PROCESS MIGRATION IN NETWORK PARALLEL SOFTWARE SYSTEMS

APPROVED BY SUPERVISING COMMITTEE:

Copyright by Yogesh Sharad Wagle 1994

This thesis is dedicated in memory of my Grandfathers with Love and Respect.

PROCESS MIGRATION IN NETWORK PARALLEL SOFTWARE SYSTEMS

by

YOGESH SHARAD W AGLE, B.E.

THESIS Presented to the Faculty of the Graduate School of The University of Texas at Austin in Partial Fulfillment of the Requirements for the Degree of MASTER OF AR TS

THE UNIVERSITY OF TEXAS A T AUSTIN

December 1994

Acknowledgments

I would like to thank my advisor Professor James C. Browne for his constant help and encouragement. Without his support, ideas and enthusiasm this thesis would not have been possible.

I would also like to thank the readers of my thesis Dr. John Werth and Mr.Gary Smith for their time and valuable suggestions. Boyd Merworth at the UT-CHPC was of immense help when I worked there. Also, Peter Newton was always very helpful even after leaving the department.

Finally, I would like to take this opportunity to acknowledge my indebtness to my parents, my grandparents and my brother for everything they have done for me.

PROCESS MIGRATION IN NETWORK PARALLEL SOFTWARE SYSTEMS

Yogesh Sharad Wagle, M.A.

The University of Texas at Austin, 1994

Supervisor: James C. Browne

Workstations integrated by local area networks have become the pervasive mode of computation services for engineers and scientists. It is currently the circumstance that most workstations are dedicated to the use of one or a small number of workers and are used for only a small fraction of their potential service load. There are now a substantial number of software systems which target making more of this potential computation capability available for use. There are two general classes of software systems: those which route normal computational tasks to the idle workstations on a network and those which integrate the network of workstations into a parallel execution environment. The former are typically user-friendly. That is, they respect the ownership rights of the users of the individual workstations and attempt to use only the otherwise unused fraction of the computation capability of the network of workstations. Condor[Bri86] from the University of Wisconsin is one of the most popular of these systems.The second class of software systems are those which create parallel execution environments from the resources of the network. These have not, in the past, beenuser-friendly. They have preempted the workstations of the network for the duration of the execution of the parallel computation. This disruptive approach has tended to limit the use of these potentially very beneficial systems.

This thesis designs, implements and evaluates an extension of the most popular of the parallel execution environments, PVM [Sun89] to be userfriendly. That is, PVM is extended by the work presented in this thesis to utilize in the parallel execution environment it creates only those workstations of the network which are not being used by their normally assigned set of users. Similar efforts are being pursued in other research but there is as yet no such system available. The approach taken in this thesis is to integrate into PVM that functionality from Condor which implements process migration and to add a simple load-balancing strategy [Kyr88]. This approach is a model for creating new system capabilities by synthesis of functionality of existing systems.

This thesis focuses on evaluation of the efectiveness of the extension to include process migration and load balancing. The evaluation is accomplished by defining systematic experiments whereby shifting patterns of user activity are superimposed upon an otherwise idle network and the effect on time to completion of parallel benchmark programs with know execution behavior are observed.

The primary conclusions of the research are: (i) the synthetic approach to implementation of a significant new capability was quite practical and (ii) the impact of user-friendliness on the performance of parallel programs on networks of workstations is quite tolerable and should be generally adopted.

Table of Contents

List of Figures .................................................................................................. xi

List of Tables...................................................................................................xii

Chapter 1. Issues In Cluster Computing ...................................................... 1

1.1 Cluster Computing Environments .............................................. 1 1.2 Problem Addressed..................................................................... 2 1.3 Potential Software Solution........................................................ 2 1.3.1 Advantages........................................................................... 3 1.3.2 An Obstacle.......................................................................... 3 1.4 Our Approach ............................................................................. 4 1.5 Experimental Results.................................................................. 5

Chapter 2. Existing Systems ........................................................................ 6

2.1 Existing Systems ........................................................................ 6 2.2 PVM - Parallel Virtual Machine................................................. 6 2.2.1 Daemon Subsystem.............................................................. 7 2.2.2 Addressing Subsystem......................................................... 9 2.2.3 Pvmd - Task Interaction..................................................... 11 2.3 Condor ...................................................................................... 14 2.3.1 Remote File Access ........................................................... 15 2.3.2 Checkpointing.................................................................... 15 2.3.3 Condor - Daemon Subsystem ............................................ 17 2.4 DQS - Distributed Queuing System ......................................... 17 2.4.1 Implementation .................................................................. 17 2.5 TOPSYS ................................................................................... 19 2.5.1 Process Model.................................................................... 19 2.5.2 Implementation .................................................................. 20 2.6 Conclusion................................................................................ 20

Chapter 3. Design of the System................................................................ 21

3.1 Enhancements to PVM............................................................. 21 3.2 Condor - Relevant Mechanisms ............................................... 21 3.3 Monitor Load and Keyboard Activity ...................................... 22 3.4 Suspend and Migrate a PVM Task........................................... 22 3.5 Address Resolution................................................................... 23 3.6 Conclusion................................................................................ 26

Chapter 4. Implementation......................................................................... 27

4.1 Load Monitoring....................................................................... 28

4.2 Migration of a PVM Task......................................................... 28 4.2.1 Selecting a Task to Migrate ............................................... 29 4.2.2 Checkpointing a Task ........................................................ 29 4.2.3 Migrating & Restarting the Task ....................................... 30 4.2.4 Informing the Switchboard ................................................ 30 4.3 Address Resolution................................................................... 30 4.4 Load Balancing......................................................................... 32 4.5 Technical Details...................................................................... 32 4.5.1 PVM................................................................................... 33 4.5.2 Condor ............................................................................... 36

Chapter 5. Experimental Results................................................................ 38

5.1 Experimental Design ................................................................ 38 5.1.1 Goal of Experiments .......................................................... 38 5.1.2 Variables And Metrics ....................................................... 38 5.1.3 Experimental Run Set and Set up ...................................... 40 5.2 Experimental Results................................................................ 40 5.2.1 Synthetic Benchmark......................................................... 41 5.2.2 The SIMPLE benchmark ................................................... 44 5.3 Conclusion................................................................................ 45

Chapter 6. Related Work............................................................................ 46

6.1 Desirable Features .................................................................... 46 6.2 Efficient Resource Management .............................................. 46 6.3 Fault tolerance .......................................................................... 47 6.4 Processor Virtualization and Migration for PVM .................... 47 6.4.1 Transparent Migration for PVM ........................................ 47 6.5 Conclusion................................................................................ 48

Chapter 7. Conclusion................................................................................ 49

Appendix A. Daemon Code .......................................................................... 50

A.1 The global.h file .................................................................50 A.2 The pvmd.c file......................................................................50

Appendix B. Daemon - Daemon Code ......................................................... 62

B.1 The ddpro.h file....................................................................62 B.2 The ddpro.c file....................................................................62

Appendix C. Task Related Code................................................................... 70

C.1 The lpvmgen.c file...............................................................70 C.2 The lpvm.c file......................................................................71

C.3 The tdpro.h file....................................................................75 C.4 The tdpro.c file....................................................................75 C.5 The task.c file......................................................................80 Appendix D. Switchboard Code ................................................................... 83 D.1 The switchb.h file...............................................................83 D.2 The switchb.c file...............................................................83 Appendix E. Condor Checkpoint Modifications ........................................... 89 E.1 The ckpt.c file......................................................................89 E.2 The restart.c file...............................................................90 Appendix F. Synthetic Benchmark................................................................ 91 F.1 The master.c file .................................................................91 F.2 The slave.c file....................................................................93 F.3 Typical Output.......................................................................... 95 References ....................................................................................................... 97 Vita .................................................................................................................. 99

List of Figures

Figure 2-1. .................................................................................................... 9 Figure 3-1. .................................................................................................. 25 Figure 3-2. .................................................................................................. 26

List of Tables

Table 5-1. Results of the Synthetic benchmark - Run Set I....................... 43 Table 5-2. Results of the Synthetic benchmark - Run Set II ..................... 43 Table 5-3. Results of the SIMPLE benchmark .......................................... 45

Chapter 1. Issues In Cluster Computing

This chapter first discusses the modes of operation of networks of workstations, then discusses deficiencies of the current software support for execution of parallel programs on networks of workstations and finally proposes an approach to creating a satisfactory execution environment for parallel programs on networks of workstations.

1.1 Cluster Computing Envir onments

A network of workstations typically consists of a set of workstations which are assigned to individual users and one or more specialized servers such as file servers. The workstations assigned to individual users are typically sited in individual offices. There are at least three possible modes of use for a network of workstations. The most common mode is that each of the individual workstations is used independently with sharing of the common resources such as the file servers. This most common mode of usage is not efficient in using the total available work cycles of the network or cluster. Not all users will fully utilize their machines. Broadly we can classify the users as falling into two categories:

• Light Users: These users seldom utilize their workstations to capacity.

Only once in a while will their machines be heavily loaded.

• Heavy Users: These users have persistent high computational demands.

They are generally limited by their workstation’s capacity to do work since they run their applications only on their machine.

But even heavy users typically do not use their individual machines in the evening or late night hours. Furthermore the potential of the network as a parallel execution environment is not exploited.

In summary the major drawbacks of the common individual user based mode of operations are:

• Inefficiency in exploiting the total compute cycles of the entire cluster • Not being able to execute parallel applications.

It is also possible to treat the workstations of the network as a pool of resources where work is routed to the least busy workstation. A third possible mode of operation is to couple the workstations into a parallel execution environment.

As we will describe later, there already exist software systems that implement these modes of operation but most of them introduce other problems. The existing software systems which implement parallel execution environments typically impede effective use of the workstations by the individuals to which they are assigned.

1.2 Problem Addr essed

We address the issue of using the independent workstations as a combined parallel resource without impeding their usage as independent workstations allocated to independent users.

1.3 Potential Softwar e Solution

What can be done to overcome these drawbacks without making any changes to the existing hardware configuration or the operating system software? We could envision creating a software system layer that resides on top of the existing system software, and provide an environment that does not have the above drawbacks.

Such a software layer could do the following:

• provide a programming environment which allows a user to develop parallel applications on a message passing paradigm1. The programming environment could be an extension to a popular programming language like C, with new functions for spawning processes, sending messages from one process to another, etc.

• provide a process management environment that load-balances the various peer processes that comprise the parallel application over the entire cluster

1 Shared memory across a cluster of workstations is a recent area of active research.

Current implementations require special hardware.

rather than having all of them on the same machine. The system would remotely spawn off the processes to workstations with the least load. Also it would provide support for the previously mentioned functions.

Each of the owners of the workstations can still run her2 standard sequential applications on her machine. But when she wants to run a parallel application - specially written using the programming environment provided - she can submit it to this special software system to be run across the entire cluster.

Such a software system can be said to provide a virtual parallel machine to the users.Users interested in parallel computation can then basically treat this cluster of workstations as one single parallel machine.

1.3.1 Advantages

The obvious two advantages of such a system are:

• users are provided with a parallel programming environment • the system uses the entire cluster of workstations as a single resource and thus exploits the compute cycles of the entire cluster 1.3.2 An Obstacle

There is one - not so obvious - problem with the system as it is described above. Consider the situation below:

The system starts off processes of a parallel application on diferent hosts. Some of these processes might be computational intensive. Many of the processes might be remotely started on a particular workstation when the load on it was low. Now, when the owner of that workstation comes back, he sees that his workstation is highly loaded and the response time to him is very long. Such a situation would make create dissatisfaction among the “owners” of the individual workstations.

2 Please read her as her/his and she as she/he.

The benefit of the workstation computing environment is the convenience and productivity of the “owners” of the individual workstations. This benefit must be preserved when we implement the parallel execution environment mode on the network of workstations.There are a number of possible approaches to this problem.

Solution 1 The owner is given the right to kill all the foreign processes executing on his/her machine. If the owner feels that he can’t take the high load on his workstation anymore, he/she just kills these processes. This is a very simple but dirty solution. The main problem with this approach is obvious: the applications to which the processes killed belong, will also crash. So this approach is not a desirable one.

Solution 2 The second solution is to extend the functionality of the system. The system could continuously monitor the input activity as well as the load on the machine. If the load goes above a certain threshold or if there exists some input activity, the system could suspend the remotely started processes. If the owner continues working at the console of his workstation, or the load of that workstation remains high, the suspended processes could be migrated to other machine(s) and resumed there. The user applications to which the suspended processes belonged, would also in efect be suspended and then restarted.

It is obvious that Solution 2 is the better of the two. The entire system should be as transparent as possible to the local user.

1.4 Our Appr oach

An efficient way to build new systems is to try and reuse existing code. We looked at various software systems that addressed the issue of using a pool of workstations as a combined resource. We looked at the following systems:

• PVM - Parallel Virtual Machine [Gei94]

• Condor [Bri91] • DQS - Distributed Queueing System [Gre92] • TOPSYS - TOols for Parallel SYStems [Bem91]

Of the above systems, we found that PVM and Condor each separately address the two basic issues. PVM provides support for developing parallel applications while Condor addresses the issue of moving around applications on workstations to accommodate local users.

