented. Furthermore, default arbitration/allocation
schemes are either FIFO or round-robin (wherever applicable) for fast simulation.
However, arbitration/allocation schemes are parameterized so that other schemes
(e.g. prioritized queues) can easily replace default settings.

The network simulator is very flexible. It can be used as a stand-alone network
simulator or embedded into the CPSS to simulate execution of real applications. A
wide range of topologies is supported. The simulator can accommodate large networks
of up to thousands of nodes (subject to the memory capacity of the host). Moreover,
users can define most network parameters (packet size, flit size, virtual channel buffer
size, routing scheme, link bandwidth, number of virtual channels per link, virtual

channel allocation scheme, link scheduling algorithm, etc.).

2.3 Program Mapping on Wormhole-Routed Net-

works

Second generation multicomputers (iPCS/2, Symult 2010, iWarp, nCUBE/2) use
wormbhole routing or circuit switching instead of packet-switching employed in the
first generation multicomputers (iPSC/1, nCUBE/1). In packet-switched networks,
communication latency is sensitive to the distance between the source and destination
nodes. As a result, program mapping on packet-switched networks has always aimed
at minimizing dilation costs [6, 7]. Dilation cost of a mapping is the maximum distance
between any two communicating processes.

Wormbhole routing, in contrast, offers low network latency that is relatively inde-
pendent of path length. In fact, experimental results confirm that in wormhole-routed
networks communication performance does not directly depend on path lengths and
minimizing dilation costs is no longer a major concern [1]. However, since packets
must compete for link bandwidth, the blocking time may become significant. Chittor
and Enbody showed that link contention may degrade network performance substan-

tially, especially in large networks [1, 2] or networks with heavy traffic. Now that path
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length is no longer a problem, link contention becomes a primary concern in ensuring
efficient communication. A good measure that quantifies the level of contention in
a wormhole-routed network, called path contention level (PCL), was introduced in
[2, 4].

Random mapping is claimed to be good enough for second generation wormhole-
routed networks [9]. In fact, small system sizes and high communication overheads
are limiting the effect of contention from becoming serious in the current systems.
However, as the network size increases and overheads are reduced, the contention
problem will surface and seriously impact communication performance [2, 4]. It was
shown that appropriate mappings that minimize contention will enable the network
to support higher traffic with negligible degradation in performance [2, 4].

Nonetheless, there has not been enough emphasis on program mapping for wormhole-
routed networks. As part of this thesis, we study one-to-one mappings among the
most important topologies: lines, rings, hypercubes, square meshes and square tori.
These topologies represent the communication structures of many applications in sci-
entific computations as well as the topologies of many large-scale wormhole-routed
networks [5]. Our mapping objective is to minimize the maximum PCL of a virtual-
architecture program mapped to a given physical topology.

Path contention level of a path p connecting two communicating processes can
be roughly defined as the number of other paths which share at least one link with
path p. Path contention level represents the worst-case contention of a path. That
is, it assumes that all competing paths are working at the same time. In reality,
some of the competing paths may not route any messages at some time, depending
on the application communication pattern. In any case, if we can minimize the path
contention level of a path, the path will have less chance to collide with other paths.
This effectively reduces blocking time of messages.

We make experimental comparisons between network performance of our map-
pings and that of random mappings. The experiments are carried out on the CPSS
under different system and user-defined parameters. Simulation results show that our
proposed mapping functions can significantly outperform random mappings in terms

of communication performance, especially on large networks.
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Chapter 3

System Architecture and

High-Level Design

In this chapter, we first discuss our objectives for the design of the CPSS. We then
present the modeling of multicomputer systems simulated by the CPSS and the pro-
gramming model used in the CPPE to write application programs. We then describe
the high-level design of the simulator, which is based on the adopted system model

and programming model, and meets the proposed design objectives.

3.1 Design Objectives

The most important objectives considered in the design of the simulator are as follows.

1. Realistic modeling: The simulator should reflect accurately the behaviors of the
multicomputer system as well as the performance of an application program on
this system. So the design should follow realistic computation and commu-
nication models, and retain the essential characteristics of the multicomputer

system.

2. Accurate simulation: The simulator should employ the functional simulation
approach to simulate the execution of parallel application programs [13, 34, 25].
It should, at the same time, execute the application and simulate the behaviors
of the underlying multicomputer system. The outcomes during and after each
execution are thus the outputs of the application program, and information

about its computation and communication performance.
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3. Performance: Time of simulating the execution of application programs is also
a crucial issue. We selectively left out low-level details so that the simulator can
produce accurate outputs in a reasonable amount of time, especially for large
applications. The granularity of instruction interpretation should be weighted

carefully to meet both the accuracy and performance requirements.

4. Flexibility: The simulator should offer the user the freedom of changing system
parameters for both computation and communication. This enables the user to
tune the application to the underlying hardware at hand, or to obtain a thor-
ough performance analysis of the application on various multicomputer systems
having different characteristics. The flexibility of changing parameters should
also come with convenience: the parallel program need not be re-compiled every

time some parameter is modified.

The design and implementation of the simulator should be modular and decou-

pled to easily accommodate future changes and enhancements.

5. Repeatability: Repeatability is necessary to study different phenomena in an
execution at several levels of detail and from different perspectives. Repeata-
bility is essential to provide a stable and reliable debugging environment that
is not available on real multicomputer systems. Real parallel computers are
nondeterministic in nature and, as such, rarely provides any form of repeatabil-
ity; some bugs may not occur frequently enough for observation. Repeatability
does not mean that the simulator can reproduce only one of the many possible
executions of a nondeterministic application: the simulator should also be able
to simulate multiple executions of an application when it is required to mimic
the nondeterministic nature of real multicomputer systems and of parallel ap-

plications.

6. Correctness debugging: The simulator should provide end-users with convenient
debugging tools and useful debugging information in order to test and debug
application programs. After all, this is the main advantage for using a simulator
rather than a real multicomputer which rarely provides any form of repeatability
and supports only a very limited set of debugging tools. The debugging code
embedded within the simulating code should not affect behaviors of application

programs and their outputs.
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7. Performance debugging: Computation and communication statistics of appli-
cation execution should be provided to facilitate the study of parallel archi-
tectures, network characteristics, parallel algorithms and program mapping.
Global statistics of an application (such as total execution time, speedup, total
computation time and total communication time) allow the user to tune the
application to a desired performance. Run-time data or traces (such as process
creation/termination information, or message send/receive information) could
be very useful in studying a particular aspect of the application, which cannot

be captured by global statistics.

8. User-friendliness and portability: It should be easy to learn and use the sim-
ulator. An intended use of the simulator is to introduce the field of parallel
computing to new learners. Also, the simulator should be portable to various
platforms (such as workstations, PCs, or even on real parallel computers) with

only very minor modifications to the simulating code.

3.2 Modeling the Multicomputer System

3.2.1 System Architecture

The simulator assumes a distributed-memory, wormhole-routed parallel computer.
This parallel system consists of a number of processing nodes (processors) connected
by an interconnection network. As depicted in Figure 2, each processor includes a
processing element (PE), a local memory (LM) and a router (R). The processing
element runs the application program which resides in the local memory together
with the application data. The router is responsible for receiving incoming messages,
injecting messages into the network, and forwarding them to destination processors.

This wormhole-routed multicomputer is characterized by the following parameters
[14]: the communication delay L, the communication overhead o, the communication
bandwidth g, and the number of processors P. Various aspects of the architecture
are approximated by these four parameters. Parameters used by the simulator can
be categorized to model L, o and g. If communication contention is absent, P is
small, and messages are short, then L can be disregarded. Otherwise, L is decided

by the level of contention, P, and message lengths. P also determines the obtainable
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speedup of the multicomputer system. Ideally, the speedup should increase linearly
with the number of processors used to run an application. In reality, L and o prevents
the linear increase of the speedup.

The cost model used by the simulator assumes that computation and communi-
cation are overlapped. In other words, the processing element and the router of a
processor are working simultaneously during program execution instead of alternating

their turns.
In our simulator, the characteristics of the multicomputer system are modeled by
two sets of parameters. One set of parameters reflects the communication aspects of

the system while the other set captures the computation aspects.

3.2.2 Communication Parameters

The time Trmessage for a message to reach the destination is the sum of message startup

overheads and communication latencies of its packets. Tiessage 1 determined by

Tmessage = L mstartup +p- Tpacket

where Tinstareup is the startup cost of each message send, p is the number of packets
contained in the message, and Tpecket 1s the communication latency incurred by a

packet.

The communication latency of a packet is in turn the sum of packet startup

overheads and routing latency. Therefore,

Tpackct = Jdpstartup + Trouting

where Tpstartup is startup overhead of a packet send and Trouting is the routing latency
of a packet.

In the absence of link contention, Trouting can be approximated by
Trouting = (F/B)D + P/B

where F is the flit size (in bits), B is the channel bandwidth (in bits/second), P is
the packet size (in bits), and D is distance between the source and destination nodes
(number of hops).

If link contention is present, T,outing is dependent on run-time conditions and is
determined based on the routing latency of flits. The flit routing latency consists of

the following components [26}:
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o Buffer read time: the time needed to read the flit from the current buffer.

e Router decision time: the time required by the router to determine the next
node on the path. This time depends on the routing algorithm and message
address format. Router decision time applies only to the header flit: after the

routing direction is determined, the remaining flits simply follow the header.

e Virtual channel allocation time: the time needed to allocate a free virtual chan-
nel of the next link where the flit will be deposited. This time is applicable only
to the header flit, and depends on whether there are free virtual channels on
the next link.

e Link scheduling time: the time required to schedule the physical link in order
to know which virtual channel is allowed to use the link in the current clock

cycle.

e Link delay time: the time taken by the flit to traverse the link and arrive at the

next node.

e Buffer write time : the time needed to write the incoming flit to the buffer at
the next link.

All flits require buffer read time, link scheduling time, link delay time and buffer
write time to move from one node to its adjacent node. In addition, header flits incur
router decision time and virtual channel allocation time.

The following communication parameters are taken into account in the wormhole-
routed network of the CPSS:

e Topology and size of the virtual and physical architectures. The simulator
currently supports line, ring, hypercube, mesh and torus topologies. The system
size can be any number provided that the host computer has enough memory
to support all data structures of the CPSS. Most of these data structures are
dynamically allocated and deallocated. We have been able to support systems
with up to 4096 processors.

o Packet size. Large messages need to be split into smaller units called packets.

Typical packet size ranges from 64 to 512 bits [23].
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Flit size. The flit length is often affected by the network size which determines
the minimal length required to represent node addresses. For example, a 256-

node network requires 8 bits per flit.

Number of virtual channels per physical link. Several virtual channels can be

multiplexed on a single physical link to time-share the link bandwidth.

Buffer size. Each virtual channel of a physical link calls for a buffer to store the
on-going flits of a packet. Many systems make use of one-flit buffers. Larger
flit buffers can improve network performance and help to increase network size

without increasing flit size [8].

Message start-up overhead. This is the startup cost of each message send and

due primarily to message buffer management.
Packet startup overhead. This is the startup cost of each packet.

Flit routing latency components as mentioned above. The components are
buffer read time, link scheduling time, link delay time, buffer write time, router

decision time, and virtual channel allocation time.

Deadlock prevention. To prevent deadlock, we use bidirectional channels to-
gether with E-cube routing (for hypercube networks) or XY routing (for meshes).
We also support deadlock-free deterministic routing for ring and torus; the al-

gorithm was proposed by Dally and Seitz[15].

Routing strategy. Our simulator has so far supported only non-adaptive routing
(deterministic routing). The default routing schemes are E-cube routing for
hypercube networks and XY routing for other topologies. The user can also

specify the desired routing algorithm in the form of a routing table.

Virtual channel allocation algorithm. When there are several outstanding mes-
sages waiting for a virtual channel to be allocated, our simulator uses first-in-
first-out algorithm to decide which message will get the virtual channel. Among
other algorithms are random allocation and priority-queue allocation which 1s

usually used in real-time systems.
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o Link scheduling algorithm. In the CPSS, round-robin scheduling is used for
virtual channels of a physical link to time-share that link. Among other algo-
rithms are random selection and priority-queue selection which is usually used

in real-time systems.

Our selection of communication parameters is based on their importance and their
influence on the accuracy of program execution simulation as well as the simulation
time [Dally87, Chittor90, Chittor90b, Chittor91, Draper94, Kim94, Olk94]. For ex-
ample, the simulator of a wormhole-routed multicomputer described in [O1k94] made
use of some other detailed communication parameters. We have chosen to ignore those
parameters because that simulator was designed to analyze communication properties
of parallel application domains in order to find the most cost effective communica-
tion hardware configuration matching the requirements of the specific domain. Our
simulator, on the other hand, is aimed at analyzing both computational and com-
munication properties of the parallel program so that the user can obtain the best
algorithm for the problem at hand or to tune the application to a specific underlying
hardware. We have thus made a tradeoff between the feasibility of simulation time

and the accuracy of the simulated hardware network.