So we decided to take the approach of building our new system by synthesizing these partial solutions to provide a parallel execution environment which preserves the benefits of the workstation computing environment.

1.5 Experimental Results

The new system created from the synthesis of PVM and Condor has been installed on a network of workstations and the performance of the system running parallel programs has been monitored. The basis for evaluation was comparison of the time to execute benchmark programs under the new parallel execution environment with the time to run the benchmarks under standard PVM.

The new system runs without any problems and with only slight limitations on PVM. Performance of the new system has been found to be quite satisfactory in preliminary tests.

Chapter 2. Existing Systems

In this chapter we present a detailed description of PVM and Condor. We then show how the two systems can be integrated to yield a user-friendly parallel execution environment.

2.1 Existing Systems

PVM and Condor, each provide complementary facilities for enhancing the utilization of networked resources:

• PVM: Provides a framework to build and execute parallel applications on a network of workstations • Condor: Provides a distributed queueing system which manages a pool of workstations and addresses the issues of load-balancing and consideration for the local users of the workstations.

We also briefly sketch two other systems - DQS and TOPSYS - that we examined.

2.2 PVM - Parallel V irtual Machine

PVM is a software system that manages a user defined pool of heterogenous machines and creates from the pool a single (logical) message passing multiprocessor machine a.k.a. - a Parallel Virtual Machine.

PVM also provides a programming environment which supports explicit parallelism by providing routines to spawn new processes, and to communicate, and synchronize among processes.

PVM was designed jointly at the University of Tennessee, Knoxville, Oakridge National Laboratories and Emory University.The version that is currently installed at the University of Texas is PVM 3.3.3.

2.2.1 Daemon Subsystem

PVM is implemented as a set of daemons1 - one on each machine - which communicate with each other to manage the entire pool of machines as a single virtual parallel resource.

Pvmd - Daemons When a user adds a host (machine) in his machine pool, a PVM daemon (pvmd3) referred to as pvmd, is automatically started on that host. This daemon process is owned by this user. It does not interact or interfere with the pvmd’s of other users on that machine (which is quite possible since the same machine night have been included by many users in their individual machine pools at the same time). Also, the pvmd’s run with a non-privileged uid and serve only a single user to reduce security risks.

Thus, each user has his own set of pvmd daemons, one on each of his hosts. These pvmd daemons are configured to work together and define the collective machine of the user. The pvmd’s manage the hosts they are on and map the user processes to the diferent hosts.

The first pvmd (started by hand) is designated the master pvmd, while the other pvmds2(started by the master upon user requests) are called the slaves. The PVM system can survive the failure of any of the slave pvmds but not the master pvmd.

The virtual machine3 thus generated runs application tasks which are basically executable’s linked with the special PVM library. The pvmd presents a system call-like interface to tasks running on the same host. It maintains in-

1 A daemon is a process that executes “in the background” - without any associated terminal or login shell - either waiting for some event to occur, or waiting to perform some specified task on a periodic basis.

2 Henceforth pvmd is used to mean a slave pvmd. 3 Also referred to as just VM.

formation on the execution of each user process of the parallel jobs and supports the primitives for the processes to interact amongst each other.

It is to be noted that there would typically be more than one application generated PVM task or process at a single host. All of these processes will extensively interact with the single local pvmd.

Communication The pvmd daemons communicate with each other using UDP4 sockets.

A reliable packet delivery system is implemented on top of UDP. In a workstation environment, TCP5 sockets are used for communication between a pvmd and the local PVM tasks while in a multiprocessor machine, its native communication routines are used instead of TCP.

PVM requires each host in the virtual machine to be directly connected to every other host via IP. In other words, each pvmd must be able to communicate with every other pvmd without having to go through any intermediate pvmd’s.

A host table describes the configuration of a virtual machine. Host tables are usually synchronized across all pvmds in a virtual machine, although they may not be in agreement at all times. In particular, hosts are deleted by a pvmd from its own host table whenever it determines them to be unreachable (by timing out while trying to communicate). The master pvmd synchronizes the host tables across the entire virtual machine at regular intervals.

Host tables serve multiple uses: They describe the configuration of the machine and hold packet queues and message bufers. They allow the pvmd to manipulate sets of hosts, for example when picking a candidate host on which to spawn a task.

4 UDP: User Datagram Protocol. Its a transport layer connectionless protocol. 5 TCP: Transmission Control Protocol: Its a transport layer connection-oriented protocol of the TCP/IP protocol family.

2.2.2 Addr essing Subsystem

PVM uses a 32-bit integer called a Task ID (TID) to address pvmd’s and tasks within a virtual machine. A TID uniquely identifies a task within the entire virtual machine, analogous to a process id in the UNIX system. TID’s can be reused (recycled) but no two tasks can have the same TID at any given time.

TID’s are intended to be hidden from the application programmer, and he should never try to interpret or modify them except through the primitives supplied in the PVM library.

The TID is designed to facilitate binding of names to tasks in a distributed fashion and to aid in message routing.

pvmd 2 pvmd 1

UDP Sockets

T11 T12 T21

TCP Sockets

Host 1 Host 2

T11: PVM Task #1 on Host 1 T12: PVM Task #2 on Host 1 T21: PVM Task #1 on Host 2 T22: PVM Task #2 on Host 2 pvmd 1: PVM Daemon on Host 1 pvmd 2: PVM Daemon on Host 2

T22

Figure 2-1.

TID Structur e

The TID is comprised of four fields. Three of the fields have global meaning i.e. each pvmd of the virtual machine will interpret those fields in the same way. The fields are listed below:

• h field: Contains the Host number relative to the virtual machine. When a host joins the virtual machine, the pvmd started on it is assigned a unique host number and thus made a part of the address space of the virtual machine.

• p field: Each pvmd assigns a number in this field (0 is reserved for the pvmd itself). This acts as a Task number. On a Unix workstation, for example, the pvmd may insert the Unix pid directly into this field.

• s and g fields: These are 1-bit fields used to indicate the type of process the TID represents.

The design of the TID has a positive efect on the implementation in three ways:

[1] Each pvmd can assign a TID to local tasks without requiring any offhost communication.

[2] A message can be routed directly to its destination host from anywhere in the virtual machine without any address lookup since the host number is encoded in the h field of the TID. This helps prevent communication bottlenecks (which unavoidably accompany a central global address database) when the size of the virtual machine increases.

[3] Pvmd’s which are customized to run on multiprocessors can define the local part of their address space anyway they want to, yet their tasks are addressable from anywhere in the system.

Message Passing

All higher-level PVM functions are composed of sending and receiving messages. Approximately half the code of the PVM system software is concerned with packing and unpacking messages, fragmenting them and routing the fragments.

Pvmd’s and tasks use the same message format. This means that a task uses the same message packing functions, whether composing a message for another task or for its local pvmd.

A task or pvmd can send a message to any other TID or a list of TID’s, except that communication is not currently allowed between a pvmd and a task not under its control.

The pvmd’s - PVM daemons - act as routers and “distributed” databases of addresses. Each pvmd maintains the address of all the other pvmd’s in the user’s virtual machine. They are an integral part of the communication process.

2.2.3 Pvmd - Task Interaction

The libpvm library is a collection of functions that allow a task to interface with the pvmd and other tasks. It contains functions for packing (composing) and unpacking messages, as well as ones that perform PVM “syscalls”, using the message functions to send requests to the pvmd and receive replies.

Task - Pvmd Connection On the first call to (almost) any libpvm function, that function calls

pvmbeatask() to initialize the library state and connect the task to the pvmd. The details of the connection process are slightly different between anonymous tasks (not spawned by the pvmd) and spawned tasks.

The pvmd publishes the address of the socket where it listens for connections in /tmp/pvmd.<uid>, where uid is the numeric user ID under which the pvmd runs. The file contains a line such as “7f000001:06f7”. The anonymous tasks read this file to get the socket address, while the spawned tasks inherit an environment variable PVMSOCK, containing the same information.

A spawned task needs a second bit of data to reconnect successfully, namely its expected process ID. When a task is spawned by the pvmd, a task descriptor is created for it during the exec phase. This descriptor is necessary, for example, to stash messages that arrive for the task before it’s fully reconnected and ready to receive them. During reconnection, that task identifies itself to the pvmd by its PID.

The pvmbeatask() creates a TCP socket and does a proper connection dance with the pvmd. They must each prove their identity to the other. The pvmd and task each create a file in /tmp owned and writable only by their UID. They attempt to write in each others files and then check their own files for change. If successful, they have proved their identities. Note that this authentication is only as strong as the filesystem and the authority of root on each machine.

Task Management

Each pvmd maintains a list of all tasks running on the host it manages. It keeps a context for each task in a data structure - the task table. This information includes the task id (TID), parent’s TID, status, Unix pid, socket address etc.

The pvmd also maintains a “wait context”. This is required because some operations require a pvmd to call another pvmd for some service. Since the pvmd cannot block till it receives the requested information, it keeps a record of all relevant data in the wait context.

Machine Reconfiguration Hosts can be added to and deleted from the virtual machine at any time, except the master host (the initial pvmd, i.e. the machine through which the virtual machine is built), which needs to be a member for the duration of the machine.

This master pvmd manages the host table, which needs to be synchronized across all the pvmd’s. Any task can request a new host to be added to the virtual machine6. This request is relayed to the master pvmd, which attempts to start and configure a pvmd on the new host and then broadcasts a new host table to all the slave pvmd’s.

The master pvmd uses either rsh() or rexec() to start each new pvmd. But since this operation is subject to hanging and long delays, it spawns a shadow pvmd to do this dirty work. This shadow pvmd is more-or-less a real pvmd but does not talk to any tasks or any pvmd other than its local peer (which is always the master pvmd). Once the shadow pvmd does its work, it can send its results back to the master pvmd via the normal pvmd-pvmd message channel.

The newly created pvmd trades a small amount of configuration information with the master pvmd, builds a temporary host table containing just itself and the master pvmd, and then closes the socket. Later on it receives an updated host table (from the master) along with the other pvmd’s.

Issues Not Addr essed PVM does not address the potential problem of user-friendliness that we described in chapter 1.

It is quite possible for a workstation to be flooded with PVM tasks. The owner of the machine cannot do anything about it. He has to suffer the slow response time if such a situation arises.

Extending Functionality We propose to extend the functionality of PVM to support process suspension/migration to make the system user-friendly. Specifically, we propose the following:

The PVM tasks running on a workstation are suspended if the load on that workstation goes above a threshold or if the owner of the machine interacts with the console of his workstation. If the load or the input activity per-

6 Using the pvm_addhosts() call.

sists beyond a certain time period, the suspended tasks are migrated to some other workstation (possibly one with the minimum load at that point in time) and restarted there.

2.3 Condor

In a common computing environment consisting of many workstations connected together by a high speed local area network, the workstations are generally dedicated to the exclusive use of individuals. But not all users use their workstations to the same degree. The Condor developers classify the users into 3 typical types:

• Type 1: Individuals who mostly use their workstations for sending and receiving mail or preparing papers • Type 2: Software developers who have too much computing power at times when they are editing, but during compiling and debugging they could use more CPU power.

• Type 3: People who frequently do large numbers of simulation, or combinatoric searches. These people are always in need of more computing power and are dissatisfied with the performance of their workstations. Also, they generally keep their machines busy all the time unlike the Type 1 and Type 2 users.

Condor was developed to make use of the idle cycles from Type 1 and Type 2 users to help satisfy the Type 3 users. Condor is a software package for executing long-running, computationally intensive jobs on workstations that would be otherwise idle. The Condor software monitors the activity on all the participating workstations in the local network. Those machines that are determined to be idle, are placed into a resource pool or “processor bank”. Machines are then allocated from the bank for the execution of jobs belonging to the Type 3 users. The bank is a dynamic entity; workstations enter the bank when they become idle, and leave again when they become busy.

Users submit their normal UNIX programs, after only relinking them to specially provided libraries, to the Condor system. The Condor system then schedules these jobs to the diferent workstations in the Condor pool.

The feature of Condor that interests us the most is:

“Owners of workstations have complete priority over their own machines. Workstation owners are generally happy to let somebody else compute on their machines while they are out, but they want their machines back promptly upon returning, without having to take any special actions.”

Condor implements this feature automatically. If a user submits a job to Condor which runs on somebody else’s workstation, and the owner of that workstation comes back, then Condor automatically checkpoints the job, migrates it to another workstation and restarts it there as soon as possible.

2.3.1 Remote File Access

Programs7 executing on remote workstations in the Condor pool may access files on the submitting workstation in one of two ways:

• The preferred mechanism is direct access via NFS, which is possible if the files are mounted in the same way on all the machines.

• If the desired file does not appear in the filesystem of the executing workstation, Condor provides remote system calls which allows access to most of the normal system calls available on the submitting machine, including those that access files. In either case, the remote access is completely transparent to the user program, i.e. it simply executes such system calls as open(), close(), read(), write(). The Condor library provides the remote access below the system call level.