3.2.3 Computation Parameters
Processor Clock Cycle

In the CPSS, the clock cycle is expressed in terms of relative timing. That is, a clock
cycle is the minimal time unit. It is up to the user to define the duration of one time
unit. All other computation time parameters are then specified using the minimal
time unit. For example, an integer addition can be defined to take one time unit. If
an floating-point operation is ten times slower than an integer addition then its cycle

count is 10.

Instruction Groups

Intermediate instructions are classified into instruction groups to facilitate the as-
signment of cycle counts to the instructions. Each group has its own execution time.

The major instruction groups are: integer operations, floating-point operations, I/O
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operations, function calls, process creation/termination, and read/write on channel

variables (which is equivalent to message send/receive)

Context Switching

In the CPSS, many processes can run on the same processor to share the computa-
tion bandwidth of the processor using round-robin scheduling. Each process is given
a time slice to utilize the processor just as with multitasking uniprocessors. Con-
text switching among these processes would incur overheads on the target machine.
Therefore, in the CPSS, context switching is also assigned a cycle count, and context

switching time is a definable parameter.

Computation Quantum

The CPSS implements parallel execution of processes using time slicing: each appli-
cation process is given a quantum to run until its quantum expires or it is put to sleep
by some event. Application processes are scheduled in a round-robin fashion during
every quantum . When every application process has finished its quantum, the global
clock is advanced to the next quantum.

Computation quantum is determined based on flit routing latency that is the time
a flit takes to move from one node to the adjacent node on the path. For example, if
a flit takes 3 time units to advance to the next node on its path then the computation
quantum is 3 time units. In this case, the CEM lets the processes run for 3 time
units, and the network advances unblocked flits by one link. The processes will then
run for another 3 time units, and unblocked flits will move forward by one more link,
and so on. The computation quantum and the communication step are considered
to be running in parallel. Computation quantum can be a fraction number. If the
computation quantum is 0.5 time unit, the processes will run for one time unit every

time the network advances unblocked flits by two hops.
Process States
Possible process states are:
e Ready. The process is ready to be scheduled for running.
e Running. The process is currently executing its code on a specific processor.
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e Delayed. The process is put to sleep and the wakeup time is known. The process
will be waken up by the scheduler when the wakeup time comes.

e Blocked. The process is put to sleep and wakeup time is not known in advance.
The process will be unblocked by another process (e.g., one of its children) or

an event (e.g., the arrival of a message in the wormhole-routed network).

e Terminated. The process has completed the execution of its own code.

3.3 Application Programming Model

Applications that are to be executed on the CPSS are initially written in the CPC
language (Concordia Parallel C), an enhanced version of the C language used for
parallel programming.

We support both data parallelism and functional parallelism programming. In
data parallelism, the same computation is applied in parallel to different data items.
This is in contrast to functional parallelism, in which several different computational
activities are performed in parallel.

In particular, applications can be programmed using the SPMD (Single Program
Multiple Data) model. In this model, every process of the application is running the
same program. However, at a given time, each process may execute a different part
of the program.

The application programs can be written using the virtual architecture approach.
In this approach, the programmer writes the program in the topology most suitable for
the problem in question. At run time, the simulator will map the compiled program
onto a physical topology specified by the user, which can be different from the virtual
topology. The CPC language also provides features that allow the programmer to
specify a mapping from the virtual topology to the physical topology in the program.

Communications between processes are expressed in terms of channel variables
[25]. A write to a channel variable represents a send, and a read represents a receive.
Writes and reads from channel variables will be converted into sends and receives
respectively by the CPCC (Concordia Parallel C Compiler).
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3.4 CPSS High-Level Design

This section gives a high-level description of the simulator. The design is based on
the multicomputer system model and the programming model mentioned earlier, and

implemented in a way to meet the proposed objectives.

3.4.1 General Structure of the CPSS

The CPSS (Concordia Parallel Systems Simulator) is an integrated part of the CPPE
(Concordia Parallel Programming Environment). In fact, the CPPE consists of two
components: the CPCC and the CPSS.

The core of the CPCC is a compiler. After reading a parallel program written
in the CPC language, the CPCC builds a complete abstract syntax tree to perform
syntax and semantic analysis, and produces object code for a generic virtual machine.
Such object code is called vCode in the CPPE. The vCode instruction set is defined
based on an analysis of common operations of multicomputer systems. To produce
vCode, the compilation process makes use of the virtual architecture and does not call
for the physical architecture. The advantage of this design is that the CPC parallel
program need not be re-compiled every time the underlying target architecture is
changed.

The vCode produced by the CPCC will be input to the CPSS. Other inputs
to the CPSS are parameters and commands from the user. For example, the user
can specify the physical topology on which the program will run and the virtual-to-
physical-topology mapping. The CPSS then executes the vCode, using the parameters
and commands entered by the user. The outputs from the CPSS are the application
outputs, performance statistics, and debugging information (Figure 1).

The CPSS itself consists of two major components: the code execution module
(CEM) and the network module. There are also two other utility modules interwork-
ing with the CEM and the network module. These utilities are the user interface and
the debugging monitor. The interactions between the components of the CPSS are
illustrated in Figure 3. The following subsections describe the roles and high-level

design of the CPSS components and their interactions.
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Application output
Debugging information
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Application input
vCode User commands
Parameters

Application
. output
Code Exeuclunon User Interface
Module ICP
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Informatior] | MAN PSR ICP Performance statistics
PSI ™\
Network Debugging
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MAN: Message Arrival Notification ICP: Input/Commands/Parameters
MNR : Message/Network Request PSR: Process/processor Status Request
MNI : Message/Network Information PSI : Process/processor Status Information

Figure 3: CPSS structure and operations

3.4.2 The Code Execution Module

The CEM plays the role of processing elements of a multicomputer system: it executes
the parallel code specified by the parallel program. There is a global clock for the
simulated multicomputer system which is updated periodically by the CEM. The

CEM contains four main parts:

1. Ma.pper.. The mapper maps the processors of the virtual architecture specified in
the CPC program onto the processors of the physical architecture. We provide
a library of optimal mappings whose objective is to minimize the maximum
path contention level of the parallel program [2, 4]. Optimized and random

mappings are also available. The mappings can be one-to-one or many-to-one.

2. Storage Manager. The job of the storage manager is to allocate simulated local
memories to processes upon process creation and deallocate this space upon pro-
cess termination. The storage manager also allocates/deallocates other kinds of
dynamic memory blocks such as activation records upon function calls/returns,

and buffers for messages of composite types (e.g. array, structure).
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3. Process Scheduler. The process scheduler schedules processes for execution and
updates their process structures according to changes in process and processor
status, local clocks and the global clock. In the CPSS, parallelism is simulated
by timeslicing: each application process is given a quantum to run and processes
are scheduled in a round-robin fashion. During each quantum, the process
scheduler traverses the list of processes, and schedules one process at a time for
execution. The execution starts with the instruction specified by the current
value of the program counter of the process. The local clock of the process is
updated after each instruction. The process runs until its quantum expires or
it is put to sleep by some event. The process scheduler then schedules the next
process for execution. When every application process has finished its quantum,

the global clock is advanced to the next quantum.

4. Instruction Interpreting Routines. These routines interpret vCode instructions.
Each instruction is associated with a cost which the routine will look up in a

cycle-count table to update the local clock of the current process accordingly.

The CEM contains four major data structures:

e List of parallel processes. Each parallel process created by the virtual-architecture
program is associated with a structure PROCESS that contains all the infor-
mation needed to run this process. Each process has a local clock that keeps
track of the present time of this process. All PROCESS structures are placed

on a linked list that is maintained and processed by the scheduler.

e Table of processors. This is an array where each element is a structure PRO-
CESSOR. This array is dynamically allocated at the beginning of each run when
the physical architecture is known. Each PROCESSOR structure records the

status of and information related to a physical processor.

e Memory pool. This is a big array from which local memories of processors are
allocated. The array accommodates local memories of all processors in use.
The memory pool also provides space for activation records upon function calls,
and buffer space for messages of type array or structure. Memory blocks (local
memories of processes, activation records, message buffers) are allocated upon

requests and returned to the common memory pool when they are no longer
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used. The first-fit allocation scheme [31] is used for management of the memory

pool.

e Message buffers (channel buffers). This is an array where contents of messages
are buffered, waiting to be read. A message of type array or structure is too
big to be stored in this array. In this case, the actual contents of the message
is stored in a block of the memory pool, and the pointer to this memory block

is saved in the array of message buffers.

3.4.3 The Network Module

The network module is under control of the network manager. The role of the network

manager is to

e allocate network resources to messages to be sent,

e route messages and deliver them to destination processors,
e detect and resolve deadlock, if any.

The main features of the wormhole-routed network manager are the reservation
of channels and data paths by messages, the pipelined flow of flits, the release of
the reserved resources by tail flits, and the release of flit buffers associated with each
virtual channel. The network also uses the global clock mentioned above. In each
quantum, all active packets that are not blocked are advanced by one link.

When a message needs to be sent, the sender process writes the message to a mes-
sage buffer, invokes routine WH_.CEM_SENDS_MSG to pass message information to
the network manager, and continues with its execution (non-blocking send). The net-
work manager will route the message using the information received from the sender.
In our design, the network simulator does not route actual contents of messages. It
simulates the movement of flits by advancing their ID numbers. When a message
reaches the destination, the network manager notifies the CEM of the arrival of the
message. The intended reader can then read the message from the message buffer.

The main data structures of the network module are:

o List of new messages. New messages which are being initialized for routing are
queued at this list. The waiting time at this list simulates message startup over-

heads. When the startup overhead time of a new message expires, the message
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will be removed from this list and appended to the list of active messages.

o List of active messages. This is a linked list of messages which are currently

being routed through the network.

o List of active packets. This linked list contains packets belonging to active

messages.

o Array of physical link structures. Each physical link structure stores information
related to that link such as the link-request queue, number of occupied virtual

channels, an array of LANE structures (a structure for each virtual channel of
the link).

e Routing table. When a packet arrives at an intermediate node, the router uses
the addresses of the current node and the destination to look up the routing

table for the address of the next node on the path.

3.4.4 The User Interface

The user interface enables the user to interactively communicate with the simulator.
The user interface receives parameters and commands from the user, validates the
received information, and pass valid parameters or commands to the appropriate
module (the CEM, the network module, or the debugging monitor). During execution
of a parallel program, the user interface interacts with the debugging monitor to
display performance statistics and debugging information. Program outputs are also
transfered from the CEM to the user interface for displaying. A user manual is

provided in Appendix B which describes the user interface of the CPSS in detail.

3.4.5 The Debugging Monitor

The debugging monitor is responsible for handling the debugging mechanisms. Dur-
ing execution of the parallel program, the CEM and the network manager regularly
update the debugging variables. After each breakpoint and after the completion of
program execution, the debugging monitor collects and processes the values of the
debugging variables to generate performance statistics and other information about

program execution.
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3.5 Measures to Meet the CPSS Design Objec-

tives

In this section, we discuss how the design and implementation of the CPSS meet the

objectives stated in section 3.1.

3.5.1 Accurate Simulation

The CPSS uses the functional simulation approach to simulate execution of paral-
lel programs on a multicomputer system [13, 34, 25]. The level of detail of code
interpretation decides the accuracy and the performance of the simulation. A fine
granularity of interpretation offers an accurate simulation at the cost of low simula-
tion speed. The tradeoff between accuracy and simulation time has been considered
carefully in the design of the CPSS to provide accurate simulation results within an
acceptable amount of running time. The degree of accuracy is adjustable and decided
by the definition of vCode instructions, their associated costs, and the level of detail
of interpreting each instruction.

Accurate simulation of parallel architectures is also promoted by configurability of
most computation and communication parameters. Conligurable parameters allows
the user to accurately simulate a particular multicomputer system. The user only
needs to set the values of system parameters to those belonging to the architecture

to be simulated.

3.5.2 Performance

Although the CPSS uses the functional simulation technique, the simulation is not
done at the machine instruction level in order to speed up simulation time.

We analyzed basic operations of existing parallel architectures and constructed a
set of parallel primitives which are common to most target multicomputer systems.
Parallel primitives are simulated at the functional level with a reasonable abstraction
to tradeoff between simulation accuracy and simulation time. Because the level of
interpretation is higher than machine instruction level, the simulation is much faster
compared with the traditional functional simulation.

The entire simulation system, including the application program, is run by a
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single process. The simulation does not incur any context switching on the host, and
thus saves simulation time. In Proteus, which uses light-weight processes to simulate
application processes, a context switch takes 3 microseconds [12]. Tango uses UNIX
processes, so context switching time is as high as 250 microseconds [19].

The simulated wormhole-routed network does not route actual messages. The
routing is simulated using only message information. Moreover, the network uses an

approximate version of round-robin scheduling to speed up the simulation time.

3.5.3 Flexibility

Besides accuracy, the functional simulation technique also outperforms the other sim-
ulation techniques in terms of flexibility and debugging convenience. The CPSS offers

flexibility to users in many ways.

Virtual-to-physical architecture mapping at run time

The application program is written using the virtual architecture which should be the
most natural and efficient architecture for the application. At run time, the virtual
architecture will be mapped to a physical architecture. If the user does not specify
any physical architecture, the default is the virtual architecture itself. In this case,
no mapping is needed.

If the user specifies a physical architecture, a mapping is needed to assign the
virtual nodes to the physical processors. The user can select a mapping function

from the mapping library supported by the CPSS. The mapping library includes

e Optimal mappings which offer the best communication performance. A set

of optimal mapping functions for wormhole-routed networks are provided in
Chapter 6.

¢ Approximative mappings which are optimized to provide good communication

performance.

¢ Random mappings

The flexibility is extended to allow the user to use his/her own mapping. The

mapping is generated by the user, stored in a file which the simulator will read in to
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map the virtual nodes onto the physical processors. Note that the mappings can be
both one-to-one and many-to-one.

All the above changes (physical architecture and mapping) require no modifica-
tions to the simulator or the application, and thus no re-compilation. This is an
ability unique to the CPSS among existing multicomputer simulators. In the case of
Proteus simulator, to change the topology of the physical architecture, the network
module must be modified to the new architecture [12]. The whole simulator is then
re-compiled and re-linked. The same procedure is applied to the EPPP simulator if
the topology of the physical architecture needs to be changed [35].

With Multi-Pascal and its simulator, there is no support for virtual architecture
[34, 25]. The architecture defined in the program is also the physical architecture.
Processes are mapped onto processors in the application program. If the physical
architecture or the mapping need to be changed, the application program must be

modified and re-compiled.

Simulating a wide range of multicomputer systems

Unlike direct-execution simulators, a functional simulator can be adapted to simu-
late a new architecture more easily because the intermediate instruction set can be
expanded or re-defined in terms of instruction functionality.

The vCode instruction set of the CPSS is constructed using common operations
of multicomputer systems. The cost of each instruction can be adjusted to simulate
a specific target. Instruction functionality can be modified and new instructions be
added easily due to the modular and decoupled implementation of the simulator.

The CPSS simulates a wide range of topologies: line, ring, mesh, torus and hy-
percube. System size can be extended up to thousands of nodes and is limited only
by the memory capacity of the host computer. The simulator also permits users to

change most system parameters to define a specific architecture.

Large set of configurable parameters

Almost all computation and communication parameters can be configured by the user.
The computation parameters listed in section 3.2.3 are all user-modifiable. Besides the
physical architecture and the mapping, the following communication parameters are

configurable: packet size, flit size, number of virtual channels per physical link, virtual
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channel buffer size, startup overheads, flit routing latency, header flit overheads, and
routing algorithm.

The user can change values of parameters within the same simulation session as
often as needed. No re-compilation is needed: the same vCode of the application is
always executed.

The large set of configurable parameters enables the CPSS to simulate a wide range
of wormhole-routed networks and multicomputer systems. Tuning system parameters
allows the analysis of an application or an architecture to be more thorough and

accurate.

Modularity and expandability

The design and implementation of the simulator are modular and decoupled. Future
changes and enhancements to the simulator would be quick and easy. For example, a
new vCode instruction can be added easily to the simulator. We only need to write
the simulating routine for the new instruction. No other modifications are necessary
(unless the new instruction interacts with existing instructions, in which case other
changes are required to capture the interactions).

The network module is decoupled from the CEM. The interface between these
two modules are clean and well-defined. It is possible to develop a simulator of
another type of network (such as packet switching) independently. It would then be
easy to integrate the new network module into the CEM to simulate packet-switched

multicomputers.

3.5.4 Repeatability

The repeatability is easily achieved since the simulator is a sequential program which
is, in its nature, deterministic and repeatable. Under the same set of parameters,
different executions of the same application yield the same results.

Repeatability does not imply that only one of the many possible executions of an
application can be simulated. In fact, the simulator can reproduce multiple executions
of a nondeterministic application. This is particularly useful for applications whose
behavior is considerably different from one run to another depending on the outcome

of race conditions.

51



In the CPSS, multiple executions are implemented by varying the relative proces-
sor speed. Race conditions can thus be created by the variation of relative processor
speeds. For example, by changing the relative processor speeds, the order of sending
two messages from two distinct nodes may be reversed. If the two messages compete
for the same physical link, the sending order would decide which message will get the
link first.

A pseudo random number generator is used to determine relative processor speeds.
Using the same seed for all executions provides the determinism needed for repeata-
bility. On the other hand, if we vary the seed values, relative processor speeds change
accordingly. This results in different executions of the same application.

Proteus simulator [12] applies the same concept of using a pseudo random number
generator to implement repeatability and multiple executions. However, the seed is
used to randomly choose between two requests with the same timestamp. Different
choices generates multiple executions.

The implementation of the CPSS is different from that of Proteus. If we imposed
a choice on any two requests of the same kind with the same timestamp, this would
slow down the simulation time since the race condition was being simulated at a very
low level (i.e. at the level of requests). Instead, we make use of an alternative which
is to vary relative processor speeds. This meets the same objective (i.e. repeatability
and multiple executions) while offering a higher performance.

Repeatability is critical to provide a stable and reliable debugging environment. It
also helps to study an application at various levels of details and from different angles.
Multiple executions are essential to study nondeterministic applications, applications
which demonstrate different behaviors depending on results of race conditions. An
example of such applications is concurrent branch-and-bound search algorithms. For
example, a concurrent search algorithm would require multiple executions so that
the user can gather a distribution of execution times, which allows for a much more
accurate view of the effectiveness of the algorithm. Multiple executions are also very
useful to test the robustness of deterministic applications. A deterministic program
should work correctly under different outcomes of race conditions occurring in the

system.
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3.5.5 Correctness Debugging

Another advantage of the functional simulation over the other simulation technique
is easy debugging. Since parallel object code instructions are interpreted at the
functional level, it is convenient to insert debugging code inside the interpretation
code. Unlike the case of direct simulation technique, the amount of inserted debugging
code does not affect simulation results at all.

The CPSS supports the following debugging tools:

e Set and clear instruction breakpoints.

Set and clear time breakpoints.

e Step instruction by instruction; step through two or more instructions.
e Set and clear trace variables.

e View the trace variables.

e Set a particular process to be the current process for debugging. The user may

then use the above tools to debug the current process.
e View the program source code (written in the CPC language).
e View the vCode corresponding to selected lines of the source code.
e View the status of the processes. Information about each process includes

— the processor on which this process is run
— the process status (e.g., ready, running, blocked, etc.)
— the function that is currently executed by this process

— the line in the source code that is currently executed by this process.

The simulator also provides information about network deadlock or deadlock in-
curred by program logic (for example, all processes are waiting to receive messages
but there are no instructions in the program that send messages), if any. For net-
work deadlocks, displayed information includes the physical links and the messages
involved in the deadlock, and their status. In the case of program-logic deadlocks,

the processes involved in the deadlock and their status are displayed.
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3.5.6 Performance Debugging

The performance statistics produced by the CPSS are:

parallel execution time of the program
sequential execution time of the program
execution time of any portion of the program

computation time of the program (i.e. time the program spent on computation
tasks)

communication time of the program (i.e. overheads incurred by message sends

and receives)
processor utilization

profile of processor utilization as a function of time

In addition, time-dependent data and traces are available for in-depth analyses.

Examples of time-dependent traces are:

process creation/termination information (time, processor number, parent pro-
cess ID)

message sends/receives (time, source node, destination node, message length)

message routing (path, time traces)

These data records are logged into files and can be disabled or enabled as the user

wishes. Time-dependent data and traces are provided at different levels of detail as

requested by the user. It is also easy for users to add their own traces to the simulator

code in order to capture other time-dependent data as they want.

3.5.7 User-Friendliness and Portability

To make the simulator user-friendly, we reuse the debugging concepts of sequential

programming environments. For example, a parallel application is first compiled by
the CPCC and then executed by the CPSS. Debugging tools are similar to those of
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sequential programming environments such as breakpoints, trace variables, file listing,
etc.

To support portability, the simulator is written entirely in C. It is intended to be
running on any host machine which has a C compiler. Compilation conditional flags
are used to adapt the simulator to different versions of C compiler. Currently, the

simulator can work on UNIX workstations and PCs.
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Chapter 4

The Code Execution Module

This chapter presents the design and implementation of the code execution module
(CEM). The discussion focuses on the simulation of the most important entities of a
multicomputer system, which are: processing elements (processors), local memories

of the processors, processes, and communication channels among processes.
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4.1 Processors

4.1.1 Virtual Processors versus Physical Processors

In the CPPE (Concordia Parallel Programming Environment), we distinguish two
kinds of processors: virtual processors and physical processors. The user writes an
application using the architecture most natural and efficient to program performance.
This architecture is referred to as virtual architecture, and its processors are called
virtual processors. For example, the natural topology for matrix multiplication should
be 2D-mesh or torus.

The topology and size of the physical machine may not match that of the virtual
architecture. Processors constituting the physical system are physical processors. At
run time, the virtual processors are mapped to the available physical processors. For
instance the matrix multiplication program may be mapped to run on a hypercube
multicomputer.

The mapping objectives are to minimize communication cost among communicat-
ing processes, and to balance the workload among physical processors.

There are two levels of program mapping. The first level is the mapping from
processes to virtual processors. The second level is mapping from virtual processors

to physical processors.

1. Process-to-virtual-architecture mapping. The mapping can be one-to-one and
many-to-one. Often in the application program the user specifies the ID of the
virtual processor on which a process will run. The virtual processor will be

mapped to a physical processor at run time.

If the user does not provide a virtual processor for a new process, at run time
the process is mapped directly to a physical processor, bypassing the virtual
processor level since a virtual processor is not needed in this case. The physical
processor allocated to the new process is determined by a default processor
allocation algorithm. The default allocation criteria is to balance the work load

among existing physical processors.

2. Virtual-to-physical-architecture mapping. At run time, the user can specify
the desired physical architecture for running the compiled virtual-architecture

program. The user is asked to select a mapping function provided by the CPSS
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mapping library. Random mapping is also available. The user is also allowed
to import his/her mapping from a file and store it in the mapping table.

If the user does not specify a physical architecture, the default physical archi-

tecture is the same as the virtual architecture.

In the CPPE, many processes are allowed to time-share the computation band-
width of a processor. Processes residing on the same processor are scheduled in a
round-robin fashion to run their code. Context switching among these processes

incurs a configurable cost.

4.1.2 Processor Numbering

Processors (virtual or physical) are identified using absolute IDs. Absolute IDs are

computed as follows.

e Line, Ring: assuming that the system has n processors, the processors are

numbered from 0 to n — 1.

e 2D Mesh and 2D Torus: assuming that the mesh (torus) has R rows and C

columns, the absolute ID of processor (r, ¢) isr - C + ¢, where 0 < r < R and
0<c<C.

e 3D Mesh and 3D Torus: assuming that the mesh (torus) has P planes, R rows
and C columns, the absolute ID of processor (p, r, ¢) is (p- R+71)-C + ¢, where
0<p<P,0<r<Rand0<Lc<C.

e Hypercube: the absolute ID of a processor is the decimal value of the corre-

sponding binary representation of the processor address.

Simulation of program execution utilizes absolute IDs so that simulation routines
are generic and can be used for all types of topology. Only the mapping functions

need to use Cartesian IDs (for meshes and tori) or binary IDs (for hypercubes).

4.1.3 Data Structures

At run time, virtual processors are mapped to physical processors and the mapping is
recorded in the mapping table. Only physical processors need be simulated. Informa-

tion required to simulate a physical processor is stored in a structure called physical
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processor descriptor (PPD). Every PPD contains the following fields:
e status: processor status that can be one of the following:

— NeverUsed: the processor has never been used since the program execution
started.