2.3.2 Checkpointing

To checkpoint a UNIX process, several things must be preserved. The text, data, stack, and register contents are needed, as well as information about what files are open, the file pointer values, and the modes in which they were opened. The data and stack are available in a core file, while the text is available in the original executable.

7 Linked with the special condor libraries.

Condor gathers the information about currently open files through the special C library. In Condor’s special C library, the system call stubs for open(), close() and dup() not only do these things remotely, but they also record which files are opened in what mode, and which file descriptors correspond with which files.

Condor causes a running job to checkpoint by sending it a special signal. The signal handler for this special signal, CKPT(), combines the original executable file, and the core file to produce a checkpoint file, which is also an executable file. To the user code, checkpointing looks exactly like a signal handler was called, and restarting from a checkpoint looks like a return from that signal handler.

All checkpointing is done outside the UNIX kernel8. Consequently, there are a few restrictions on the type of processes that can be checkpointed and migrated. These restrictions are:

• Only single process tasks are supported. Calls like fork(2), exec(2) are not allowed.

• Signals and signal handlers are not supported. Calls like signal(3), sigvec(2) and kill(2) are not allowed • Interprocess communication (IPC) calls are not supported. Calls like socket(2), send(2) and receive(2) are not allowed.

• All file operations must be indempotent - read-only and write-only file accesses work correctly but both reading and writing the same file may not work correctly.

Also, each process has an associated “checkpoint file” which is approximately the size of the address space of the process. Disk space must be available to store the checkpoint file both on the submitting and executing machines.

8 This is done to make the code portable over as many of the multitudes of UNIX flavors as possible.

2.3.3 Condor - Daemon Subsystem

Each machine in the Condor pool runs two daemons: the schedd and the startd . In addition, one machine runs 2 other daemons called the collector and the negotiator , which can be considered one logical processes called the central manager . The central manager has the job of keeping track of which machines are idle and then allocating those machines to Condor-controlled jobs.

On each machine the schedd maintains a queue of Condor jobs, and negotiates with the central manager to get permission to run those jobs on remote machines. The stard determines whether the machine is idle, and also is responsible for starting and managing foreign jobs which it may be hosting. On machines running the X-window system, an additional daemon the kbdd will periodically inform the startd of the keyboard and mouse idle time. Periodically the startd will examine its machine, and update thecentral manager on its degree of idleness.

2.4 DQS - Distributed Queuing System

DQS is an experimental UNIX based queuing system developed at the Supercomputer Computations Research Institute at the Florida State University. It is a queuing system targeted at UNIX farm9 or cluster environment and implements an effective method for distributing the batch workload among multiple machines. In doing so, it increases the productivity of all of the machines and also increases the number of jobs that can be completed in a given time period.

2.4.1 Implementation

Ideally a user should be able to request resources based on a class of architecture or performance. He is not interested in which specific machine(s)

9 The term farm refers to a collection of computers used for single and multi node batched processing.

his job is run, but that the machine(s) allocated meet some minimum performance or architectural specifications.

DQS addresses the above concept of generic queues by categorizing machines by architecture and group. A group is a subset of an architecture and allows simple partitioning of architectures based on hardware configuration or policy.

DQS allows for the request and allocation of multiple nodes via the qsub command. qsub allows the user to make requests for specific queues and/or a number of generic queues. Upon successful scheduling of a job, DQS provides a list of allocated resources.

DQS consists of three basic components:

[1] The qmaster daemon [2] The dqs_execd daemon [3] Ancillary programs

The qmaster Daemon The qmaster daemon acts as a clearing house for jobs. The qmaster is responsible for processing new requests (job submissions, queries, etc.), keeping track of already existing jobs, monitoring the status of all the machines known to DQS, and updating all the files used for accounting and management of the system. New jobs are forwarded to the qmaster via a well known TCP port and then spooled to disk. It then schedules and dispatches jobs to the individual dqs_execds.

The dqs_execd Daemon The dqs_execd daemon is responsible for executing the jobs on the queue host. Each dqs_execd daemon is capable of supporting multiple queues.

Ancillary Pr ograms The ancillary programs are a collection of programs which provide the user interface to DQS. In particular, they provide the means for the management of the queues, submission and deletion of jobs, checking the status of jobs and suspending/enabling the various queues/jobs.

2.5 TOPSYS

TOPSYS is an integrated tool environment for using and programming parallel computers. The major intention was to simplify the usage and programming of parallel systems for a wide range of applications. Another goal was to design the TOPSYS environment to be very portable and flexible over a wide range of parallel architectures.

2.5.1 Process Model

The concentration is on coarse-grain parallelism on distributed memory machines. The process model is very close to that of sequential programming languages. The basics of the process model are communicating sequential process, where the communication is done via mailboxes and synchronization via semaphores.

The TOPSYS process model is implemented by a distributed operating system kernel MMK (Multiprocessing Multitasking Kernel). The MMK offers dynamically created/deleted global objects and operations. These objects and operations allow the creation of parallel programs without having in mind the physical topology of the parallel target computer.

The MMK lies on top of the operating system of the host multiprocessor machine. It is also a programming environment (which the application programmers have to use), with communication and synchronization constructs. When it is said that communication is via mailboxes and synchronization via semaphores, these (i.e. mailboxes and semaphores) are special objects provided by the MMK, which need to be used in the application program.

The tasks, a.k.a. processes are the active objects that have to be mapped by the programmer to the nodes of the host machine, through a map file. Hence this mapping is static. They can communicate through specially declared mailboxes and synchronize through the semaphores. All these objects i.e. tasks, mailboxes and semaphores can be dynamically created and deleted.

TOPSYS also supports network based host/target environments using industry standards. In such environments, program development is carried out on a sequential host workstation and the resulting parallel program is executed on the target machine (a multi-processor machine) connected to the host via a LAN 2.5.2 Implementation

The industry standards followed in TOPSYS are: C and C++ as the implementation language, UNIX as the host operating system, X-windows as the graphical interface, TCP/IP as the network protocol and COFF as the symbol table format.

The actual implementation of TOPSYS was done on an iPSC/2 Hypercube with 32 processor nodes.

2.6 Conclusion

The the first two of the above described systems address and solve the 2 issues that we have focussed our attention on, namely:

• Platform for developing parallel applications for clusters of workstations - PVM • User friendliness by migrating jobs from one workstation to another - Condor Our job is to now synthesize these two partial solutions into one system.

Chapter 3. Design of the System

In this chapter we present a design strategy for combining the features of PVM and Condor. Our base system will be PVM. We will enhance PVM - using some of Condor’s features - to make it user-friendly and load-balanced. 3.1 Enhancements to PVM

There are four functionalities that we plan to add to PVM: [1] Monitoring of load and input activity of workstations [2] Selection and checkpointing of a PVM task [3] Migration of a PVM task to another workstation and resuming it [4] Address resolution for a migrated PVM task

The fourth functionality is necessitated by the third. Addresses of the PVM tasks have to be resolved if they are moved from one host to another, since a task - if migrated - will automatically get a new address. 3.2 Condor - Relevant Mechanisms

Three of Condor’s features are relevant to us:

• The first is a mechanism for determining whether a workstation is being used by its owner or whether the load on the workstation is above a certain threshold. Each of the above is accomplished by measuring the time since the last keyboard or mouse activity and the CPU load of the machine respectively.

• The second is the mechanism responsible for stopping the execution of a Condor job upon either the first user activity on the host machine or the increase of the load above a threshold.

• The third is a transparent checkpointing mechanism which allows the system to take a checkpoint of a running job, migrate that job to another workstation and resume it there.

All these mechanisms are implemented entirely outside the UNIX kernel.

3.3 Monitor Load and Keyboard Activity

There exist a daemon in Condor which performs the above task. Instead of adding another daemon to PVM, we decide to enhance the pvmd’s instead. The pvmds - in addition to their regular duties - will now also

• regularly check for Keyboard/Mouse activity • regularly monitor the load on the host

Using this information, the pvmd’s can then decide whether it is necessary to take remedial action - i.e. suspend and migrate one of the PVM tasks from the host.

We came up with another idea to make better use of this information. Each pvmd also broadcasts its load1 to all the other pvmd’s in the virtual machine. So each pvmd maintains a load table of all the hosts. This information can be used in making two very important decisions:

• Where to spawn new PVM tasks (initial placement - static load-balancing) • Where to migrate a suspended PVM task (process migration - dynamic load-balancing Thus we can implement both of the load-balancing strategies [Kyr88].

3.4 Suspend and Migrate a PVM T ask

A pvmd decides to suspend and migrate a PVM task once it observes that its load is above the threshold or there is input activity.

The pvmd will first checkpoint the PVM task. The checkpointing code is taken from Condor. There are certain restrictions on the processes that can be checkpointed outside the UNIX kernel2. Consequently all of those restrictions apply to the PVM tasks too.

1 We use pvmd and host interchangeably since for our purposes they have a one-to-one correspondence.

2 Refer section 2.3.2 on page 15

Once a checkpoint file is created for the PVM task which is to be migrated, all its entries in the local pvmd are cleared.

The pvmd using the load table information selects the host on which the suspended PVM task is to be restarted. The next step is to transfer the checkpoint file to the new host and inform the local pvmd on that host to resume the execution of the migrated PVM task using the checkpoint file3.

3.5 Addr ess Resolution

As mentioned in the previous section, when a PVM task is migrated to another host, it automatically gets a new TID. Since this migration is transparent to all the user tasks, the peer tasks of the migrated task, will still try to communicate with the migrated task using its old TID. This is the address resolution problem that must be resolved.

Our approach is to inform the peer processes of the new address of a migrated task on a strictly need to know basis. In other words, a peer process gets to know of the new address of a task only if it attempts to communicate with the migrated task.

We introduce a data structure that will constitute a very important part of the address resolution phase. We call this data structure the Switchboard . It is a database which stores a n-tuple for each migrated process:

( <new TID>, <old_1TID>, <old_2 TID>, .... )

A tuple for a migrated task is added to the Switchboard by the new pvmd of the migrated task, only after the task is successfully resumed4. Each subsequent migration of this particular task causes one more addition to this tuple (no new entry is created).

A more plausible 2-tuple structure would consist of just the pair:

3 Note that this implies a new TID for the migrated PVM task. 4 If not, the application to which this task belongs exits gracefully.

( <new TID> , <old TID> )

The need to adopt the more complicated n-tuple structure is explained by the following scenario:

Consider 2 peer PVM tasks A and B. Initially A has the starting TID of B. Now suppose before A sent any messages to B, B was migrated twice (or more times). The Switchboard will have only the current and the last TID’s of B. So when A wants to send a message to B, it will provide its pvmd with the original address of B. When this pvmd, after a failed attempt, contacts the Switchboard to get the new address of B, the Switchboard cannot help since it no longer has the original address of B in its database.

The Switchboard will be maintained at the master pvmd to avoid adding another point of failure to the system5.

The structure of the Switchboard is pictorially represented in the figure Figure 3-1. To illustrate the use of the Switchboard , consider a typical migration scenario:

Process p1 which was originally on host C is migrated to host A. Process p2 is on host B. The pvmd’s on hosts A, B and C are called pvmd_A, pvmd_B and pvmd_C respectively:

[1] Process p2 on host B is initially unaware of this migration. So when p2 wants to send a message to p1, it provides pvmd_ B with the old address of p1. As a result, pvmd_B sends the message to the pvmd_C.

[2] On receipt of this message, pvmd_C replies back to pvmd_B that p1 is not on host B.

[3] Now, pvmd_B sends a message to the Switchboard asking for the new address of p1. The Switchboard sends the new address of p1 back to pvmd_B. On receipt of this message pvmd_B sends the original message

5 The entire system goes down if and only if the master pvmd goes down

to pvmd_A rather than pvmd_C. pvmd_A then delivers the message to p1. [4] Also, pvmd_B informs p2 of this new address of p1. p2 modifies its address space i.e TID array so that the next time it wants to send a message to p1, it provides the right address to pvmd_B. This scenario is pictorially depicted in Figure 3-2

Finally, when a PVM task terminates, the pvmd will send a message to the Switchboard informing it of the task’s termination. The Switchboard will then delete the entry for that task.

struct switchb *switchboard

new address task_1

new address task_2

new address task_3 task_1 task_1

task_2

task_3 old address_1 old address_1 old address_1 old address_2

The Switchboard Structure

Figure 3-1.

3.6 Conclusion

In this chapter we outlined the design of our system. We discussed how

we plan to integrate the two existing systems: PVM and Condor into a user-

friendly and load-balanced system. At this stage, it would appear that this inte-

gration would be relatively straightforward. In the next chapter we discuss

how it wasn’t!

B

A C p2

p1

Switchboard

A.<pid of p1 on A> , C.<pid of p1 on C>. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

msg for p1

p1 not in C anymore

new addr. of p1 ?

mesg for p1

new addr. of p1.

Scenario : p1 migrated from C to A.

Figure 3-2.

A Typical Migration Scenario

Chapter 4. Implementation

In the previous chapter we presented a high-level design of the proposed system and an approach to integrating the two existing systems: PVM and Condor. In this chapter we discuss the dificulties we faced in implementing our system, how we overcame them and to what extent we were successful in implementing our design.