— Empty: the processor has been used, but currently there are no processes

working on it.
— Occupied: there is at least one process currently working on the processor.

—~ Reserved: a newly created process has reserved a place on this processor
(the processor may currently run other processes). When the new child

process starts running, the processor status will be changed to Occupied.

Processor status is used only for the purpose of allocating default processors to

newly created processes.
e nbrProcesses: number of processes currently sharing the processor.
e runProcess: pointer to the PCB of the process currently using the processor.

e startTime: time at which the currently running process is scheduled to use the

processor. This field is used to schedule processes sharing the same processor.

e virTime: the running time accumulator of the processor. This field is used to
schedule processes sharing the same processor, and for statistical purposes (e.g.

calculating processor utilization).

o speed: processor speed, that is used to study the undeterministic nature of

parallel program execution (section 3.5.4).

When the program starts execution, an array of PPDs is allocated, one array
entry for each physical processor. The array size is the size of the physical archi-
tecture. The array is indexed by absolute IDs of physical processors. This array
(physProsorTable[]) is referred to as the table of physical processor descriptors.

The data structure of physical processor descriptors in C is as follows.
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typedef struct

{

ProcessorState status; /*processo; statusx*/

int nbrProcesses; /*number of processes running on the processor*/
ProcDesPtr runProcess; /*pointer to PCB of current running process*/
float startTime; /*starting time of currently Running process*/

float virTime; /*running time accumulator*/

float speed; /*speed multiplication factor; to vary processor speed*/
} PhysProc_Entry;

The mapping from virtual processors to physical processors are computed and

stored in a mapping table (virPhyMapTab[]).

4.1.4 Physical Processor Allocation

In the application program, the user can map a new process to a virtual processor
by specifying the virtual processor ID. In the following example, three processes are

created and mapped to virtual processors with absolute IDs 1, 2 and 3 respectively.

for (i = 0; i < 3; i++)
fork (i+1;) Compute(i);

Before the parent process creates a fork child process, it evaluates the expression
representing the ID of the virtual processor on which the child will run. In the above
example, the parent process calculates the value of 7 + 1. This value is the absolute
ID of the child’s virtual processor. The virtual processor ID is then converted to the
physical processor ID using the mapping table. The new child will be spawned on
the resulting physical processor.

If the user does not specify the virtual processor ID for a new child, the parent
process skips the process-to-virtual-processor mapping. The parent will determine a
default physical processor for the child by executing vCode instruction De fault Proc.
Assuming that the program has n processors numbered from 0 to n —1 using absolute
IDs, the algorithm of instruction DefaultProc is as follows. The parent traverses the
table of physical processor descriptors. The first Empty processor found will be
assigned to the child. If there is no Empty processor, the first NeverUsed processor
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found is chosen. If there is no NeverUsed processor either, among the Occupied and
Reserved processors, the one with the least number of processes is selected. The
status of the selected processor is then set to Reserved, and the child will be assigned
to this physical processor.

The objective of DefaultProc algorithm is to balance the load among physical
processors. To optimize communication performance of the program, the user should

explicitly map new processes to virtual processors in the CPC program.

4.1.5 Context Switching

Processes sharing the same physical processor are scheduled to use the processor in a
round-robin fashion. The processes are given equal time slices (called switchLimit)
to run. When the switch Limit of a process p expires, another process will take over
the processor.

However, if p is currently using the processor and has higher priority than the
other processes, then p is allowed to continue to run even when its switchLimit
has expired. The use of process priority would facilitate the simulation of real-time
systems in the future.

When the running process completes execution of an instruction, the running time
accumulator (field virTime of the PPD) of the processor is incremented by the cycle
counts of the instruction. When a process is scheduled to take over the processor, field
startTime of the PPD is set to the current value of virTime. The currently running

process has used up its allocated computation bandwidth if virTime > startTime +

switchLimat.
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4.2 Memory Management

4.2.1 Physical View of Local Memories

In this section, we discuss how memory management is performed on real multicom-
puters. Local memories will be simulated based on this physical memory model.

In our model, several application processes are allowed to time-share a physical
processor. Thus the corresponding local memory is shared by many processes. The lo-
cal memory contains only program variables and other run-time data (e.g. activation
records, dynamically allocated data structures).

When a new process is created on a processor, it is allocated a memory block from

the local memory, which is used for the following types of data:

e working stack: the stack is needed for expression evaluations and for temporary

run-time data.

e activation records: each record contains function parameters, local variables in-
side the called function, and other control information for the function call/return.
An activation record is allocated on every function call, and deallocated on the

function return.

The size of the given memory block depends on run-time conditions and space
requirements of the process execution. We assume that the allocated memory block
is large enough for the process to run until normal termination.

Since several processes may be running on the same processor, memory protection
must be available. The allocated memory block of each process is delimited by two
registers: base and limit registers which contain the starting and ending physical
addresses of the block, respectively. Figure 4a illustrates the local memory of a
processor on which three processes are running. Each process owns a memory block
and a corresponding pair of base and lzm:t registers.

We now consider how a process makes use of its memory block during execution.
When the process starts execution, it uses the memory block asa big working stack for
expression evaluations or for temporary run-time data. A register (top) is needed to
record the current top of the working stack (Figure 4b). If the process calls a function,
an activation record is allocated and it will sit on top of the current working stack.

The value of register top is saved in the activation record because the working stack
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Figure 4: Physical view of local memories

now grows above the activation record (Figure 4c). If inside this function another
function is called, then a second activation record is allocated. The current value
of register top is saved in the second activation record, and the working stack moves
above the second activation record (Figure 4d). When a function returns, the previous
value of register top is restored, and the activation record is disposed. The working

stack then returns to the previous position using the restored value of register top.

4.2.2 Design Choices

The first design choice that would come to mind is to implement local memories
exactly as they are on a real multicomputer. That is, each simulated processor has
a fixed-size local memory. The advantage of this design is that it reflects the exact
image of local memories on real multicomputer systems, and the implementation is
very simple.

The issue is how large a simulated local memory should be. If the memory size
is small, some processors with considerable load may run out of space quickly. If the
size is large, a lot of space may be wasted, and we may not be able to simulate very
large systems. Also, if work loads on processors are not balanced, it may happen that
some processors have idle memory space while others are running out of memory.

Therefore, we selected the dynamic allocation scheme. That is, memory blocks are
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allocated only when required and on a per-process basis. Consequently, if a processor
is unused, the size of its local memory is logically 0. When a process is created on
this processor, the process is allocated a memory block for execution.

The next issue is how much space should be allocated to a process. We do not
know in advance how much space a process would need. Allocating fixed-size blocks
would not be a good choice because some processes may waste unused space while
others do not have enough memory to run. Therefore, we also allocate memory
space to processes upon requests. More specifically, when a process is created, it
is given space for a working stack so that the process can evaluate expressions and
maintain temporary data. When the process calls a function, an activation record is
allocated. During execution of the process, dynamically allocated data structures are
also granted on a request basis.

When a function call finishes, the corresponding activation record is returned
to the system for reuse. Similarly, dynamic data structures are returned when the
process releases them. The system also reclaims the working stack when the process

terminates.

4.2.3 Implementation

We make the following decisions in the implementation of local memories:

e Implementation of local memories does not include storage for program code.
Program ccde is stored in a separate array and is shared by all processes. This
implementation of code storage is economical since processes running the same

code fragments can share one copy of the code fragments.

e Implementation of local memories does not include storage for process control

blocks (PCBs). PCBs are stored in a separate array for use by the simulator.

e Stacks grow from the lowest address to the highest address.

Based on the selected design, memory blocks are allocated to processes upon
requests. There are three kinds of memory requests: request on process creation,
request on function call, and request for dynamically allocated composite-type data

structures (i.e. arrays and structures).
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typedef struct { /+*basic data entry*/
char type; /* tag 0: int; 1: float */
union {
int intValue;
float floatValue;
} val;
} basicValue, *basicValuePtr;

basicValue storageValue[STORAGE_SIZE]; /* memory pool */

int storageOwner [STORAGE_SIZE]; /#processor owners of memory words*/

Figure 5: Data structures of the memory pool in C

Memory blocks are taken from a common memory pool and distributed to re-
questing processes. The memory pool is a fixed-size array. Each entry of the array
is considered to be a word. An integer or a character requires a word. A pointer
is treated as an integer, thus needs one word as well. A word can also store a float
number. To implement this, every word is associated with a tag indicating whether
to interpret the word as an integer or a float. The data structure in C of the memory
pool is shown in Figure 5. The memory pool is array storageValue(].

Since the memory pool distributes memory blocks to all processes running on dif-
ferent processors, there must be a mechanism to tell to which physical processor a
word belongs. An array parallel to array storageValuel[] is used to store locations
of memory words. This array is called storageOwner and of the same size as array
storageValue[] (Figure 5). Entry storageOwner[il] contains the ID of the phys-
ical processor who owns the memory word storageValue[i]. Figure 6 shows the
structure of two arrays storageValue[] and storageOwner/[].

The location of a variable (i.e., the physical processor on which the variable resides)

is needed to determine

e the validity of an access: a process is not allowed to access a variable on a

remote processor;
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e the validity of a channel read: only the channel owner can read from that

channel;

¢ the destination of a message send from a channel write.

When memory blocks are no longer needed (e.g. due to process termination,
function return), they are returned to the memory for reuse. Thus fragmentation may
exist: free and in-use blocks are interleaved in the memory pool. In the CPSS, memory
blocks are allocated using first-fit allocation. Compared with the other schemes like
best-fit and worst-fit, first-fit performs as well as best-fit and better than worst-fit in
terms of storage utilization. Moreover, first-fit is generally faster than best-fit and
worst-fit {31].

The simulator keeps track of free memory blocks for reuse. Each free memory block
is delimited using two variables: start which contains the starting address of the block
(memory pool absolute address), and size which is the block size (Figure 6). Free
blocks are managed using an ordered linked list of structures, each structure recording
the starting address and size of a free block (Figure 6). The linked list of free block
structures is ordered in the increasing order of starting addresses (field start). When
using first-fit allocation scheme, this order tends to reduce fragmentation because any

two blocks allocated consecutively have more chance to be adjacent.

4.2.4 Memory Management for Processes
Allocation On Process Creation

When a parent process creates a new child, the parent requests a working stack for
the child. The child will use this stack to store run-time data (such as the forall
information block which will be described in section 4.5.2), or to evaluate expressions.
On a real processor, the size of the working stack is unlimited (or limited by the upper
bound of the physical memory block given to the process as illustrated in Figure 4b).
In the simulator, the allocated working stack is part of the memory pool which is
shared by all processes. Thus a working stack needs a limit. On the other hand if
it is too small, a process may exceed the stack limit during execution, and cause a
run-time error. The CPSS allows users to adjust the working stack size, which is a

user-definable parameter. The very first working stack granted to a new child is called
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a process frame. Memory space allocated to a newly created process p is depicted in
Figure 7a.

Using the CPC language, the code to be executed by a new child is denoted by
a CPC expression. The expression can be a single statement, a function call or a
block statement; examples are given in Figure 8. If process p’s code is only a single
statement involving no function call (Example 1, Figure 8), p does not require any
more space. It simply executes the statement, terminates and returns the process

frame to the system:.

Allocation On Function Calls

If process p’s code contains a function call as in Examples 2 and 3 in Figure 8, p
will request space for the activation record and another working stack (Figure 7b).
The second allocated working stack is used for expression evaluation or for temporary
run-time data while the process is inside the called function. The activation record
and its accompanying working stack are always adjacent, and they form a function
frame. Note that this function frame of process p may not be adjacent to p’s process
frame. This is because the memory pool is shared by all processes, and the pool
management is based on a linked list implementation.

If process p calls a second function while it is inside the first function, p will be
given a second function frame, as illustrated in Figure 7c. p now owns two function
frames and one process frame.

A new child’s code can be a single function call as in Example 4 in Figure 8. In
this example, right after being created, the child process calls function RankSort().
The call results in a function frame to be allocated to the new child, just as with
other function calls. Memory space belonging to the child is as in Figure 7b.

The code of a new process can also be a block statement as in Example 5 in
Figure 8. The CPSS treats a block statement as a function with no parameters
and no name. This pseudo function may have local variables though. In the given
example, the new process calls a pseudo function that has two local variables. Similar
to the case of real function calls, the new child is granted a function frame (Figure 7b).

In summary, every time a function is called, a function frame consisting of an

activation record and a working stack is allocated to the calling process.
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[*Ezample 1: New child’s code is a single statement without function call*/

fork if (1)
printf("Hello world!");

/*Ezample 2: New child’s code is a single statement with function call*/

fork if (ReturnTrue())
printf("Hello world again!");

[/*Ezample 3: New child’s code is a single statement with function call*/

fork while(1l) {
int A[10];

RankSort(4);

, ..

/*Ezample 4: New child’s code is a function call*/
fork RankSort(A);

/*Ezample 5: New child’s code is block statement*/
fork {

int 1, j;
scanf("%4", &i);

}..

Figure 8: Examples of a new child’s code
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Dynamic Data Structure Allocation

During its execution, process p may request a dynamic data structure. For instance,
p executes a. malloc() to create an array A. A memory block of the size of array A
is allocated to p. The block is granted using first-fit allocation scheme, as with other
allocated memory blocks. The starting address of the array is recorded in variable A.

This example is depicted in Figure 7d.

Deallocation

When a function returns, the corresponding function frame is returned to the memory
pool. The same deallocation is performed when a composite-type data structure is

freed. Similarly, when a process terminates, the process frame is released for reuse.

Process 0

Process 0 is somehow different from other processes. It is the first process created
when program execution starts, and it has no parent. Global variables belong to
process 0. Therefore, when the program starts running, the memory pool allocates
the very first memory block (starting at address 1) to process 0 for global variables
(Figure Te). All process 0 does is to call function main(). Thus a function stack frame
is allocated next for the call to main() (Figure 7e). Inside function main(), process
0 may create the first generation of child processes which will be granted memory

blocks as described earlier.

Process Memory Management

As a process is running, its own memory space is maintained and handled by four

pointers which are stored in the process control block (PCB):

e base: pointer to the starting address of the process frame allocated when the
process is created. The value of this pointer never changes for the lifetime of

the process.

e stackTopLim: pointer to the upper bound (the highest address) of the current
working stack. When a function is called, the current value of stackTopLim

is saved in the activation record of the function call. stackTopLim is then set
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to point to the upper bound of the new function frame. When the function

returns, the previous value of stackTopLim is retrieved.

e T': pointer to the top of the current working stack. T is incremented when a
value is pushed onto the stack and decremented when the top entry is popped
off. Every time the process calls a function, the value of T is saved in the
activation record of the function call. The pointer is then used to manage the
new working stack. When the function exits, the previous value of the pointer

is restored.

e B: pointer to the starting address of the current function frame. If another
function f is called inside the current function, the value of B is saved in the
new activation record allocated to f. B is then updated to point to the starting
address of the new function frame of f. When function f returns, the process

restores the previous value of B.

Figure 7 illustrates the use of these pointers. When a new process is created, it is
allocated a process frame. base and stackTopLim point to the starting address and
the highest address of the process frame, respectively (Figure 7a). T is initialized to
base — 1.

Every time a process calls a function, the previous values of B, T and stackTopLim
are saved in the newly allocated activation record. In Figure 7b and c, the dotted
arrows denote the saved values of these registers. Pointers B and stackTopLim are
then set to point to the starting address and the highest address of the function frame,
respectively. T is set to the current stack top, which is the highest address of the
activation record (Figure 7b and c).

When program execution starts, the pointers of process 0 are set as follows. base
is set to address 1, which is the starting address of the memory block reserved for
global variables. Since a function frame is also allocated immediately for function call
to main(), B and stackTopLim are initialized to point to the starting address and
the highest address of the function frame, respectively. T is set to the current stack

top, which is the highest address of the activation record (Figure 7e).
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4.2.5 Memory Management for Function Calls

Activation Record Description

When a process p calls a function, a function frame consisting of an activation record
and a working stack is allocated to p. The activation record provides space for function
parameters, local variables inside the function, and call/return control information.
The structure of an activation record is depicted in Figure 9.

The call/return control information block is 9-word long and contains the following

fields listed in the order from the lowest address to the highest address (Figure 9).
1. Function return value.
2. Current value of the caller’s program counter.
3. Static link: pointer B of the lexical parent of the called function.

4. Dynamic link: the caller’s B. B will then be set to point to the lowest address
of the new function frame. The currently active function frames of process p
are linked together by the pointers stored in this field (Figure 7b and c). The

linked list represents the current dynamic link chain of p’s execution.
5. Index of the called function in the identifier table.

6. Reference counter of this activation record. This field is only used when sim-
ulating shared-memory multiprocessors. We list it here to provide a complete

picture of the activation record.
7. Size of the new function frame.
8. Current value of the caller’s T'.

9. Current value of the caller’s stackT opLim.

Function Calls

The code sequence generated for a function call is as in Figure 10.
vCode instruction NewFrame first allocates a function frame. It then saves

the current value of pointer T into the activation record just allocated. Pointer
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Figure 9: Structure of an activation record

NewFrame; /[*allocate a new stack frame for the function™/
Evaluate the parameters;

Call; /*call the function*/

Figure 10: Function call (vCode instructions are in bold face)
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stackTopLim is updated to point to the highest word of the new function stack
frame. T is also updated to work with the new stack: T points to the highest address
of the activation record.

The process continues by evaluating the parameters. Their final values are pushed
onto the new stack, at their appropriate locations in the activation record. The process
then executes instruction Call. This instruction saves call/return control information,
updates pointer B to point to the lowest address of this function frame, and sets the
program counter to the starting code address of the function body.

When the function exits, the saved values in the activation record are restored
to allow the process to go back to the caller’s context. The function return value is

pushed on top of the caller’s stack, and the callee’s function frame is freed.
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4.3 Processes

In this section we discuss how parallel processes and their execution are simulated. We

also describe data structures needed to manage and run simulated parallel processes.

4.3.1 Data Structures
Process Control Block

Every application process is associated with a process control block (PCB) that stores
various information needed for its execution. A PCB is dynamically allocated upon
the creation of a new process, and deallocated when the process terminates. The
PCB of a process p contains the following fields (field descriptions include reference

to the sections that describe the fields in more details):

e processID: process 1D
e PC: program counter

e state: process state, which can be one of the following states: Ready, Running,
Delayed, Blocked and Terminated (section 4.3.3).

o priority: process priority (sections 4.1.5 and 4.3.4). Process priorities are used

to schedule processes running on the same processor.
o parent: pointer to the PCB of the parent process
e base: pointer to the lowest address of the process frame (section 4.2.4)
o T: pointer to the current top of the working stack (section 4.2.4)
¢ B: pointer to the lowest address of the current function frame (section 4.2.4)

o stackTopLim: pointer to the highest address of the current function frame (or

process frame if p currently owns no function frame) (section 4.2.4)
o forallLevel: forall nesting level of this process (section 4.5.3)

o numForallChildren: number of p’s forall children that are currently running
(sections 4.5.3 and 4.5.4)
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mazForallTermiTime: the most recent termination time of p’s forall children
(section 4.5.4)

forallldzAdr: while p is executing a forall loop, field forallldz Adr contains

the memory address of the forall index variable (section 4.5.3).

repeatProcInGroup: flag used for implementing the grouping option of a forall
loop (section 4.5.3)

forkCount: number of p’s fork children that are currently running (sections 4.4.2
and 4.4.3)

mazForkTermiTime: the most recent termination time of p’s fork children
(section 4.4.3)

joinCount: number of p’s fork children that terminated but have not been

matched with a join statement yet (section 4.4.4)
time: p’s local clock (section 4.3.4)

wakeTime: p’s wakeup time (section 4.3.4). When p is put to sleep and the
wakeup time is known, p’s state is set to Delayed and field wake Time records

the wakeup time.
virProcessor: ID of the virtual processor on which p is running (section 4.1)
phyProcessor: ID of the physical processor on which p is running (section 4.1)

altPhyProsor= when p evaluates parameters on behalf of its parent, p’s ac-
tual physical processor ID is temporarily stored in this field, and p’s field
phyProcessor is set to that of the parent. When p completes parameter eval-
uation, p restores its real physical processor ID from field alt PhyProsor (sec-
tion 4.4.2).

readChannStatus: if p is in the middle of a channel read, this field is set to
AtChannel. When the channel read is successfully completed, readChannStatus
is reset to None, meaning that the process is not reading any channel (sec-
tion 4.6.6). Field readChannStatus can take another value, TimeReserved.
This value, however, is used only in the simulation of shared-memory architec-

tures.
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The data structure of PCB in C language is shown in Figure 11.

List of Processes

When a new process is created, a PCB is allocated and appended to the list of pro-
cesses. This is a singly-linked list managed by three pointers: actProcHead pointing
to the first entry of the list, act ProcTail pointing to the last entry of the list and

cur Proc pointing to the PCB of the process currently running.

4.3.2 Parallelism by Time Slicing

Parallel execution of application processes are simulated by time slicing. The execu-
tion of a parallel program is divided into quanta, each quantum lasting ¢ clock cycles
(or time units) where ¢ > 0. During each quantum, the scheduler traverses the list
of processes, and schedules every process in a round-robin fashion. If the process
is able to run (i.e. it is not blocked or delayed), it executes until its time slice of
g time units expires or is put to sleep by some event. The scheduler then gets the
next process in the list and schedules this process. As the scheduler moves downward
the list, the value of pointer cur Process is updated to identify the process currently
running. When the last process in the list (i.e. the process whose entry is pointed
to by actProcTail) finishes its time slice, the global clock (globClock) is advanced
by ¢ time units to the next quantum and a new quantum begins. Such a quantum
simulates g time units of parallel execution of all processes on a real parallel machine.

The duration of a quantum is the time for a non-header flit to move from one
node to an adjacent node (flit latency). For example, if ¢ = 3, the CEM (code
execution module) runs parallel processes for 3 clock cycles, and then the network
simulator moves unblocked flits forward by one link. The computation quantum and
the communication step are considered to be running in parallel. The quantum can
be a fractional number. For instance, when ¢ = 0.5, parallel processes run for one

clock cycle every time the network simulator advances unblocked flits by two hops.

4.3.3 Process States

Possible states of a process p are

e Ready: p can be scheduled for running.
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typedef struct ProcDescStruct
{
int processID; /*process ID*/
int PC; [*program counter*/
enum States state; /[*process state™/
enum Priority priority; /*scheduling priority*/
struct ProcDescStruct *parent; /*pointer to parent’s PCB*/
int base; /*lowest address of process frame*/
int B; /*lowest address of current function frame*/
int T; /*current stack top™/
int stackTopLim;
/*highest address of the current function/process frame* /
int forallLevel; /*forall nesting level of this process™/
int numForallChildren; /*number of forall chidren currently running*/
float maxForallTermiTime; /*most recent forall termination time*/
int forallldxAdr; /*memory address of forall indez*/
char repeatProcInGroup; /*flag for implementing grouping option™/
int forkCount; /*number of fork chidren currently running*/
float maxForkTermiTime; /*most recent fork termination time*/
int joinCount;
[*number of fork children terminated but not matched with join™/
float time; /*local clock of this process™/
float wakeTime; /*wakeup time if process state is Delayed* /
int virProcessor; /*virtual processor ID*/
int phyProcessor; /*physical processor ID*/
int altPhyProsor;
/*to save actual physical processor ID on parameter evaluation™/
enum ReadStatus readChannStatus; /*status during channel read*/
} ProcDescriptor, *ProcDesPtr;

Figure 11: Process control block structure in C
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e Running: p is currently executing its code.

o Delayed: p is put to sleep and the wakeup time is known. The process will be

waken up by the scheduler when the wakeup time expires.

e Blocked: p is put to sleep and the wakeup time is not known in advance. p will
be unblocked by another process (e.g., one of its children) or an event (e.g., the

arrival of a message in the wormhole-routed network).
e Terminated: p has completed the execution of its code.

Figure 12 shows the interchanges between the states. Following are the conditions

for process state transitions.

o from Delayed to Ready: the wakeup time of p has expired. The state change
will be done by the scheduler.

¢ from Delayed to Running: p has just been created. Now it is running to evaluate
the parameters on behalf of its parent (the parameters are to be passed to the
child by the parent). The parent will change p’s state from Delayed to Running

during process creation procedure if there are parameters to be passed.
o from Ready to Running: p is scheduled to run by the scheduler.

e from Running to Blocked: ome of the following cases may cause the state of

process to change from Running to Blocked.

— p must wait for its newly created children to complete parameter evaluation

before proceeding to the next instruction.

— p must wait for all its forall children to terminate before proceeding to the

next instruction.

— p must wait for one or more fork children to terminate before it can ter-

minate.
— p hits a join statement with joinCount = 0.

— p must wait on a channel read because no data is currently available for

reading.
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e from Running to Delayed: when p has finished parameter evaluation (on behalf
of its parent), its state is changed from Running to Delayed. The scheduler will

change p’s state to Running again when p is scheduled to run.

e from Running to Terminated: p has completed the execution of its code and

has no children to wait for. Therefore p can terminate now.

e from Blocked to Delayed: one of the following cases may cause the state of

process to change from Blocked to Delayed.