For now, we consider a restricted workstation environment consisting of SUN4 workstations - running SunOS - with a common file system mounted via NFS.

Also, we tried to adhere to the following two principles throughout the implementation stage:

• Write as little new code as possible - reuse as much existing routines/code • Introduce no other points of failure in the system1.

In this chapter we discuss the implementation of the following stages in the process migration cycle:

[1] Maintaining the load information of all the hosts [2] Selecting a suitable host for migration [3] Selecting and Checkpointing a task for migration [4] Migrating and resuming the task on the selected host

We have structured this chapter to provide the intuition as well as the technical details. Each section gives the description of the implementation of a stage and the intuition behind it. The chapter ends with the subsection Technical Details in which we discuss the actual code and the modifications to it.

1 The master pvmd is the only point of failure of the entire PVM system.

4.1 Load Monitoring

We enhanced the pvmd to monitor the load rather than add another daemon to the system. The pvmd was also enhanced to maintain the load table of loads of all the hosts in the pool.

In the pvmd, we establish a signal handler for the signal SIGALRM, which the pvmd sends itself at the start of its execution. In the signal handler the pvmd does the following:

• Gets the system load of its host • Broadcast this system load to all the other pvmd’s in the pool using a special message tag - DM_LOAD • If the system load is above a certain threshold (we have currently set it to 4) try to migrate a local PVM task2 to some other host • Send itself another SIGALRM after a certain interval

Also, when a pvmd receive a DM_LOAD message from another pvmd, it updates the load entry for that pvmd in the host table3. So we maintain the load table within the host table itself.

If the pvmd detects that the local load has gone above a certain threshold, using the load table information, it selects another host for possible task migration. The selection criterion is that the load on the selected host should be lesser than the local host by a certain load difference. If no such host exists, none of the subsequent stages are executed.

4.2 Migration of a PVM T ask

In the signal handler for the SIGALRM signal, the pvmd decides whether to migrate a local PVM task depending on the local load and the availability of a candidate host. The different steps in the process of migration are described in the following subsections.

2 The next sections describe this in more detail. 3 We have added another field hd_load - for the host load - to the original host table structure

4.2.1 Selecting a Task to Migrate

The pvmd maintains a task table with a task descriptor for each local task. This task entry is a structure which contains the task’s TID, its parent’s TID, its UNIX pid, pointers to any wait contexts4 for the task, the latest information about pending messages for the task and messages to be sent by the task and some other task-specific information.

We can migrate only those tasks that

• have no pending messages to send or receive • are not in a PVM system call

If either of the above is not true for a task, it is waiting to send or receive some information from the local pvmd. Migrating a task at this time would violate the integrity of the task - pvmd interaction. Hence we cannot migrate such PVM tasks.

The pvmd selects the first task in the task table that meets these requirements.

4.2.2 Checkpointing a T ask

Once a task is ready to be migrated, we checkpoint the task by sending it the SIGTSTP. Each PVM task is linked to the Condor libraries during compilation. These libraries contain code for the SIGTSTP signal handler.So when the task receives the SIGTSTP signal, the core of that task is dumped. We then use the mkckpt utility from Condor to combine the dumped core and the original executable for that task to create a checkpoint file for the task. Extensive modifications to the Condor libraries and utilities were necessary to make them work with PVM.

4 Wait contexts are created for some PVM calls made by the task, where the pvmd has to contact a remote pvmd.

The checkpoint file can be stored in the directory5 which contains the original executable for the PVM task lies. This checkpoint file is given the name <executable><TID>.

4.2.3 Migrating & Restarting the T ask

The local pvmd sends a special message to the remote pvmd (on the host selected for migration) to execute the checkpointed task. This special message contains the name of the checkpoint file and the old TID of this task.

When this checkpoint file is executed at the remote host, the process has to enroll itself again into PVM. But the catch is that the migrated task had already enrolled itself into PVM by calling pvm_mytid() when it was first started. And now it has to do it again, transparently.

We modified the Condor libraries, so that when the checkpoint file is executed, the process is automatically re-enrolled into PVM. Thus the same PVM task gets a new TID at this new host6.

4.2.4 Informing the Switchboard

The remote pvmd, after starting the migrated task, has both, the old TID and the new TID for this task. It sends a special message to the master pvmd to add this pair

< old TID, new TID>

to the Switchboard .

4.3 Addr ess Resolution

As a result of process migration, the peer tasks of a migrated task might try to communicate with it at the old address. The pvmd’s may get mes-

5 Generally all PVM applications are by default expected to be in the “~/pvm3/bin/SUN4 “directory.

6 The way the address space of the PVM tasks is designed, it is impossible for the PVM task to have the same TID at different hosts.

sages for tasks that are no longer running under them. Also, messages must be re-routed to the proper latest address since we cannot afford to lose messages. This is the address resolution problem.

We could have solved the problem at either of the two ends, i.e. at the sending pvmd or the receiving pvmd. At the receiving pvmd, we could have found the new TID corresponding to the old TID by contacting the Switchboard and then forwarded the message to the new destination pvmd (which in turn would have delivered it to the migrated task which is now running under its control).

However, we have decided to solve the problem at the sending end for a very important reason. The reason being that the sending peer task also needs to be informed of the new TID. Otherwise, we will incur the penalty of re-routing the message every single time.

We have written a new PVM system call - pvm_nsend(). The user passes the pointer to the destination TID rather than just the TID. The pvmd does the following when it receives a request to send a message to a particular PVM task - say with TID d_tid:

• Use pvm_pstat() - an existing PVM call to find the status of a PVM task.

i.e. pvm_pstat(d_tid). Based on the response of this call, the pvmd does either of the following:

[1] If PvmNoTask7 returned, contact the Switchboard to get the new TID corresponding to d_tid - say nd_tid. Then send the message to this new destination. Also, update the d_tid in the sending process 8. Or [2] If PvmOk, the task - d_tid - is still where its supposed to be. Send the message to d_tid itself.

7 No such PVM task exists at this time.

8 Since the pointer to the TID is passed, this can be done.

4.4 Load Balancing

In [Kyr88], the authors have conducted load balancing experiments comparing initial placement9 and process migration as the load balancing strategy. Their experiments suggest that the recommended policy is to do nothing while the system load is low to medium, and run a load balancing algorithm that uses process migration when the system load gets high. Their results show that even if their algorithm is run at all times, there is not going to be significant degradation. Finally, even when the implementation overhead is very high, their results suggest that when the system load is high, there may be some small improvement in performance if load balancing is used in conjunction with process migration.

Furthermore, they claim that [Eag87] are correct in preferring initial placement, but only under the assumption that the implementation overhead is insignificant.

We have adopted a combined approach of using initial placement in addition to our main focus of process migration. We could implement initial placement quite easily since we were already maintaining load information of all the hosts in the pool. So the simple initial placement strategy was to spawn a new process at the least loaded host.

We claim that process migration not only improves the performance of the application but also makes the system user-friendly since the load on a highly loaded machine will reduce as the tasks are migrated out of it and thus the response to the local user will improve.

4.5 Technical Details

In this section we give an outline of how the source code of PVM and Condor’s are structured. We also list our modifications to the original code.

9 Initial placement is a way to implement static load-balancing by allocating new processes to the processors in an intelligent manner.

4.5.1 PVM

The basic PVM consists of around 30K lines of C code. There are 27 .c files and 22 .h files. The code can be broadly divided into 2 sections:

[1] Code related to the daemon subsystem [2] Code related to the task subsystem

We had to make changes to both of these subsystems. We list the changes in each section and also provide the intuition for the same.

Daemon Subsystem The control structure of the pvmd is coded in pvmd.c while all the functions of the pvmd are coded in ddpro.c. Some of the typical duties of a pvmd are:

• Spawning a new PVM task • Adding a new host to the pool of hosts (only the master pvmd) • Maintaining the host table current

We had to incorporate two new functionalities in the daemon subsystem:

Load Balancing Each of the daemons maintain a host table10. The host table contains information on all the hosts currently in its pool. We added another field to this host table structure to keep track of the load on the host. In this way each host can keep track of the load on every host. This information is used by each host to decide locally on the initial placement of the PVM tasks.

We also added code to the daemon to regularly broadcast its load information to each of the other hosts in the pool. Thus the latest load information of the entire pool is available at each host.

10The structure is declared in host.h

We established a signal handler for the SIGALRM signal which the daemon sends itself regularly11. In this handler the daemon does the following things:

• Broadcasts its load to every other host - send_to_all_hosts(). If the local load is above a threshold12, identify a suitable host for migration -

migrate_task().

• Finally identify a suitable PVM task for migration and start the migration process - search_and_migrate().

The length of the interval between the above activity can be set by the user (system installer) by setting a switch in the global.h file to the desired value in minutes.

Refer to Appendix A “Daemon Code” on page 50 for the code listing of the daemon code.

Process Migration

In search_and_migrate() the daemon first tries to select a suitable PVM task for migration. Only those tasks that do not have any pending messages or are not involved in any PVM calls can be migrated. Once such a task is selected, the damon does the following:

• Sends a SIGURG signal to the task • Makes a copy of the executable for that task • Waits for the core file for the task to be generated • Creates the checkpoint file for the task by running mkckpt on the newly created copy and the core file • Sends a special message to the selected host to restart the migrated task.

Enough information is sent to the selected host to enable it to create a proper task entry - with the correct parent TID etc.

• Finally remove all traces of the migrated task from the local tables.

11 The interval can be set by the user 12The threshold can be set by the user

• Also, at the selected destination host, once the task is successfully migrated, the daemon there sends a tuple <newTID, oldTID> to the Switchboard maintained at the master pvmd. This tuple is sent as a special message to the master pvmd.

We had to add new daemon-daemon message tags in ddpro.h and new functions in ddpro.c to handle these new kind of messages in both the above mentioned functionalities.

Refer to Appendix B “Daemon - Daemon Code” on page 62 for the code listing of the daemon-daemon interface.

The code for maintaining the Switchboard is in switchb.c while the structure of the Switchboard is defined in switchb.h. Refer to Appendix D “Switchboard Code” on page 83 for the listing.

Task Subsystem

The PVM system calls - which constitute the user interface to PVM - are defined in lpvmgen.c. The low level functions - invoked by the PVM calls - are defined in lpvm.c. The functions that constitute the interface of the tasks to the daemons are defined in tdpro.c. We had to make minor changes to all the above types of functions. We list these changes/additions here:

• A SIGURG handler in lpvm.c. The SIGURG13 signal is sent to the PVM task by the pvmd when the daemon selects the task for migration. In the handler the task clears all the PVM related variables and then sends itself the SIGTSTP signal. The signal handler for this signal is in the Condor code for checkpointing. It was critical to clear all the PVM variables so that the task could be enrolled back into the system. So an additional signal (and a signal handler) was necessary.

• We added a PVM system call pvm_nsend() - replacing the original pvm_send(). This call is used to send a message to another PVM task -

13We had to use this signal rather than the SIGUSR1 or SIGUSR2 signals since they are already used in the Condor code. The SIGURG signal - by definition - is used to notify the process that an urgent condition has occurred. It is optionally generated when out-of-band data is received on a network connection.

using the task’s TID. So it should be clear why the original pvm_send() would not be sufficient - the destination task might have been migrated and so could have a different TID. Not only do we have to send the message to the new address of the destination task but also have to return the new address back to the sending task14.

• We have added two new PVM system calls: pvm_wait() and pvm_unwait(). These two complementary calls can be used to keep the task (in which they are called) from being migrated by the pvmd. These are also used within other PVM calls where it is necessary to make sure that the task is not migrated when inside a PVM call.

• Introducing the pvm_nsend() call necessitated writing functions in tdpro.c to interface correctly with the message routing system. This was the code necessary to actually contact the Switchboard and ask for the new TID.

Refer to Appendix C “Task Related Code” on page 70 for the listing of the relevant code.

4.5.2 Condor

In addition to providing remote execution, checkpointing, and migration capabilities to its user processes, Condor also provides a facility for building programs which can be checkpointed and restarted without remote execution or migration.

We have used only this stand-alone functionality of the entire Condor system. We link our programs with the checkpointing only library and use the mkckpt utility to checkpoint our processes.

Condor replaces many of the standard C function calls by its own code; for example the file operations. Each time a file operation is done, Condor updates the information it maintains for the files. This information is used while reopening the files while resuming a checkpointed process. All these special-

14Refer to section 3.5 on page 23

ized C - Condor function calls and all the code for the checkpointing functionality is compiled in a special checkpointing only library (libckpt.a).

Also, Condor has its own special version of crt015 which establishes a signal handler for the SIGTSTP signal which is used to checkpoint a process (condor_rt0.o).

The mkckpt program is compiled using the above libraries and some more code to call the relevant function.

We had to change several routines in the code for libckpt.a:

• Restart routines: After checkpointing a PVM task and restarting it on another machine, we have to enroll the task back into the PVM pool. We can’t just restart the checkpointed file. To do this we added the pvm_mytid() call to the restart code in the function do_CKPT() in ckpt.c in the condor_syscall_lib_bsd subdirectory.