— p was waiting for its forall children to terminate. These children have

terminated. Thus p is unblocked.

— p was waiting for its fork children to finish in order to terminate. The last
fork child has just terminated. Thus p is unblocked. However, the local
clock of this process has not reached the termination time of the child (the
wakeup time). Therefore, this process is delayed until the wakeup time

expires.

— p was blocked on a join and a fork child has just terminated. However,
the local clock of this process has not reached the termination time of
the child (the wakeup time). Therefore, this process is delayed until the

wakeup time expires.

— p was waiting on a channel read. A message has just arrived and p is the
first process in the waiting list at the channel. Thus this process is given

the data item.

In the above cases, the scheduler will change the state of p from Delayed to

Running when p is scheduled to run.

e from Blocked to Running: p just created one or more child processes. All its
new children have completed parameter evaluation on its behalf. This process

can now be scheduled to run again.

e from Blocked to Ready: one of the following cases may cause the state of process

to change from Blocked to Ready.

81



Figure 12: Process state transitions

—~ p was waiting for its fork children to finish in order to terminate. The last
fork child has just terminated, and the termination time has passed the

time on the local clock of p. Thus p is ready to run again.

— p was blocked on a join and a fork child has just terminated. The child

termination time has passed the time on the local clock of p.

4.3.4 Process Scheduling

Every process has its own local clock (field time in the PCB). This local clock does
not exist in a real system. However, in the simulation, the local clock is needed for
the process to synchronize with the global clock and with other processes.

When a process is created, its local clock is initialized with the time on the par-
ent’s clock. Every time the process finishes a vCode instruction, its local clock is
incremented by the cycle count of that instruction. When the local clock reaches (or
exceeds) the time on the global clock, the process knows that its time slice in this
quantum is up. The scheduler will schedule another process to run. The local clock
of this process will then try to catch up the time on the global clock.

The scheduler first advances the global clock to the next quantum. It then at-

tempts to schedule every process for running. If the state of a process p is

e Delayed, this means that p was put to sleep and the wakeup time is known. If
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the global clock has not reached the wakeup time (wakeupTime > globClock),
p continues to sleep. Its local clock is updated to the time on the global clock.
If the wakeup time has come (wakeupTime < globClock), its local clock is set
to the wakeup time. The scheduler also changes the process state to Ready and
then schedules p as a Ready process.

e Running, the scheduler checks the local clock. If the local clock has not reached
the time on the global clock (time < globClock), the process is allowed to run

until its time slice expires. Thus p is scheduled to run.

The cycle counts of some instructions may be longer than the quantum du-
ration. It may happen that after an instruction is completed, the local clock
of the process exceeds the global clock (i.e., time > globClock). Every time
the scheduler sees time > globClock, it simply skips p and schedules the next
process in the list. p will be able to run again when the global clock surpasses

p’s local clock (i.e. when globClock > time).

e Ready, this means that the local clock has not reached the global clock (tzme <
globClock), and this is true for all processes with Ready state.

— If p’s processor currently has no Running process or p is the only process
on this processor , p's state is changed to Running, and p is scheduled to

run.
— If another process m is Running on the same processor, then

+ If m’s context switching limit (switchLimit) has not expired yet, p
is not allowed to run (since m will be using the processor in this
quantum).

% If m has higher priority than p, p is not allowed to run either (even

when m’s context switching limit has expired).

+ If m’s context switching limit has expired and m’s priority is not higher
than p’s, the scheduler performs a context switching on p’s processor:

p is scheduled to run and its state is updated to Running.

In any case, if p is not allowed to execute in this quantum, p’s local clock is

updated to the time on the global clock.
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e Blocked, p’s local clock is updated to the time on the global clock.

e Terminated, p’s entry is removed from the list of processes and its PCB is freed.

The process scheduling algorithm is summarized in Figure 13.

In summary, when the scheduler allows a process to run, the process state is
updated to Running. When a process starts executing an instruction, this implies
that the value on its local clock is less than the value on the global clock.

If the scheduler does not permit a process p to execute in this quantum, and p’s
local clock has not reached the global clock, then the local clock is updated to the
time on the global clock.

If p’s state is Blocked, an event will unblock p later. Let the time at which the
event ends be ¢, and the value of p’s local clock when the event occurs be time,. The

event will change p’s state to either Ready or Delayed depending on the values of ¢

and time,.

o If t > time,, the process state is changed to Delayed, and p’s wakeup time is

set to t. When p’s wakeup time expires, the scheduler will let p run again.

o If ¢ < time,, this means that the event had ended and p is thus able to execute

now. The event sets p’s state to Ready.

An exception is when a new child process completes parameter evaluation on be-
half of its parent and unblocks the parent. In this case the parent’s state is changed
from Blocked to Running. The reason for this exception and more details on param-

eter evaluation upon process creation will be presented in section 4.4.2.

4.3.5 Deadlock

Two kinds of deadlock may occur during execution of a parallel program: network
deadlock and logic deadlock. Network deadlock may happen due to network resource
contention. Messages involved in the deadlock cycle cannot move forward.

Logic deadlock is caused by errors in program logic. For example, the total number
of channel reads is larger than the total number of channel writes. In this case, some
readers will be blocked forever. When a logic deadlock happens, the state of all

existing processes are Blocked. However, when the state of all processes are Blocked,
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JobScheduler()
{ logic_deadlock = TRUE; done = FALSE; count = 0;
do { count ++;
if (curProc == actProcHead) globClock += quantumDuration;
/*completed one round, so advance global clock to next quantum*/
p = curProc; /*p points to PCB of process currently running*/
if (p->state == Delayed)
if (p->waketime < globClock) /*time to wake up*/
{ p->state = Ready;
if (p->waketime > p->time) /*wakeup time exceeds local clock*/
p->time = p->waketime; /+*update p’s local clock*/
} else /*continue to sleep*/
{ p->time = globClock; /*update p’s local clockx*/
logic_deadlock = FALSE;
}
if (p~>state == Running)
{ logic_deadlock = FALSE;
if (p->time < globClock) done = TRUE; /*p will continue to run*/
} else if (p->state == Ready)
{ logic_deadlock = FALSE;
m = pointer to PCB of process currently Running on p’s processor;

if (m == NULL) /*there is no Running process on p’s processor*/
{ curProc = p; p->state = Running; /*p is scheduled to run*/
done = TRUE;

} else if ((m reached contextSwitchLimit) and
(m’s priority <= p’s priority)) /*then context-switch#¥/
{ curProc = p; p->state = Running;
m->state = Ready; done = TRUE;

} else p->time = globClock; /*p is not allowed to runx/
} else if (p->state == Blocked) /*continue to sleep*/

p->time = globClock; /*update p’s local clockx*/
else if (p->state == Terminated) /#*p terminatedx*/

remove p’s PCB from the list of processes;
else if (! done) /*if p gets here, p is not allowed to run*/

P = p~>next; /*consider the next process in the listx*/
} while(!(done or (logic_deadlock and

count > total number of processes)));

if (logic_deadlock and no messages in network) System_Deadlock();

}

Figure 13: Process scheduling algorithm
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this may not mean a logic deadlock. In this case, the reason may be that all processes
are waiting for messages that are being routed and have not arrived at the destinations
yet.

A system deadlock that really blocks program execution happens when one of the

following scenarios exists:

o There is a network deadlock. This implies that some message cannot be deliv-
ered to the destination. Therefore, its intended reader process would be blocked

forever.

o The state of all processes are Blocked, and there are no messages to be routed

in the network. This implies a real logic deadlock.

When a system deadlock happens, the program execution is aborted. Detailed infor-

mation about the deadlock can be obtained from the debugging monitor.
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a) Body is a function call with parameter passing
fork (i+1;) Add(opl, op2, &sum); [*map to virtual processor (i+1)*/

b) Body is a function call with no parameter passing
fork ( ; chanl, chan2) PrintResult(); /*owner of 2 channel variables™/

¢) Body is a block statement

fork {
int k;
Input{k);

}...

d) Body is a single statement
fork printf("Hello world!");

Figure 14: Examples with fork statement

4.4 fork Processes

4.4.1 fork Statement

Execution of a fork statement will create a new process. The parent can specify
the virtual processor on which the child process will run. The parent can also assign
channel variables to the child so that the child will use these channel variables to
communicate with other processes. The child will be the owner of the assigned channel
variables and only it can read from these channels.

After a parent process spawns a fork child, it can continue with the instruction
following the fork right away. The parent and the child are then running in parallel.

When a parent process wants to terminate, it must wait for all of its children to
finish first. The parent will be blocked until the last child terminates; this child will
wake up the parent and let the parent terminate.

Detailed description of the syntax and semantics of fork statement is provided in

Appendix A. Figure 14 provides examples of fork which will be used for discussion
in this section.
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Step 1 : Calculate the ID of the virtual processor on which the child will run;
Step 2 : Assign the specified channel variable(s) to the child;
Step 3 : NewForkChild; /*create a new fork child*/
Step 4 : ForkJump; /*after creating the child, the parent jumps to
the nezt instruction following the fork (Step 5b)*/
Step 5a: Child executes the code body of the fork;
Step 6 : ForkChildEnd; /*the fork child terminates®/
Step 5b: The parent executes the instruction following the fork

Figure 15: Algorithm for fork process creation (vCode instructions are in bold face)

4.4.2 fork Process Creation

The algorithm for executing a fork is shown in Figure 15. In the algorithm, the
parent process executes steps 1, 2, 3, 4, and 5b, while the new fork child will execute

steps 5a and 6.

Parent’s Operations

The parent process first computes the ID of the virtual processor on which the new
child will run (Step 1 in Figure 15). If the user specifies the virtual processor ID (as
in Example a in Figure 14), the parent evaluates the value of the expression denoting
the processor ID. In the mentioned example, the virtual processor ID is the value of
the expression z + 1. If no processor ID is specified, the parent provides a default
virtual processor ID by executing vCode instruction DefaultProc. The algorithm
of instruction Default Proc was described in section 4.1.4. In any case, the child’s
virtual processor ID is pushed onto the parent’s stack. The virtual processor will be
mapped to a physical processor later using the mapping table.

If there are channel variables to assign to the child (Example b, Figure 14), the
parent binds these variables to the child’s processor (Step 2 in Figure 15). vCode
instruction MV ChannVar is executed for each channel variable to be bound. Let a be
the address in the memory pool of a channel variable to be assigned, MV ChannVar
sets storageOwner[a] to the child’s physical processor ID to make the new child
the owner of this channel variable (i.e. only the child is allowed to read from this

channel).
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The parent then executes instruction NewForkChild to really create a new pro-

cess (Step 3 in Figure 15). The algorithm of NewForkChild is discussed below and
summarized in Figure 16.

e The parent first allocates a PCB to the new child.

e The new PCB is initialized. Function Init_PCB() in Figure 17 contains the

initialization code.
e The new PCB is appended to the end of the list of processes.

e The parent requests a process frame for the new child. The pointers base,
stackTopLim and T (in the child’s PCB) are set to keep track of the allocated

process frame.

e The child’s virtual processor ID on top of the parent’s stack is mapped to a
physical processor ID using the mapping table. Using the physical processor
ID, the parent updates the corresponding physical processor descriptor. The
processor status is set to Occupied and the number of processes using this

processor is incremented by one to include the new child.

e The child’s virtual processor ID on top of the parent’s stack is no longer needed.

Thus it is popped off the stack.

e The parent copies its forall information block (FIB), if any, to the new child’s

working stack. The structure and use of FIBs will be discussed in section 4.5.2.

e Field forkCount in the parent’s PCB is incremented by one to account for the
new fork child.

e If no parameter passing from the parent to the child is required (Examples b, c,
and d in Figure 14), the parent sends a birth message to the child’s processor.
However, if the child’s code is a function call with parameter passing (Example a
in Figure 14), the birth message will be combined with the parameters into one
message which will be sent to the child’s physical processor after the parameters
have been evaluated. The parent will let the child evaluate the parameters on its
behalf. Therefore it executes function Prepare_Parm_FEval() to prepare the child
for this task. The code of function Prepare_Parm_Eval() is shown in Figure 18.
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After the parent has finished the execution of NewForkChild, the child becomes
an independent process and will be scheduled for running. If the fork does not involve
any parameter passing as in Example d in Figure 14, the parent immediately proceeds
to the next instruction that is ForkJump (Step 4 in Figure 15). All ForkJump does
is to set the parent’s program counter to the instruction following the fork statement
in the CPC program. The parent then continues its execution in parallel with the
child (Step 5b in Figure 15).