• We also found that we had difficulty checkpointing PVM tasks using the mkckpt program. The reason for this was that the mkckpt does not handle sockets specially (it treats them as any other files) and since all communication in PVM is via sockets, we had a problem. Hence we had to disable the special file function calls of Condor and use the normal C function calls. This results in the loss of the file information that normal Condor maintains. So right now, PVM tasks which access files cannot be checkpointed properly and hence cannot be migrated. We feel that this limitation can be removed with better handling of sockets by the Condor system.

15crt0 is the module that is invoked before any C program is executed

Chapter 5. Experimental Results

In this chapter we discuss our experimental design and present the experimental evaluation of our system. 5.1 Experimental Design

In this section we present the goal and the structure of our experiments. 5.1.1 Goal of Experiments

As we have mentioned before in this thesis, the benefits of our system are twofold:

• User friendliness - preference to local user processes over pvm tasks • Speed-up of the PVM applications due to load-balancing

The first benefit is relatively difficult to quantify. We focus on the second and this leads us to the goal of our experiments:

Evaluation of the impact of our implementation of load balancing (both static and dynamic) in PVM on the execution times of parallel applications on a network of workstations, under the condition that the local jobs at workstations have priority over the PVM applications.

5.1.2 Variables And Metrics

The variables of an experiment are the factors of the experiment that are changed under the control of the experimenter to observe the effect of those changes on the metrics, which in turn are the values of interest for the experiment under observation.

Variable We have decided on three system parameters to be the variables for our experiments:

[1] LOAD_THRESHOLD: The load threshold for a host to force pvm task migration [2] LOAD_AVG_MINS: The length of the period over which the load on a host is averaged for comparison with the load threshold [3] LOAD_DIFF: The difference in loads between two hosts that justifies a task migration from one host to the other The first variable sets the tolerance level of the load on a host. If the load exceeds this threshold, the pvmd on that host attempts to migrate a PVM task, if possible, to another host. Too low a value might lead to too many task migrations, while too high a value might be self-defeating since desirable migrations might not take place at all.

The second variable can be set to guard against transient load effects. If the interval is small, transient loads can force a task migration, which might not prove to be optimal. On the other hand, a very long interval might prove to be self-defeatist since applications could complete within an interval.

The third variable sets the required diference in loads between a host, which is trying to migrate, and a candidate host. Too low a value might not justify the overhead of task migration, while too high a value might rule out too many, if not all, candidate hosts for the PVM tasks.

We also have one more variable that we haven’t described and that is the actual parallel benchmark that we plan to run on our system for the measurements. We do so in the subsequent sections.

Metric We have just one quantitative metric for our experiments:

• The total time required for the completion of benchmarks on our system.

5.1.3 Experimental Run Set and Set up

After settling on the variables of our experiments, we decide on the range of values for these variable. The range of values is chosen to be sufficient to substantiate our conclusions. The values selected are:

[1] LOAD_THRESHOLD1: 2 and 4. [2] LOAD_AVG_MINS: 1, 3 and 5 minutes. [3] LOAD_DIFF: 1, 1.5 and 3.

We also need to create the proper experimental set up. The experimental set up consists of:

• The parallel benchmarks we plan to execute. The run times of these benchmarks should be substantially longer than any of the time periods involved in the migration parameters.

• The local user workload on the hosts. We plan to artificially increase the local loads on selected hosts to force migration of pvm tasks from those hosts. The workloads used here should be representative of typical user workloads rather than artificial computationally intensive jobs. Hence, we use some compile jobs of large software packages for these workloads.

5.2 Experimental Results

We ran our experiments on a set of SUN Sparc 1 workstations running SUN OS 4.1.3. They all had a common NFS file system and were connected by Ethernet. We ran two benchmarks: A synthetic benchmark we wrote and SIMPLE. SIMPLE was used to demonstrate that our system can handle a real parallel application. But our rigorous experimentation was done on our synthetic benchmark.

We ran the benchmarks on both the original PVM and our load-bal-anced PVM.

1 The numbers signify the number of jobs in the run queue of a machine.

5.2.1 Synthetic Benchmark

We developed a synthetic benchmark which would highlight the usefulness of dynamic load balancing.

A parent PVM task spawns of child tasks and then waits for their completion. Each of the child tasks would perform some heavy computational task and then get back to the parent. At the same time, we impose shifting patterns of workloads on the individual workstations in the PVM pool.

Our system will migrate the child tasks from the heavily loaded machines to the lightly loaded ones. The original PVM system would not do so and so the entire benchmark should sufer due to delays caused by a few of the child tasks on those heavily loaded machines.

In the benchmark, the parent PVM task (master) spawns eight child PVM tasks (slaves) and waits till each of them sends it a special done message. The master than reports the time taken for the completion of the benchmark.

During the runs, we artificially increased the load on some of the machines in the pool to demonstrate the eficacy of load-balancing. Jobs were started locally on some of the machines in the pool. To get a realistic workload we used a combination of two kinds of jobs:

• Computationally intensive jobs which did number crunching, and • Compile jobs which did a lot of disk I/O

The number crunching jobs were used to raise the load of the machines selected for loading to a certain base level. The compile jobs were used to increase the load levels beyond the thresholds of the machines. Both these jobs typically persisted through the entire lifetime of the benchmarks we ran.

Run Sets To isolate the effects of just dynamic load-balancing from the combined effects of static and dynamic load balancing, we have two sets of runs.

Run Set I One machine was always loaded to a high level. Our system intelligently passed over this highly loaded machine while spawning the slaves, thus achieving static load-balancing by initial placement. On the other hand, the original system spawned a slave on this highly loaded machine.

Once the execution of the benchmark was underway, we increased the loads on two other machines. Our system detected these loads and migrated the slaves from the highly loaded machines to the least loaded ones, thus achieving dynamic load-balancing by process migration. On the other hand, the original system continued running the slaves on the machines they were initially spawned.

Our system performed substantially better than the old system because of both, the static and dynamic load-balancing.

For the results of Run Set I refer Table 5-1.

Run Set II In this run set, we do not load any machine before starting the application. So there are no static load-balancing advantages. All the improvement in these runs is totally due to dynamic load-balancing via process migration.

Once the benchmark started execution we used the previously described workload to load three of the machines.

We present just a abridged set of runs rather than a more comprehensive set as in the previous set. Also, for each of the runs

LOAD_AVG_MINS = 3

For results of Run Set II refer Table 5-2.

Table 5-1. Results of the Synthetic benchmark - Run Set I

LOAD_TH RESHOLD

LOAD_DIF F LOAD_AV G_MINS

Time on our system (seconds)

Time on PVM (seconds) 2 1 1 37221

124731

2 1 3 36801 2 1 5 37311 2 1.5 1 36631 2 1.5 3 37661 3 1.5 5 40801 4 1 1 53451 4 1 3 52911 4 1 5 53311 4 3 1 35541 4 3 3 37111 4 3 5 36151

Table 5-2. Results of the Synthetic benchmark - Run Set II

LOAD_TH RESHOLD

LOAD_DIF F Time on our system (seconds)

Time on PVM (seconds) 4 3 34175 123621

3 2 35821 2 1 29891

Results We observe that our system performs startlingly better than the original PVM. The reason for this improvement is due to the fact the in the original PVM the tasks spawned on the machines that get highly loaded, slow down the entire application. And since the loads persist, the application suffers through its entire lifetime. On the other hand in our system, the tasks on the highly loaded machines are promptly migrated to other lightly loaded machines and so run much faster. As a result the entire application runs much faster.

The local persistent workloads on the machines were selected to highlight the efficacy of process migration. Hence, our results would be much better than the average case, in which the local workloads on the machines would be non-persistent and the applications in the original PVM won’t suffer as much.

5.2.2 The SIMPLE benchmark

SIMPLE is a parallel computational fluid dynamics benchmark. It is considered one of the standard benchmarks of this genre.

The computational objective of SIMPLE is to simulate the flow of a pressurized fluid as it moves inside a spherical shell. The algorithm is based on Lagrangian hydrodynamics. Making use of the spherical symmetry of the problem, the physical domain of the problem is reduced to a quarter of the annular region after the shell is projected on a two dimensional plane.

The size of the problem solved is defined by setting the size of the matrix of equations being solved. The matrix is then equally divided between the number of processors available. Each of the processors independently works on its part of the matrix, periodically exchanging boundary values with its neighbor(s).

The system configuration for these runs is:

LOAD_THRESHOLD = 4

LOAD_DIFF = 2

LOAD_AVG_MINS = 3

Note: It might appear strange that the time taken for the first configuration in our system is much higher than that for the other two. The reason is the number of machines available for process migration. There are many more in the later two configurations than in the former. So although tasks are migrated in the first configuration all the four slave tasks end up on just two of the machines (when the other two are highly loaded). Such is not the case in the later two configurations.

5.3 Conclusion

The experimental results prove that our system performs as expected. Static and dynamic load-balancing are implemented successfully and efficiently. For the workload environment that we used, our system provided substantial improvements over the original PVM in the total execution times of the PVM applications.

Table 5-3. Results of the SIMPLE benchmark

Configuration

Size of matrix at each node

Number of machines in the pool

Time on our system (seconds)

Time on PVM (seconds) 2 x 2 32 x 32 4 4336 9230 2 x 4 32 x 32 8 871 12810 4 x 2 32 x 32 8 864 12793

Chapter 6. Related W ork

In this chapter we discuss the work done in area of enhancing the PVM system.

6.1 Desirable Featur es

The growing popularity and installations of PVM has caused many people to add features that are desirable to them. Some of the important features (not all of which are mutually exclusive) that can be added to PVM as it exists are:

• Process Migration • User friendliness • Fault tolerance • Efficient resource management

We classify the related work based on the areas that the work emphasized the most.

6.2 Efficient Resour ce Management

Resource Management services for PVM applications have been provided by the joint efforts between Miron Livny’s group in University of Wisconsin and the PVM group at the University of Tennessee [PSC94].

In PVM, applications can dynamically add and remove hosts from the virtual machine, spawn tasks, and obtain information about the state of the system. In the past these Resource Management (RM) requests were serviced by the PVM daemons and the PVM library. In the new release of PVM (version 3.3), the RM requests are serviced by one or more special tasks - the RM tasks. By using the newly developed interface, an application task uses the message passing services of PVM to route RM requests to one of the RM tasks. The RM tasks’s response to the request is also communicated via a PVM message. This interface allows the RM tasks to customize the handling of RM requests based on the environment in which they run. In order to demonstrate the capabilities of this approach, they have used it to integrate PVM with the Condor Cluster Management System. Condor acts as the resource manager. 6.3 Fault tolerance

A Fail-Safe PVM (based in PVM 3.2.6) has been designed and implemented by Juan Leon’s group at Carnegie Mellon University [Pvm94].

The current version of PVM provides fault detection mechanisms which the applications can use to detect faults and handle them gracefully. The authors present extensions to PVM that deal with faults without application intervention.

Applications executing under fail-safe PVM need not react to singlenode crashes. In the event of a failure, fail-safe PVM automatically migrates the work from the failed processor to others. This “retroactive” migration is achieved through checkpoints and rollbacks which occur in concert among all pvm tasks. 6.4 Processor Virtualization and Migration for PVM

This is an on-going effort to make PVM a virtual, Concurrent Processing Environment (CPE) [PSC94]. It is a collaborative work between CMU, OGI1, ORNL and UTK to enhance functionality of PVM with emphasis on: • interfaces to distributed schedulers and resource managers • transparent migration capability • program development and profiling tools • multimedia and visualization capabilities. 6.4.1 Transpar ent Migration for PVM

In their work, they consider two types of systems: • MPVM: transparent migration at process granularity

1 Oregon Graduate Institute of Science and Technology.

• UPVM: transparent migration at “thread” granularity

Both systems are PVM compatible. Also, the migration events are initiated from an external, global scheduler.The intended goals of this particular work are: load balancing and unobtrusive cycle stealing.

Their MPVM system is very similar to our work. But they do need an additional global scheduler, while we have distributed scheduling. MPVM is still in the process of development.

6.5 Conclusion

We observe that although a lot of work has been done in the area enhancing PVM, our work is unique in its own right.

Chapter 7. Conclusion

We have created a load-balanced and user-friendly network parallel software system by integrating two diferent systems, namely PVM and Condor, each of which provided complementary facilities for enhancing the utilization of networked resources. We have thus proven the practicality of a synthetic approach to implementation of a significant new capability to existing systems.

We have successfully implemented process migration of individual peer processes of a parallel application while maintaining the integrity of the parallel application. Process migration was used to implement dynamic load balancing, in addition to static load balancing by initial placement.

All the implementation was done outside UNIX facilitate porting to different architectures and operating systems.

We have successfully executed a reasonably sized parallel benchmark - SIMPLE on our system and have also ran some synthetic benchmarks to highlight the efficacy of dynamic load balancing. The results show that dynamic load balancing, in spite of the overhead of process migration, can improve the performance of certain classes of parallel applications.