If the fork is accompanied by a function call with parameter passing, the parent
would have to evaluate the parameters and send the values of the parameters to the
child. However, in our implementation, the child will evaluate the parameters on
behalf of the parent, and charge the processing time to the parent’s processor. The
reason for this implementation will be explained shortly. During the parameter eval-
uation, the parent process is blocked. When the child finishes evaluating parameters,
it wakes up the parent. The parent resumes execution with instruction ForkJump

as just mentioned above (Step 4 and 5b in Figure 15).

Child’s Operations

If the fork does not involve any parameter passing (Examples b, ¢ and d in Figure 14),
the child simply starts executing its own code (Step 5a in Figure 15) and runs in
parallel with the parent. Consider Example d in Figure 14. After the parent finishes
instruction NewForkC hild and the birth message arrives at the child’s processor, the
fork child executes print f statement and then vCode instruction ForkChildEnd to
terminate. In Example b (or c) in Figure 14, the new fork child calls a function (or
pseudo function) with no parameter passing from the parent. In this case, the child
runs the code for a function call as shown in Figure 10.

However if the fork requires parameter passing from the parent to the child,
the child begins by evaluating the parameters on behalf of the parent. On a real
multicomputer, the parent would evaluate the parameters and pass them to the new
child. We could simulate the same thing: the parent would evaluate and save the
parameters on its stack. The parent would then copy the final values of the parameters
to the child’s stack. To eliminate this copying and thus reduce simulation time, we
let the new child evaluate the parameters. The final values of the parameters are thus

stored directly on the child’s stack. The following details must also be included in

90



NewForkChild
{
/* Precondition: ID of child’s virtual processor is on top of the parent’s stack*/
/*childPtr: pointer to the PCB of the new fork child*/
/*parentPtr: pointer to the PCB of the parent
(process running this NewForkChild)*/
/*childPhysProcID: ID of child’s physical processor™/

Allocate a PCB for the new child;
Init PCB(); /*initialize the child’s PCB (Figure 17)*/
Append the new PCB to the list of processes;
Allocate a process frame for the child {
childPtr->base = starting address of the process frame;
childPtr->T = childPtr->base - 1;
childPtr->stackTopLim = childPtr->base +
(size of process frame) - 1; }
Update the descriptor of the child’s processor {
physProsorTable [childPhysProcID] .status = Used;
physProsorTable [childPhysProcID] .nbrProcesses++; }
Pop the top value off the parent’s stack;
/*this value is child’s virtual processor ID that was used in function Init PCB()*/
CopyPreviousForallInfo();
/*copy previous forall info from parent’s FIB to child’s process frame* [
/*forall information block will be explained in section 4.5.2%/
parentPtr->forkCount++; [*parent has one more fork child*/
if the child begins with a function call /*e.g. Ezample a, Figure 14*/
Prepare_Parm_Eval(); /*prepare for parameter evaluation (Figure 18)*/
else /*child’s code is a single statement (e.g. Ezample d, Figure 1{)*/
Send a birth message to the child’s processor;

}

Figure 16: Algorithm of vCode instruction NewForkChild
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Init_ PCB()
{
childPtr->processID = the next available process ID;
childPtr->PC = parentPtr->PC + 1;
/*vCode generation ensures that the first instruction of the

child’s code is always at (parentPtr->PC + 1)*/
childPtr->state = Blocked; /*until the birth message arrives*/
childPtr->priority = LowPri;
childPtr->parent = parentPtr;
childPtr->B = parentPtr->B;
childPtr->forallLevel = parentPtr->foralllevel;
childPtr->numForallChildren = O;
childPtr->maxForallChildTime = 0.0;
childPtr->repeatProcInGroup = FALSE;
childPtr->forkCount = 1; [*child counts itself as one fork child*/
childPtr->maxForkTermiTime = 0.0;
childPtr->joinCount = O;
childPtr->time = parentPtr->time;
childPtr->virtualTime = 0.0; /*child just started*/
childPtr->virProcessor = value on top of the parent’s stack;
childPtr->phyProcessor = physical processor ID; /*from mapping table*/
childPtr->altPhyProsor Nil;
childPtr->readChannStatus = None;

Figure 17: Initializing a PCB



Prepare_Parm_Eval()

{
/*parentProcID: ID of the parent’s processor™ [
parentPtr->state = Blocked; [*until child finishes parameter evaluation™®/
childPtr->state = Running; /*to evaluate parameters*/
childPtr->priority = HighPri;
childPtr->altPhyProsor = childPtr->physProcessor; /*child is temporarily

using parent’s processor, so save child’s processor ID*/
childPtr->physProcessor = parentPtr->physProcessor; /*= parentProcID*/
/*parameter evaluation time is charged to the parent’s processor™ [

physProsorTable[parentProcID] .runProcess = childPtr; [*child is running*/
physProsorTable [parentProcID] .nbrProcesses++; [*counting the child*/

}

Figure 18: Parent process preparing for parameter evaluation

this implementation.

e We must charge parameter evaluation time to the parent’s processor and not
to the child’s processor because parameter evaluation is actually the parent’s
job. This is why in function Prepare_Parm_Ewval (Figure 18) we save the ID
of the child processor in field alt Phy Prosor, and then set the child’s processor
to that of the parent.

e While the child is evaluating the parameters, the parent must be blocked. When
the child completes parameter evaluation, it wakes up the parent so that the

parent can resume its execution.

In summary, if the fork is followed by a function call with parameters, the child
will execute the code shown in Figure 19. Compared with the code sequence of an
ordinary function call in Figure 10, the code sequence in Figure 19 is added with an
extra vCode instruction, which is WakeupProcess. This instruction lets the child
wake up the parent after the parameters are evaluated. The pseudo-code of instruction
W akeupProcess is given in Figure 20. After waking up the parent, the child calls

the function as any other ordinary function by executing instruction Call.
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NewFrame; [*allocate a function frame for the function™/
Evaluate the parameters;

WakeupProcess; /*wake up parent after parameter evaluation®/
Call; [*call the function*/

Figure 19: fork with parameter passing (vCode instructions are in bold face)

WakeupProcess

{
[*childPtr: pointer to the PCB of the fork child that wakes up the parent*/
[*parentPtr: pointer to the PCB of the parent®/
/*parentProcID: ID of the parent’s physical processor™/

if (!child->repeatProcInGroup)
/*repeatProcInGroup is used for forall process creation (section 4.5.3).
repeatProcInGroup is always set to FALSE for a fork*/
{ parentPtr->time = childPtr->time
parentPtr->state = Running;
physProsorTable[parentProcID] .runProcess = parentPtr;
/*parent resumes erecution on this processor®/
physProsorTable[parentProcID] .nbrProcesses--;
[*remove the child from the parent’s processor™/
childPtr->physProcessor = childPtr->altPhyProsor;
[*move the child back to its actual processor*/
childPtr->priority = LowPri;
Send birth message and parameters from parent’s processor to child’s processor;
childPtr->state = Blocked; /*until birth message and parameters arrive*/

Figure 20: Algorithm of vCode instruction WakeupProcess
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4.4.3 fork Process Termination

After a fork child has completed its code, it executes vCode instruction ForkChildEnd
to terminate. The algorithm of instruction ForkChildEnd is discussed below and
summarized in Figure 21.

The terminating fork process p itself may be the parent of other fork children.
If this is the case, p must wait for all of its fork children to terminate before it can
terminate. p checks field forkCount in its PCB. If forkCount > 1, p has at least
one fork child that is still running. Thus p runs the following steps:

o p decrements forkCount by one (because when p was created, it counted itself

as one fork child of its own).

e p decrements its program counter by one so that when p’s last child has finished,

p will re-run this instruction ForkChildEnd to terminate.
e p releases the processor on which it is running.

e p’s state is set to Blocked. p is put to sleep until p’s last fork child terminates

and unblocks p.

If all p’s fork children have terminated, p executes the following steps to terminate
itself.

e p returns its process frame to the memory pool.

p sends a death message to its parent, say process g, to notify g that it has

terminated.

p updates ¢’s state and child information by calling forkDeathProcessing().
This function will be described shortly.

p releases the processor on which it is running. p also updates the processor

descriptor accordingly.

p’s state is set to Terminated. The scheduler will remove p’s PCB later when

it attempts to schedule p and sees p’s state is Terminated.
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ForkChildEnd
{
[* p: pointer to PCB of process exzecuting this instruction */
if (p~->forkCount > 1)
{ p->forkCount-~;
p->PC--; [*p reruns this instruction when the last child finishes™/
Release the processor on which p is running;
p->state = Blocked;
}
else /*all fork children terminated*/
{ Return process frame to the memory pool;
Send a death message to the parent;
if (death message is intra-processor) /*arrival time is known™/
forkDeathProcessing(); /*update parent’s state and child information™®/
Release the processor on which p is running;
p->state = Terminated;

}
}

Figure 21: Algorithm of vCode instruction ForkChildEnd

Function forkDeathProcessing() updates the process state and child information

of the parent process q. The pseudo-code is shown in Figure 22, and the algorithm is
as follows.

e Field forkCount of ¢’'s PCB is decremented.
e Field mazForkTermiTime of ¢’s PCB is updated (if required).

e If ¢ is being blocked on a join, g is unblocked so that g will be able to run again.

Field joinCount of ¢’s PCB is incremented to account for p’s termination.

e If ¢ is blocked on its termination and p is the last child that terminates, ¢ is

unblocked so that ¢ will be able to terminate as well.

We now explain why a new fork process counts itself as one fork child of its own
(Figure 17). A process p can be blocked for several reasons. One of the reason is that
p is the parent of one or more fork children and wants to terminate, but at least one

fork child of p is still running. Thus p’s state should be set to T'erminatingWaiting
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forkDeathProcessing()
{
/* arrivalTime: arrival time of p’s death message */
/* q: pointer to PCB of the parent of terminating child p */

q->forkCount--; /*one less fork childx/
if (q->maxForkTermiTime < arrivalTime)
q->maxForkTermiTime = arrivalTime;
if (gq->joinCount == ~1) /*q is currently blocked on a join*/
if(q->time < arrivalTime)
{q->wakeTime = arrivalTime; q->state = Delayed;}
else g->state = Ready;
q->joinCount++; /*one more fork child terminates*/
if (gq->forkCount == 0)
/*q terminated and the last child (p) is terminating+*/
if (q->time < q->maxForkTermiTime)
{ g->state = Delayed;
q->wakeTime = g->maxForkTermiTime;

>
else gq->state = Ready;

Figure 22: Function forkDeathProcessing()

(terminating and waiting for children to finish first). When a fork child of p ter-
minates, it checks if (parent’s state = TerminatedWaiting and parent’s forkCount
= 0 ) is true. If so, it should unblock the parent to let the parent terminate. We
wanted to eliminate one process state (T'erminatingWaiting) and one of the two
conditions in the above i f statement. Thus we let p count itself as one fork child of
its own when it is created. When p wants to terminate, it decrements forkCount by
one for itself. When a fork child f of p sees the parent’s forkCount = 0, f knows
that its parent has terminated and is waiting for f to terminate. This is equivalent

to the previous i f statement: if (parent’s state = TerminatedW aiting and parent’s
forkCount = 0).
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4.4.4 join Statement

An example of the join statement is shown below. More explanations on the use of

join statement can be found in Appendix A.

for(i = 0; i < 10; i++)

fork (i) Compute(i);

for(i = 0; i < 10; i++)

join;

To implement the join statement, each process needs a variable called joinCount
which is stored in the PCB. joinCount is initialized to 0. Whenever a fork child
terminates, joinCount is incremented by 1. Thus joinCount of a process records
the number of fork children of that process which have terminated. joinCount can
be thought of as the complement of forkCount. But there is more to joinCount as
explained below.

When a process hits a join statement, its joinCount is checked. If joinCount > 0,
this means that one or more fork children have terminated. So the process passes
this join to get to the next instruction. It also decrements joinCount by 1. More
precisely, joinCount is the number of fork children which have terminated and not
been matched with a join yet.

If joinCount = 0, the process is then blocked by this join. joinCount is set to
—1 to indicate that the process has an outstanding join and is waiting for a fork
child to terminate in order to pass this join.

The process is blocked until one of its child terminates by executing ForkChildEnd.
In ForkChildEnd, the child increments its parent’s joinCount and unblocks the par-
ent (Figure 21). The parent can then pass the join and resume execution.