We believe that the speedups obtained will increase significantly as the overhead of process migration reduces with more eficient checkpointing code and faster networks.

Appendix A. Daemon Code

This appendix contains the code for the pvm daemon and a part of global.h. We list only the parts that we have either added or modified. A.1 The global.h file ....................

#define LOAD_AVG_MINS 2 /* The length of the intervals (in minutes) at which the pvmd considers process migration */ #define LOAD_AVG_BASIC 60 /* The length of the intervals (in seconds) at which the the pvmd sends itself an alarm to get the local load. This load is used to calculate the average load over a period - which is used during the process migration */ #define LOAD_THRESHOLD 3 /* This is the threshold for the local load. If the local load goes above this threshold, the pvmd will consider migration */ #define LOAD_DIFF 2 /* This is the minimum diference between the loads of the local host and a candidate host, for migration. If no other host satisfying this criterion is found, there is no migration */ A.2 The pvmd.c file ...................

#include <stdlib.h> ...................

............................function declarations.....

void send_to_all_pvmds(); void search_and_migrate(); void migrate_task(); void sig_alarm_load();

..................... in main()

/* establishing signal for checking the load and doing some stuff */ /* also set the first alarm */ /* - Yogesh */

if (signal(SIGALRM, sig_alarm_load) == SIG_ERR) pvmlogerror(“can’t catch the alarm signal\n”);

alarm(LOAD_INTERVAL);

...................... function definitions .....

/* send_to_all_pvmds() * This sends a message containing the load to all * the other pvmds in the pool * -- Yogesh */ void send_to_all_pvmds(load) char *load; { struct mesg *mp; int hh;

struct hostd *hp2;

mp = mesg_new(0);

mp->m_cod = DM_LOAD; pkstr(mp,load);

for (hh = hosts->ht_last; hh > 0; hh--) if ((hh != hosts->ht_local) && (hp2 = hosts->ht_hosts[hh])) { mp->m_ref++;

mp->m_dst = hp2->hd_hostpart | TIDPVMD; sendmessage(mp); } else if (hh == hosts->ht_local)

hosts->ht_hosts[hh]->hd_load = atof(load);

mesg_unref(mp); }

/* search_and_migrate() * This function finds a suitable task, if any for migration. * Once a task is found, it checkpoints the task, creates a * ckpt file, cleans up all the traces of the task from the * various tables.

* It then sends a migrate signal to the selected host. * */ void search_and_migrate(hd) struct hostd *hd; { int task_found = 0;

struct task *tp = locltasks->t_link;

char orignam[100]; /* original executable */ char ckptnam[100]; /* the checkpoint file */ char syscom[200]; /* the command executed */ char corenam[75]; /* the core file */ char tidstr[10];

char execnam[100]; int task_tid; int task_ptid; int task_pid;

int task_outtid; int task_outcod; int task_trctid; int task_trccod; int task_migrated; int tid, no;

struct waitc *wp = waitlist;

/* code to find a task */

while (tp != locltasks) { if (tp->t_a_out) {

no = 0;

tid = tp->t_tid; wp = waitlist; do {

if (tid == wp->wa_tid) { no = 1; break; } wp = wp->wa_link;

} while (wp != waitlist); if (!no) {

task_found = 1; break; } } tp = tp->t_link; } if (task_found) {

struct mesg *mp;

strcpy(execnam, tp->t_a_out); task_tid = tp->t_tid; task_ptid = tp->t_ptid; task_pid = tp->t_pid; task_outtid = tp->t_outtid;

task_outcod = tp->t_outcod; task_trctid = tp->t_trctid; task_trccod = tp->t_trccod; task_migrated = tp->t_migrated;

task_cleanup(tp); task_free_sp(tp);

kill(task_pid, SIGURG);

strcpy(orignam, getenv(“HOME”));

strcat(strcat(orignam, “/pvm3/bin/”), getenv(“PVM_ARCH”)); strcat(strcat(orignam, “/”),execnam);

strcpy(ckptnam, orignam);

if (!(task_migrated)) {

sprintf(tidstr, “%d”, task_tid); strcat(ckptnam,tidstr); strcat(execnam,tidstr);

strcpy(syscom, “cp “);

strcat(strcat(syscom, orignam), “ “); strcat(syscom, ckptnam); system(syscom); } strcpy(corenam, “/tmp/core”);

/* if you are wondering why the core is in /tmp rather * than the current working directory : $HOME, * check out code for the SIGURG handler */ strcpy(syscom, “mkckpt “);

strcat(syscom, ckptnam);

strcat(syscom, “ “); strcat(syscom, corenam);

while (fopen(corenam, “r”) == NULL) sleep(2);

system(syscom);

strcpy(syscom, “/bin/rm -f “); strcat(syscom, corenam); system(syscom);

/* send message to the remote pvmd to start this ckpt file */

mp = mesg_new(0);

pkint(mp, task_tid); pkint(mp, task_ptid); pkstr(mp, execnam); pkstr(mp, ckptnam); pkint(mp, task_outtid); pkint(mp, task_outcod); pkint(mp, task_trctid); pkint(mp, task_trccod);

mp->m_cod = DM_MIGRATE;

mp->m_dst = hd->hd_hostpart | TIDPVMD;

sendmessage(mp); } /* else pvmlogerror(“No task can be migrated\n”); */ }

/* migrate_task()

* This tries to find another host with the least * load. It is used when its found that load on * this host is above the threshold and that a * pvm task needs to be migrated. It then * checkpoints a suitable task and then informs * the selected host to restart task. */ void migrate_task(my_load) float my_load; { int hh;

struct hostd *hp1, *hp2; float current_min = my_load;

for (hh = hosts->ht_last; hh > 0; hh--)

if ((hh != hosts->ht_local) && (hp2 = hosts->ht_hosts[hh]) && (hp2->hd_load < current_min)) {

current_min = hp2->hd_load; hp1 = hp2; } if ((my_load - current_min) > LOAD_DIFF) {

/* this_load - current_min because it is worth our while to migrate * a task only if the diferences in load are large enough */ /* this is the code to migrate a task. Things to do: * 1. Identify the task to be migrated. * 2. Send it a checkpoint signal.

* 3. remove the task entry from the task table * 4. Send a control signal to the host to restart this process there. */ search_and_migrate(hp1); /* does no.s 1, 2, 3 and 4 */ }

/* else

pvmlogerror(“No host worth migrating to\n”); */ /* else, its not worth our while to migrate a process, * so keep calm! */ }

/* sig_alarm_load() * This is the handler for the Alarm signal. What it does *is every 5 minutes it gets the load of the system and *then sends the load to all the other hosts in * the pool for them to maintain a laod_table. * * -- Yogesh Wagle */ void sig_alarm_load(signo) int signo; { FILE *loads; int i = 0; char load[10]; struct hostd *hp2;

static int min_count; static float load_avg_sum;

if (signo == SIGALRM) { loads = popen(“/usr/ucb/uptime”, “r”);

/* format of “uptime” is:

* 2:13pm up 14 days, 1:43, 2 users, load average: 7.18, 11.99, 12.83

* * Also, the format can vary depending upon the period the machine has been * up. If it has been up for less than a day, we would have a comma less. * Hence this wierd way of getting the load. * * We have to find a better way to get the load of the system than this! */ while (fgetc(loads) != ’v’) ; while (fgetc(loads) != ’,’) ; fgetc(loads);

while ((load[i++] = fgetc(loads)) != ’,’) ; load[--i] = ‘\0’;

pclose (loads);

/* at this point load_avg contains the load average for the last 5 minutes */

load_avg_sum += atof(load);

if (min_count == (LOAD_AVG_MINS - 1)) {

min_count = 0;

load_avg_sum = load_avg_sum / LOAD_AVG_MINS; sprintf(load, “%9.2f”, load_avg_sum); send_to_all_pvmds(load);

/* code to send the load average to all the other pvmd’s in the pool */

if (load_avg_sum >= LOAD_THRESHOLD) migrate_task(load_avg_sum);

/* the load on this host is above the threshold! Time to try and migrate a process */ load_avg_sum = 0.0;

} else

min_count++; } else

pvmlogerror(“wrong signal received instead of the ALARM signal \n”);

alarm(LOAD_AVG_BASIC); } ...........................

/* nforkexec() * * Clean up any files we opened, fork and exec the named process. * Leave std{out,err} open so the process can whine if it needs to. * * Returns 0 if ok (and fills in tpp), else returns PvmNoFile or * PvmOutOfRes * * This is used by dm_migrate() to spawn of the migrated task */ int nforkexec(path, tpp) char *path; /* filename */ struct task **tpp; /* return task context */ { int tid; /* task tid */ int pid; /* task pid */ int pfd[2]; /* pipe back from task */ struct task *tp; /* new task context */ int i;

if ((tid = tid_new()) < 0) {

pvmlogerror(“forkexec() out of tids?\n”);

return PvmOutOfRes; } tp = task_new(tid);

#ifdef IMA_TITN if (socketpair(AF_UNIX, SOCK_STREAM, 0, pfd) == -1) { pvmlogperror(“forkexec() socketpair”); pvmlogerror(“forkexec() socketpair”); task_free(tp);

return PvmOutOfRes; } #else if (pipe(pfd) == -1) {

pvmlogperror(“forkexec() pipe”); pvmlogerror(“forkexec() pipe”); task_free(tp);

return PvmOutOfRes; } #endif if (!(pid = fork())) {

char c[32]; /* * put expected pid in environment for libpvm in case * the process we exec forks before connecting back to the pvmd */ sprintf(c, “PVMEPID=%d”, getpid()); pvmputenv(c); pvmlogerror(c);

/* close any random fds */

dup2(pfd[1], 1); dup2(1, 2);

for (i = getdtablesize(); --i > 2; )

(void)close(i);

execl(path, path, (char *)0);

exit(1); } if (pid == -1) {

pvmlogperror(“nforkexec() fork”); (void)close(pfd[0]); (void)close(pfd[1]); task_free(tp);

return PvmOutOfRes; } (void)close(pfd[1]);

task_setpid(tp, pid); tp->t_out = pfd[0];

wrk_fds_add(tp->t_out, 1);

*tpp = tp;

if (debugmask & PDMTASK) { sprintf(pvmtxt, “nforkexec() new task t%x pid %d pfd=%d\n”, tp->t_tid, pid, pfd[0]); pvmlogerror(pvmtxt); } return 0; }

Appendix B. Daemon - Daemon Code

This appendix contains the code for the interface between the pvm daemons. We list the parts of the code that we have either added or modified.

B.1 The ddpro.h file

.....................

#defineDDMINRETRIES 20 #defineDDMAXRTT 20 /* seconds */

/* d-d message flavors */

#define DM_LOAD (DM_FIRST+27)

/* load of another host */ #define DM_SWADD (DM_FIRST+28)

/* message to add a new tuple to Switchboard */ #define DM_SWFIND (DM_FIRST+29)

/* message to find a newtd from Switchboard */ #define DM_SWFINDACK (DM_FIRST+30)

/* message to ack a DM_SWFIND */ #define DM_SWDEL (DM_FIRST+31)

/* message to delete an entry from Switchboard */ #define DM_MIGRATE (DM_FIRST+32)

/* message to migrate a pvm task */

B.2 The ddpro.c file

.....................

#include “switchb.h”

....................

int dm_swadd();

int dm_swfind(); int dm_swfindack(); int dm_swdel(); int dm_migrate();

/* dm_loader() * * Host table update phase - (Non-master) pvmd is notified of new * load on a another host. * */ int dm_loader(hp, mp) struct hostd *hp; struct mesg *mp; { int hh = 0; char load[10]; struct hostd *hp2;

if (upkstr(mp, load, 10)) { pvmlogerror(“dm_loader() bad format\n”); return 1; } hp->hd_load = atof(load);

return 0; }

/* dm_swadd() * * Switchboard update phase - master pvmd is notified of * a (newtid,oldtid) pair.

* */ int dm_swadd(hp, mp) struct hostd *hp; struct mesg *mp; { int newtid; int oldtid;

if (upkint(mp, &newtid)) { pvmlogerror(“dm_swadd() bad format\n”); return 0; } if (upkint(mp, &oldtid)) { pvmlogerror(“dm_swadd() bad format\n”); return 0; } addtid(oldtid, newtid);

return 0; }

/* dm_switchfind() * * Remote pvmd requests the newtid of an oldtid from me - the master * DM_SWFIND(wid) { * int oldtid * } * */ int dm_swfind(hp, mp) struct hostd *hp;

struct mesg *mp; { int newtid; int oldtid;

struct mesg *mp2;

if (upkint(mp, &oldtid)) {

pvmlogerror(“dm_swfind() bad format\n”); return 0; } newtid = findtid(oldtid);

p2 = mesg_new(0);

mp2->m_dst = mp->m_src; mp2->m_cod = DM_SWFINDACK; mp2->m_wid = mp->m_wid; pkint(mp2, newtid);

sendmessage(mp2); return 0; }

/* dm_swfindack() * * Reply - to DMSWFIND - from the master with the newtid for the requested oldtid * * DMSWFINDACK(wid_rtn) { * int newtid * } * */ int dm_swfindack(hp, mp) struct hostd *hp;

struct mesg *mp; { struct waitc *wp;

if (!(wp = wait_get(hp, mp, 0))) return 0;

mp->m_cod = TM_SWFIND; mp->m_ref++;

mp->m_dst = wp->wa_tid; sendmessage(mp); wait_delete(wp); return 0; }

/* dm_swdel() * * Switchboard search phase - master pvmd is notified that * a task has exited and so the entry for that task - if it exists - * is to be deleted. * */ int dm_swdel(hp, mp) struct hostd *hp; struct mesg *mp; { int newtid;

if (upkint(mp, &newtid)) { pvmlogerror(“dm_swdel() bad format\n”); return 0; } deletetid(newtid);

return 0; }

/* dm_migrate() * * Switchboard search phase - master pvmd is notified that * a task has exited and so the entry for that task - if it exists - * is to be deleted. * */ int dm_migrate(hp, mp) struct hostd *hp; struct mesg *mp; { int oldtid; /* previous tid */ int ptid; /* parent task id */ char *name = 0; /* name of the file to exec */ char *path = 0; /* path of the file to exec */ int outtid, outcod;/* stdout dst and code */ int trctid, trccod;/* trace dst and code */ struct task *tp = 0;

int err = 0; /* error code from forkexec */ int i;

struct mesg *mp2;

hp = hp;

/* unpack message */

if (upkuint(mp, &oldtid) || upkuint(mp, &ptid) || upkstralloc(mp, &name) || upkstralloc(mp, &path)

|| upkuint(mp, &outtid) || upkuint(mp, &outcod) || upkuint(mp, &trctid) || upkuint(mp, &trccod)) { sprintf(pvmtxt, “dm_migrate() from t%x bad msg format\n”, mp->m_src);

pvmlogerror(pvmtxt); } if (err = nforkexec(path, &tp)) { sprintf(pvmtxt, “dm_migrate() - could not spawn migrated process %s\n”, name); pvmlogerror(pvmtxt); } else {

tp->t_a_out = STRALLOC(name); tp->t_ptid = ptid; tp->t_outtid = outtid; tp->t_outcod = outcod; tp->t_trctid = trctid; tp->t_trccod = trccod; tp->t_migrated = 1; if (outtid) {

mp2 = mesg_new(0); mp2->m_cod = outcod; mp2->m_dst = outtid; pkint(mp2, tp->t_tid); pkint(mp2, -2); pkint(mp2, ptid); sendmessage(mp2); } mp2 = mesg_new(0);

mp2->m_cod = DM_SWADD;

mp2->m_dst = hosts->ht_hosts[hosts->ht_master]->hd_hostpart | TIDPVMD; pkint(mp2, tp->t_tid); pkint(mp2, oldtid);

sendmessage(mp2); } if (name) PVM_FREE(name);

return 0; }

Appendix C. Task Related Code

This appendix contains the code for the interface between a pvm task and the the pvm daemon. We list the parts of the code that we have either added or modified.

C.1 The lpvmgen.c file

....................

pvm_nsend(tid, code) int *tid; /* dest task id pointer */ int code; /* type code */ { int cc;

int sbf, rbf; int ntid;

int i = 0, j = 0;

if (cc = pvmbeatask())

return lpvmerr(“pvm_nsend”, cc); if (!TIDISTASK(*tid) || (code & ~0x7fffffff))

return lpvmerr(“pvm_nsend”, PvmBadParam); if (pvmsbufmid <= 0)

return lpvmerr(“pvm_nsend”, PvmNoBuf);

/* code to make sure that the process sent to is still where its supposed to be */

while ((pvm_pstat(*tid) == PvmNoTask) && j++ < 10) {

sbf = pvm_setsbuf(pvm_mkbuf(PvmDataFoo)); rbf = pvm_setrbuf(0); pvm_pkint(tid, 1, 1);

if ((cc = msendrecv(TIDPVMD, TM_SWFIND)) > 0) { pvm_upkint(&ntid, 1, 1); if (TIDISTASK(ntid))

*tid = ntid;

pvm_freebuf(pvm_setrbuf(rbf)); } else

pvm_setrbuf(rbf);

pvm_freebuf(pvm_setsbuf(sbf)); } if ((cc = mroute(pvmsbufmid, *tid, code, 0)) < 0) return lpvmerr(“pvm_nsend”, cc);

return 0; }

C.2 The lpvm.c file

....................

/*** Global ****/

int altpid = -1; /* pid assigned by pvmd if dif from real */

.....................

/* sig_urg_handler() * * handler for the SIGURG signal sent by pvmd * clear all the internal pvm variables and then * exit out of pvm. finally send ourselves a * SIGTSTP to create the core file */ void sig_urg_handler(signo) int signo; { int i;

struct stat *buf;

fflush(stdout); fflush(stderr);

pvmendtask();

/* now clear all the pvm variables so that the restart is without any problems */

pvmcouttid = 0; pvmcoutcod = 0; pvmctrctid = 0; pvmctrccod = 0; pvmmyptid = -1; pvmmytid = -1; pvmmyupid = -1; pvm_errno = 0; pvmmyndf = 0; pvmrxlist = 0; pvmouttid = 0; pvmoutcod = 0; pvmtrctid = 0; pvmtrccod = 0; pvm_useruid = -1; mxfersingle = 1; ttlist = 0;

topvmd = 0; altpid = -1;

imalloc_clear(); pvmumbuf_clear(); pack_clear();

/* the reason for changing directory to /tmp was because we want the core to be generated in /tmp on the local machine for a couple of reasons:

i. 2 or more machines could be checkpointing at the same time and the core files would all be generated in the user’s home directory - there might be overlap which would be fatal.

ii. i would think that the access to a huge file in /tmp would be much faster than in the user’s home directory

-- Yogesh */ if (!chdir(“/tmp”))

kill(getpid(), SIGTSTP); else

pvmlogerror(“can’t change directory in the SIGURG handler to /tmp\n”); } .................. in pvmbeatask()

/* pvmbeatask() * * Initialize libpvm, config process as a task.

* This is called as the first step of each libpvm function so no * explicit initialization is required. * * Makes socket to talk to local pvmd, connects to pvmd, trades * config information and authentication. * * Returns 0 if okay, else error code. */ int pvmbeatask() { int sbf = 0, rbf = 0; /* saved rx and tx message handles */ int prver; /* protocol version */

/******************** Orignial declaration made global. i found that altpid wasn’t used anywhere else. making it global ensured that it would be static.

the main reason to make it global was to make it accessible to the SIGURG handler to clear it to -1 -- Yogesh

static int altpid = -1; /* pid assigned by pvmd if dif from real */ ************************/

int cc;

char authfn [LEN_OF_TMP_NAM];/* auth file name */ int authfd = -1; /* auth fd to validate pvmd ident */ int i;

char buf[16]; /* for converting sockaddr */ char *p; int x;

if (pvmmytid != -1)

return 0;

if (x = pvmtoplvl)

pvmtoplvl = 0;

authfn[0] = 0;

pvmmyupid = getpid(); /* * get expected pid from environment in case we were started by * the pvmd and someone forked again */ if (altpid == -1) {

/*************** for some reason this does not work for me. so i replaced it by the following code. the difference is that i allocate space for p and then copy the result of getenv to it.

-- Yogesh char *p;

if (p = getenv(“PVMEPID”))

altpid = atoi(p); else

altpid = 0;

***************/

char p[32];

p[0] = ‘\0’;

sprintf(p, “%s”, getenv(“PVMEPID”)); altpid = *p ? atoi(p) : 0; } ................... }

C.3 The tdpro.h file .....................

#define TM_SWFIND 18 /* get new tid */ #define TM_WAIT 19 /* block migration */ #define TM_UNWAIT 20 /* unblock migration */

........................

C.4 The tdpro.c file .......................

int tm_swadd(); int tm_swfind();

.........................

/* tm_swadd() * * Task wants to inform the switchboard of the * (newtid, oldtid) pair of a migrated task. * * TM_SWADD * call { * int newtid * int oldtid * } * ret { * int status * } */ int tm_swadd(tp, mp) struct task *tp; struct mesg *mp; { int newtid; int oldtid;

if (upkint(mp, &newtid)) { pvmlogerror(“tm_swadd() bad msg format\n”); return 0; } if (upkint(mp, &oldtid)) { pvmlogerror(“tm_swadd() bad msg format\n”); return 0; } mp = mesg_new(0);

mp->m_dst = hosts->ht_hosts[hosts->ht_master]->hd_hostpart | TID- PVMD;

mp->m_cod = DM_SWADD; pkint(mp, newtid); pkint(mp, oldtid); sendmessage(mp); return 0; }

/* tm_swfind() * * Task wants new tid of another task. * * TM_SWFIND * call { * int otid * } * ret { * int ntid * } */ int tm_swfind(tp, mp) struct task *tp; struct mesg *mp; { int tid;

struct waitc *wp;

/* unpack and sanity check tid */

if (upkuint(mp, &tid)) {

pvmlogerror(“tm_swfind() bad msg format\n”); return 0; } if (!TIDISTASK(tid)) {

sprintf(pvmtxt, “tm_swfind() bad tid %x\n”, tid); pvmlogerror(pvmtxt); return 0; } /* make a wait context and send query to the master pvmd */

wp = wait_new(WT_SWFIND); wp->wa_tid = tp->t_tid; tp->t_waiting = 1;

wp->wa_on = hosts->ht_hosts[hosts->ht_master]->hd_hostpart;

mp = mesg_new(0);

mp->m_dst = hosts->ht_hosts[hosts->ht_master]->hd_hostpart | TID- PVMD;

mp->m_cod = DM_SWFIND; mp->m_wid = wp->wa_wid; pkint(mp, tid); sendmessage(mp); return 0; }

/* tm_wait() * * Command from task to block its migration. * * TM_WAIT * call { } * r et { } */ int tm_wait(tp, mp) struct task *tp; struct mesg *mp; { tp->t_waiting = 1;

mp = mesg_new(0); mp->m_dst = tp->t_tid; mp->m_cod = TM_WAIT; pkint(mp, 0);

sendmessage(mp);

return 0; }

/* tm_unwait() * * Command from task to block its migration. * * TM_UNWAIT * call { } * ret { } */ int tm_unwait(tp, mp) struct task *tp; struct mesg *mp; { tp->t_waiting = 0;

mp = mesg_new(0); mp->m_dst = tp->t_tid; mp->m_cod = TM_UNWAIT; pkint(mp, 0);

sendmessage(mp);

return 0; }

C.5 The task.c file

................. in task_free()

/**********************

Original Code commented out!

if (tp->t_a_out) PVM_FREE(tp->t_a_out);

It’s replacement is:

**********************/

if (tp->t_a_out) { if (tp->t_migrated) {

char filenam[100]; char syscom[125];

sprintf (filenam, “%s”, getenv(“HOME”)); strcat (filenam, “/pvm3/bin/”);

strcat (filenam, getenv (“PVM_ARCH”)); strcat (strcat (filenam, “/”), tp->t_a_out); strcat (strcpy (syscom, “/bin/rm -f “), filenam); system(syscom); } PVM_FREE(tp->t_a_out); } .......................

/* task_free_sp() * * Do low-level cleanup needed when a task exits. * Remove task descriptor from lists and destroy it. * Close any fds, unlink any files, free mbufs.