A join statement in the CPC program is translated to vCode instruction join

whose implementation is shown below.
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join
{

/* p: pointer to the PCB of the process ezecuting this join */

if (p->joinCount > 0)
p->joinCount--; [*pass this join*/

else

{ p->joinCount = -1
p->state = Blocked; /*until e fork child terminates™/
physProsorTable[p->physProcessor] .runProcess = NULL;

[*release the processor while being blocked* /
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[*Ezample a*/

forall i (0; 10; 4) /*from 0 to 10, grouping 4*/
(i/4; c[il) Compute(i);

/* Ezample b*/

forall i (0; 10; 3) /*from O to 10, grouping 3%/
forall j (1; 20; 5) /#from 1 to 20, grouping 5*/
forall k (0; 4; ) /+from O to 4, grouping 1 (defaunlt)=*/
Calculate(i, j, k);

[* Ezample c*/

forall i (0; 10; ) /*from 0 to 10, grouping 1 (default)=*/
PrintOutput();

Figure 23: Examples of forall statement
4.5 forall Processes

4.5.1 forall Statement

Execution of a forall statement allows a parent process to create one or more forall
children. The number of forall children to be created is determined by the values
of the lower bound and the upper bound of the forall index, and the value of the
grouping. In Example a in Figure 23, three child processes are created: the first
process will execute function Compute() for 7 from 0 to 3; the second process, from
4 to 7; and the third process, from 8 to 10.

For each forall child to be created, the user can specify the virtual processor on
which the new child will run. The parent process can also bind the channel variables
to the child process so that the child will communicate with other processes using
these channel variables. The child will receive messages from other processes via the
assigned channels, and only it can read from these channels.

After a parent process has created all forall children required by the forall loop,
it will be blocked until all these forall children terminate. The last forall child that

finishes will wake up the parent. Only then can the parent resume execution.
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Figure 23 shows examples of forall statement, which will be used for discussion
in this section. More details on the syntax and semantics of forall statement are
given in Appendix A.

Following are the definitions of some terms that will be needed for discussing

forall processes.

e forall level: The forall level of a process is defined as follows.

— Process 0 is at forall level 0.

— If the forall level of a process p is k, a forall child created by p is at
forall level k + 1.

— A fork child has the same forall level as its parent.

e from bound (fromB) and to bound (toB): the lower bound and the upper
bound of the forall index specified in the forall loop, respectively.

In Example a in Figure 23, the from bound and the to bound of the forall

loop are 0 and 10 respectively.

o child lower bound (childLoB) and child upper bound (childUpB): Each forall
child is considered to execute a for loop whose number of iterations is the value
of the grouping, say g. If (toB — fromB +1) is not divisible by g, then the for
loop of the last child has less than g iterations.

The lower bound and upper bound of such a for loop of a new child is referred
to as the child lower bound and child upper bound respectively. In Example a
in Figure 23, the first child has childLoB = 0 and childUpB = 3; the second
child, childLoB = 4 and childUpB = 7; the third child, childLoB = 8 and
childUpB = 10.

e current loop lower bound (curLoopLoB): After a forall child has been created,
the forall index is incremented by the grouping value to prepare for the creation
of the next child. The current value of the forall index is referred to as the
current loop lower bound. The curLoopLoB will become the child lower bound
of the next child to be created. The current loop lower bound is used only by the
parent process. After creating a forall child, the parent compares the current
loop lower bound against the to bound. If cur LoopLoB > toB, the parent exits
the forall loop.
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4.5.2 forall Information Blocks

The index variable of the forall loop is not shared by all the forall children. Each
child process can see only a unique value of the index. To allow the children to refer
to the index, each child process must keep its own copy of the index. Also, each new
forall child has its own child lower bound and child upper bound. These values must
also be recorded in order for the child process to iterate a number of times required
by the grouping. forall information blocks are used to hold all the information just
mentioned.

Every process at forall level 1 and up has a forall information block (FIB) stored in
the process frame, starting at the lowest address of the frame. Since forall statement
can be nested (Example b in Figure 23), the FIB of a process at forall level k records
the information of forall loops from level 1 to level k.

When a new process is created at forall level 1 (Example a in Figure 23), the

child’s FIB contains the following information.

/*child’s forall level == 1%/

/*child: pointer to the new child’s PCB*/

/*base = child->basex/

storageValue[base] .val = childLoB; /*child lower boundx*/
storageOwner[base] = address of forall index at level 1;
storageValue[base+1] .val = childUpB; /*child upper bound#*/

/*storageOwner[base+1] is unused*/

Note that in a FIB, the entries of array storageOwner[] no longer hold processor
IDs but store addresses of forall indexes at different levels. The FIB of a forall child
at level 1 is depicted in Figure 24a.

When a parent at forall level &k creates a new child, it copies most information in
its FIB to the child’s process frame. More specifically, the first k words of the parent’s
FIB are copied to the child’s FIB using function CopyPreviousForallIn fo().

/*parent’s forall level == k (k >= 0)*/
/*parent: pointer to the parent’s PCB*/
/*child: pointer to the new child’s PCB*/
/*baseChild child->base*/

/*baseParent = parent->basex*/
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Figure 24: Structure of forall information blocks
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CopyPreviousForallInfo()

{
for(x = 0; x <= k-1; x++)
{
storageValue[baseChild+x] .val = storageValue[baseParent+x].val;
/*child lower bounds from level 1 to k*x/
storageOwner[baseChild+x] = storageOwner[baseParent+x];
/*addresses of forall indexes at level 1 to kx/
}
}

This block of k£ words is called previous forall information. All children at level
k + 1 of a process p will have the same k& words of forall information copied from p’s
FIB.

Assume that the parent’s forall level is £ (k = 0). If the new child is a fork
child, the child’s forall level is also k£ (i.e., child->forallLevel = k). The child’s
FIB holds all the previous forall information copied from the parent’s FIB as described
above.

If the new child is a forall child, the child’s forall level is now & + 1 (i.e.,
child->forallLevel = k+1). Since this is a forall child, the parent will add more
information related to the child’s own forall loop to the child’s FIB. This is done by
calling function AddCurrentForallln fo().

AddCurrentForallInfo()

{
storageValue[baseChild+k] .val = childLoB; /*child lower bound*/
storageOwner [baseChild+k] = address of forall index at level k+i;
storageValue[baseChild+k+1] .val = childUpB; /*child upper bound*/
/*storagelwner [baseChild+k+1] is unused*/

}

This added information is called current forall information since each distinct
child at level £ 41 has its own child lower bound and child upper bound. Figure 24b
and c illustrates the FIB of a forall child at level 2 and k + 1, respectively.
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Step 1: Load the address of the forall index onto the stack top;
Step 2: Evaluate the from bound and push the final value onto the stack top;
Step 3: Evaluate the to bound and push the final value onto the stack top;
Step 4: Evaluate the grouping expression and push the final value

onto the stack top;
Step 5: BegParallel;
Step 6: BegForallLoop; /*jump to Step 14 when done*/

Step 7: Evaluate the virtual processor ID of the child (if specified);
Push the child’s physical processor ID onto the parent’s stack top;
Step 8: Bind the specified channel variable(s) to the child;
Step 9: NewForallChild; /*create a new forall child*/
Step 10: Jump; /*jump back to instruction BegForallLoop in Step 6*/
Step 11: Child executes the code body of the forall;
Step 12: TstGrpIncldx; /*check grouping option; increment forall indez*/
Step 13: ForallChildEnd; /*the forall child terminates™/
Step 14: EndForallLoop;
Step 15: EndParallel;

Figure 25: The steps of executing a forall statement

4.5.3 forall Process Creation

The algorithm for executing a forall statement is described in Figure 25. The parent

process runs steps 1 to 10, and 14 to 15. The new forall child will executes steps 11
to 13.

Parent’s Operations

The parent first calculates the address of the forall index (if necessary), and pushes
the address onto the top of its stack (Step 1, Figure 25). In Example a in Figure 23,
the address of index 7 is loaded onto the parent’s stack. The parent then evaluates the
from bound expression, and pushes the final value onto its stack (Step 2, Figure 25).
The same operations are performed for the to bound and the grouping expression
(Step 3 and 4, Figure 25). After Step 4, the parent’s stack is as shown in Figure 26a.

During the parent’s execution of the forall loop, the values of the index address,
the o bound and the grouping are unchanged. The from bound, however, becomes
the current loop lower bound (curLoopLoB), and the curLoopLoB is incremented

by the grouping value after a new child has just been created. The increment is
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Figure 26: The parent’s stack during execution of a forall loop

performed by instruction EndForallLoop (Step 14, Figure 25) on memory location
storageValue[T-2] (Figure 26b, c), where T is the current top of the parent’s stack.

Right after Step 4, the parent executes vCode instruction BegParallel which
resets field numForallChildren in the parent’s PCB to 0 (Step 5, Figure 25). The
next instruction to be executed (Step 6, Figure 25) is BegForall Loop whose algorithm

is as follows.

e The grouping value is validated. If grouping < 0, the system state is set to
GrpErr (Grouping Error) which will halt the program execution.

e The current loop lower bound (curLoopLoB) is compared against the to bound.
If curLoopLoB > toB, this means that the parent has created all the children
required by the forall loop. The parent will pop the top four elements off its
stack (which were pushed in during steps 1, 2, 3, and 4). The program counter
is set to instruction EndParallel (Step 15, Figure 25) so that the parent will

execute this instruction next.

If cur LoopLoB < toB, this means that the parent still has one or more children

to create. The parent’s priority is set to HighPri for this task.

Figure 27 shows the pseudo-code of instruction BegForallLoop.
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BegForallLoop

{

if (grouping <= 0)

systemState = GrpErr;

else if (curLoopLoB > toB) /*no children to create*/
{ pop the top four elements off the parent’s stack;

}

set PC to instruction EndParallel; /*step 15, Figure 25/

else set priority to HighPri;

}

Figure 27: Instruction BegForallLoop

Similar to the case of a fork statement, before creating a child, the parent cal-

culates the child’s virtual processor ID if it is specified in the forall statement.

Otherwise, a default physical processor ID is obtained from execution of instruc-
tion De fault Proc (section 4.1.4). In either case, the child’s physical processor ID is
loaded on top of the parent’s stack. This is done in Step 7 of Figure 25.

If there are channel variables to assign to the child, the parent binds these vari-

ables to the child’s processor (Step 8, Figure 25) by executing vCode instruction

MV ChannVar for each channel variable to be bound. This step was described in

detail in section 4.4.2.

The parent then executes instruction NewForallChild to really create a new

forall process (Step 9, Figure 25). Instruction NewForallChild is similar to vCode

instruction NewForkChild. Their differences are listed below.

o After the previous forall information is copied from the parent’s FIB to the child

process frame using function CopyPreviousForallIn fo(), the parent adds cur-
rent forall information to the child’s FIB by calling function AddCurrentForallIn fo().

These two functions were described in section 4.5.2.
If this is the parent’s first forall child, the parent accesses its PCB and updates
field maz ForallT ermiTime to the time on its local clock.

After creating all required forall children, the parent process will be blocked
until all its forall children have terminated. mazForallT erm:Time records
the death time of the forall child that terminated the most recently. After the
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NewForallChild
{
/* Precondition: ID of child’s processor is on top of the parent’s stack*/
/*childPtr: pointer to the PCB of the new fork child*/
/*parentPtr: pointer to the PCB of the parent
(process running this NewForkChild)*/
/*childProcID: ID of child’s processor*/

Allocate a PCB for the new child;

Init_ PCB(); /*initialize the child’s PCB (Figure 17)*/

Append the new PCB to the list of processes;

Allocate a workspace for the child {
childPtr->base = starting address of the workspace;
childPtr->T = childPtr->base - 1;
childPtr->stackTopLim = childPtr->base +

(size of process frame) - 1; }

Update the descriptor of the child’s processor {
virProsorTable[childProcID].status = Used;
virProsorTable[childProcID] .nbrProcesses++; }

Pop the top value off the parent’s stack;

[*this value is child’s virtual processor ID that was used in function Init PCB()*/

CopyPreviousForallInfo();

/*copy previous forall info from parent’s FIB to child’s process frame*/

AddCurrentForallInfo();

/*add current forall info to child’s FIB*/

if (parentPtr->numForallChildren == 0)
parentPtr->maxForallChildTime = parentPtr->time;

parentPtr->numForallChildren++; /[*one more forall child*/

if the child begins with a function call /*e.g. Figure 14a*/

Prepare Parm_Eval(); /*prepare for parameter evaluation (Figure 18)*/
else [*child’s code is a single statement (e.g. Figure 14d)*/
Send a birth message to the child’s processor;
}

Figure 28: Algorithm of vCode instruction NewForallChild
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