* This is same as task_free() except that it is * called only when the task is migrated. The reason being * that you don’t want to delete the checkpoint file if you * migrate it again - as would happen if task_free() is called. */ void task_free_sp(tp) struct task *tp; { char syscom[45];

if (tp->t_plink && tp->t_prlink) { LISTDELETE(tp, t_plink, t_prlink); } if (tp->t_link && tp->t_rlink) { LISTDELETE(tp, t_link, t_rlink); } if (tp->t_rxm)

mesg_unref(tp->t_rxm); if (tp->t_rxp)

pk_free(tp->t_rxp); if (tp->t_txq)

pk_free(tp->t_txq); if (tp->t_wait)

wait_delete(tp->t_wait); if (tp->t_authnam) {

(void)unlink(tp->t_authnam); PVM_FREE(tp->t_authnam); } if (tp->t_sock != -1) {

wrk_fds_delete(tp->t_sock, 3); (void)close(tp->t_sock); } if (tp->t_out != -1) {

struct mesg *mp;

wrk_fds_delete(tp->t_out, 1); (void)close(tp->t_out);

if (tp->t_outtid) {

mp = mesg_new(0);

mp->m_cod = tp->t_outcod; mp->m_dst = tp->t_outtid; pkint(mp, tp->t_tid); pkint(mp, 0);

sendmessage(mp); tp->t_outtid = 0; } } if (tp->t_authfd != -1) (void)close(tp->t_authfd);

if (tp->t_a_out)

PVM_FREE(tp->t_a_out);

if (tp->t_mca)

mca_free(tp->t_mca);

PVM_FREE(tp); }

Appendix D. Switchboard Code

This appendix contains the code to manipulate the Switchboard data structure. There are two files: switchb.h and switchb.c

D.1 The switchb.h file /* * switchb.h * * Switchboard Structures * * */

struct oad {

int tid; /* one of the older tids */ struct oad *nxt_add; /* next older tid */ }; struct switchb {

int tid; /* latest tid of the pvm task */ struct oad *add_list; /* list of old addresses */ struct switchb *nxt_task; /* next migrated task entry */ }; struct switchb *switchb_head;

D.2 The switchb.c file /* * switchb.c * * Code to manipulate the switchboard structure. *

* */ #include <stdio.h> #include “switchb.h”

extern struct switchb *switchboard; /* from ddpro.c */

/**************************** Routines to manipulate the switchboard ****************************/

int addtid();

/* function to add a <newtid, oldtid> tuple to the Switchboard */

int findtid();

/* function to find the newtid corresponding to an oldtid */

int deletetid();

/* function to delete an entire entry for a task from the Switchboard */

int addtid (oldtid, newtid) int oldtid; int newtid; { int tmptid;

struct switchb *switch_finder, *switch_old; struct oad *nad;

switch_finder = switch_old = switchb_head;

while ((switch_finder != NULL) && (switch_finder->tid != oldtid)) { switch_old = switch_finder;

switch_finder = switch_finder->nxt_task;

} if (switch_finder != NULL) {

/* an already migrated process being migrated again! unlucky sucker */ nad = (struct oad *) malloc(sizeof(struct oad)); nad->tid = oldtid;

nad->nxt_add = switch_finder->add_list;

switch_finder->tid = newtid; switch_finder->add_list = nad; } else {

/* first time migration for a process with tid = oldtid */

switch_finder = (struct switchb *) malloc (sizeof(struct switchb));

if (switch_old == NULL)

switchb_head = switch_finder; else

switch_old->nxt_task = switch_finder;

switch_finder->tid = newtid;

switch_finder->add_list = (struct oad *) malloc(sizeof(struct oad));

switch_finder->add_list->tid = oldtid; switch_finder->add_list->nxt_add = NULL; switch_finder->nxt_task = NULL; } return (0); } int findtid (oldtid) int oldtid; { struct switchb *switch_finder; struct oad *nad;

int newtid; int found = 0;

switch_finder = switchb_head;

while ((switch_finder != NULL) && (!found)) {

newtid = switch_finder->tid; nad = switch_finder->add_list; while ((nad != NULL) && (!found)) { if (nad->tid == oldtid) found = 1;

else

nad = nad->nxt_add; } switch_finder = switch_finder->nxt_task; } if (found)

return (newtid); else {

/* There exists no process which ever had oldtid as an old TID Something’s wrong! */

/* should we bail out ? Is that too extreme ?? But then again, we dont have an easy way to find which application bombed. let’s not bail out for the time being pvmbailout(1); */ return (0); } }

int deletetid (newtid) int newtid; { struct switchb *switch_finder, *switch_old; struct oad *nad, *lnad;

switch_finder = switch_old = switchb_head;

while ((switch_finder != NULL) && (switch_finder->tid != newtid)) { switch_old = switch_finder;

switch_finder = switch_finder->nxt_task; } if (switch_finder != NULL) {

if (switch_finder == switchb_head) switchb_head = switch_finder->nxt_task;

else

switch_old->nxt_task = switch_finder->nxt_task;

lnad = switch_finder->add_list; free ((void *)switch_finder);

while (lnad != NULL) {

nad = lnad->nxt_add; free ((void *)lnad); lnad = nad; } return (0); } else {

/* no entry in the switchboard found, which corresponds to the newtid best thing is to just ignore this situation. checks can be added later */ return (1); } }

Appendix E. Condor Checkpoint Modifications

This appendix contains the modifications made to the Condor checkpointing code to make it compatible with PVM. There were two files that were modified: ckpt.c and restart.c in the ~condor/CONDOR/SPARC_-

SUNOS41/condor_syscall_lib_bsd directory. Also the Makefile in

the same directory was also modified. E.1 The ckpt.c file ...................

#include “/projects/code/ppsystems/pvc/include/pvm3.h”

...................

/* Global Variable that will be referenced in every */ /* pvm task. It is the TID of the pvm task */

int mytid;

................... in do_CKPT()

/********************************** This function call is commented out for the time being since Condor does not handle sockets separately and so we are not using Condor’s file handling fucntions and so we don’t need this now.

SetFileInfo();

***********************************/

...................

/***********************************/ /* code added so that the pvm task can automatically get the new */

/* TID after migration. */ /***********************************/ mytid = pvm_mytid();

/************************************/ ............

E.2 The restart.c file ............

/********************************** This function call is commented out for the time being since Condor does not handle sockets separately and so we are not using Condor’s file handling fucntions and so we don’t need this now.

ReopenFiles();

***********************************/ ..........

Appendix F. Synthetic Benchmark

This appendix contains the code for two pvm programs that constitute our synthetic benchmark. The master.c is the program for the master task which spawns a number of slaves (slaves.c) and then waits for the slaves to finish their work and report back.

F.1 The master.c file /* * master.c : code for the master in our * synthetic benchmark to * evaluate our system. * * * -- Yogesh Wagle * */ #include <stdio.h> #include <math.h> #include <stdlib.h> #include <sys/types.h> #include <sys/time.h> #include “pvm3.h”

#define NO_OF_SLAVES 8

extern int mytid; /* remember that mytid is already defined in the Condor library, so we have to declare it external */ main() { int i, cc, tid[NO_OF_SLAVES]; char buf[256];

time_t *starttime; time_t *stoptime;

mytid = pvm_mytid();

printf(“I am the master, TID is t%x\n”, mytid);

time (starttime); /* start the timer - notice we start the timer before the pvm_spawn() since - to have a fair comparison - we need to include the overhead of the initial placement (static load - balancing) */ cc = pvm_spawn(“slave”, (char**)0, 0, ““, NO_OF_SLAVES, tid);

/* spawn of a number of slaves */ if (cc == NO_OF_SLAVES) {

/* the spawn was successful, so wait for all the slaves to report back to you after they are done */ for (i = 0; i < NO_OF_SLAVES; i++) {

pvm_recv(-1, -1); pvm_upkstr(buf);

printf(“Received: %s”, buf); } } else

printf(“can’t start %d slaves\n”, NO_OF_SLAVES);

time (stoptime);

printf(“The total time taken is %l seconds\n”, *stoptime - *starttime);

pvm_exit(); }

F.2 The slave.c file /* * slave.c : code for the slave in our * synthetic benchmark to * evaluate our system. * * * -- Yogesh Wagle * */

#include <math.h> #include <stdlib.h> #include <stdio.h> #include “pvm3.h”

extern int mytid;

main() { int parent_tid; /* TID of our parent (i.e. the master) */ int orig_tid; /* TID we started off with */ char buf[256];

char name1[20], name2[20];

int i, j, k;

double a1 = 21.876, a2 = 87.965, a3 = 43.47;

/* just arbitrary numbers */ orig_tid = mytid = pvm_mytid();

parent_tid = pvm_parent();

gethostname(name1, 19);

printf(“i am a slave, TID is t%x, on host %s\n”, mytid, name1);

for (i =0; i < 900; i++)

for (j=0; j < 900; j++)

for (k = 0; k < 90; k++) a1 = sqrt ( a2*a3 + sqrt(a1));

/* the “work” of the slaves */ gethostname(name1, 19);

sprintf (buf, “Slave: started of with TID %tx from host %s \n \t \t ended with TID %tx at host %s\n “, orig_tid, name1, mytid, name2);

pvm_initsend(PvmDataDefault); pvm_pkstr(buf);

/* build a message to send to the master to inform it of our completion */ pvm_nsend(&parent_tid, 1); /* send message to the master */ pvm_exit();

} F.3 Typical Output

We present a typical output of one of one of the runs of our synthetic benchmark.

-----------Begin Output ----------------

coltexo% master 8/16 11:34 At 177 in ckpt_main.c, Syscall Mode = SYS_LOCAL|SYS_RE- CORDED (03) 8/16 11:34 At 185 in ckpt_main.c, Syscall Mode = SYS_LOCAL|SYS_RE- CORDED (03) I am the master, TID is t40002 Received: Slave: started off with TID tc0001 from host yoakum ended with TID tc0001 at host yoakum

Received: Slave: started off with TID t1c0001 from host lovelady ended with TID t1c0001 at host lovelady

Received: Slave: started off with TID t40003 from host coltexo ended with TID t40003 at host coltexo

Received: Slave: started off with TID t240001 from host dimebox ended with TID t240001 at host dimebox

Received: Slave: started off with TID t100001 from host priddy ended with TID t100001 at host priddy

Received: Slave: started off with TID t200001 from host nada ended with TID t240002 at host dimebox

Received: Slave: started off with TID t180001 from host earth ended with TID t100002 at host priddy

Received: Slave: started off with TID t180001 from host earth ended with TID t100003 at host priddy

The total time taken is 2989l seconds coltexo%

-----------End Output ----------------

Note: The migration of some of the slaves from one host to another host. They might actually have passed through a few hosts in between.

References

[Man94] R.J.Manchek, "Design and Implementation of PVM Version 3,” Master’s Thesis, University of Tennessee, May 1994.

[Gei94] Al Geist, Adam Beguelin, Jack Dongarra, “PVM 3 User’s Guide and Reference Manual,” May 1994.

[Man94] R.J.Mancheck, personal communication, 1993, 1994.

[Lit94] Michael Litzkow, personal communication, 1992, 1993, 1994.

[PSC94] Proceedings of the Workshop on Environments and Tools for Parallel Scientific Computing, Knoxville, Tennessee, May 26 - 27, 1994.

[Pvm94] 1994 PVM User’s Group Meeting, Oak Ridge, Tennessee, May 19 - 20, 1994.

[Bri91] Allan Bricker, Michael Litzkow, Miron Livny, “Condor Technical Summary,” October 1991.

[Lit92] Michael Litzkow, Marvin Solomon, “Supporting Checkpointing and Process Migration outside the UNIX Kernel,” Usenix Winter Conference, San Francisco, California, 1992.

[Lit91] Michael Litzkow, Miron Livny, “Experience with the Condor DIstributed Batch System,” Computer Sciences Department, University of Wisconsin - Madison, 1991.

[Lit88] Michael Litzkow, Miron Livny, Michael Mutka, “Condor - A Hunter of Idle Workstations,” Proceedings of the 8th International Conference on Distributed Computing Systems, San Jose, California, June 1988.

[Lit91] Michael Litzkow, “Condor Installation Guide,” May 1991.

[Litz92] Michael Litzkow, Miron Livny, “Using the Condor Test Suite,” July 1992.

[Gre92] Thomas P. Green, Jeff Synder, “DQS, A Distributed Queuing System,” Florida State University, March 1992.

[Rev92] Louis S. Revor, “DQS Users Guide,” Computing and Telecommunications Division, Argonne National Laboratory, September 1992.

[Bem91] Thomas Bemmerl, Arndt Bode, et al., “The Design and Implementation of TOPSYS Version 1.0”, Technical Report, Institut fur Informatik, Technische Universitat Munchen, July 1991.

[Kyr88] Kriton Kyrimis, Rafael Alonso, “An Experimental Comparison of Initial Placement Vs. Process Migration for Load Balancing Strategies,” Technical Report CS-TR-199-88, Department of Computer Science, Princeton University, December 1988.

[Eag87] Derek L. Eager, Edward D. Lazowska, John Zahorjan, “The Limited Performance Benefits of Migrating Active Processes for Load Sharing,” Technical report 87-12-10, University of Washington, Department of Computer Science, December 1987.

[Gre88] Joseph Green, “Load Balancing Algorithms in a Distributed Processing Environment,” Computer Science Department Technical Report, University of California at Los Angeles, October 1988.

[Ste92] W. Richard Stevens, “Advanced Programming in the UNIX Environment,” Addison-Wesley, Reading, MA, 1992.

[Ste90] W. Richard Stevens, “UNIX Network Programming,” Prentice Hall, Englewood Cliffs, NJ, 1990.

[Ker88] Brian W.Kernighan, Dennis M. Ritchie, “The C Programming Language,” Prentice Hall, Englewood Clifs, NJ, 1988.

Vita

Yogesh Sharad Wagle was born in Bombay, India on February 24, 1971, the son of Sharad K. Wagle and Usha S. Wagle. He finished his schooling at I.E.S’s English Medium School and Ramnarain Ruia Junior College. After graduating in 1988, he enrolled at the University of Bombay where he received the degree of Bachelor of Engineering in 1992. His major area of study was computer engineering. He then entered the Graduate School of the University of Texas - in the Department of Computer Sciences - in the fall of 1992. While enrolled at the University of Texas, he also worked as a graduate research assistant at the UT - Center for High Performance Computing from Fall 1992 to Spring 1994 on network software systems. He then worked, again as a graduate research assistant, for Prof. Browne during Summer 1994 while finishing his master’s thesis.

Permanent address: 286, Paneeriya, Road No. 5, Chembur, Bombay 4000 071 INDIA.

This thesis was typed by the author.