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A Migratable User-L evel Process Packagefor PVM

Shared, multi-user, workstation networks are characterized by unpredictable variability in system load.
Further, the concept of workstation ownership istypically present. For efficient and unobtrusive computing
in such environments, applications must not only overlap their computation with communication but also
redistribute their computati ons adaptively based on changes in workstation availability and load. Managing
these issues at application level leads to programs that are difficult to write and debug.

In this paper, we present a system that manages this dynamic multi-processor environment while ex-
porting a simple message-based programming model of a dedicated, distributed memory multiprocessor to
applications. Programmers are thus insulated from the many complexities of the dynamic environment at
the same time are able to achieve the benefits of multi-threading, adaptive load distribution and unaobtrusive
computing. To support the dedicated multi-processor model efficiently, the system defines a new kind of
virtual processor called User-Level Process (ULP) that can be used to implement efficient multi-threading
and application-transparent migration. The viability of ULPs is demonstrated through UPVM, a prototype
implementation of the PVM message passing interface using ULPs. Typically, existing PVM programs
written in Single Program Multiple Data (SPMD) style need only be re-compiled to use this package. The
design of the packageis presented and the performance analyzed with respect to both micro-benchmarks and
some complete PVM applications. Finally, we discuss aspects of the UL P package that affect its portability
and its support for heterogeneity, application transparency, and application debugging.

1 Introduction

Message based parallel programs on workstation networks use the facilties provided by packages such
as as PVM [17] and P4 [9] in order to create virtual processors(V Ps) and communicate via the exported
message passing interface . These packages in turn use operating system (OS) processes as their VPs
and consequently, system calls provided by the OS are used to implement their message-passing and task-
management interfaces. While this approach simplifies the development and portability of such systems,
the need to invoke the OS for operations such as local communication and scheduling leads to significant
overhead. For example, communication between two processes on the same node involves switching the
register and virtual memory context as well as copying the message by the OS between the two processes.
The cost of these operationsis high compared to alternatives, such as direct copy or pointer manipulation,
within the same address space.

Because of these overheads, a common approach is to maintain a one-to-one mapping of processes to
processors, removing the need for local communication and scheduling. A side-effect of this approach,
however, is that programmers resort to non-blocking message-passing primitives in an attempt to overlap
communication with computation. The use of such primitivesis generally undesirable because it increases
programming complexity [15].

A one-to-one mapping is aso undesirable in multi-user environments because it limits application par-
alelism to the number of currently available physical processors. Thislink between application parallelism
and physical parallelismisparticularly problematic in shared workstation environmentswhere the number of
physical processorsavailable for parallel processing changes frequently. In this environment, new worksta-
tions become idle or allocated workstations are reclaimed by their owners[24]. Consequently, applications
are forced to either suspend until the correct number of processors becomes available, or “double-up” on the
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remaining processors. In both cases, application performance suffers. In the former case, the performance
degrades because the entire application slows down because of the suspended virtual processor and in the
latter case because of operating system overheads.

Alternatively, dynamic changes in processor availability can be managed within the application. In this
approach, application programmers are responsible for monitoring system events and redistributing work
dynamically. This option may have the greatest potential for high performance, but results in a significant
increase in application programming complexity.

A simpler approach, called over-decomposition (OD)[32], is to create many more VPs than there are
processors, and to delegatethe responsi bility of handling changesin processor parallelismand load balancing
to the underlying VP system. Application-independent, dynamic load balancing can then be performed by
the VP system through migration of these small-grain VPs. Also, OD alows the communication of one VP
to be overlapped with the computation of another VP, hence removing the need for non-blocking message-
passing primitives. If the overhead of VPsislow enough, this approach becomes attractive. However, OD
at the granularity of heavy-weight OS processes leads to excessive overhead.

Attemptsto addressthe high cost of OS processes have introduced anew OS abstraction called thethread
[1, 30]. Like processes, threads have a register context and a stack. However, unlike processes, threads
do not have their own private address space. Conseguently, thread switches can be cheaper than process
switches because they need not involve virtual memory context switches. Similarly, local communication
isreduced to accessing memory locationsin the same address space. Some packages implement the thread
abstraction above the OS at user level [13, 14]. These user-level thread packages further reduce the cost
of thread operations by avoiding the need to enter the OS for thread scheduling and management. The
lower cost of local communication and context switching for both user and OS-level threads means that OD
can be implemented efficiently. However, the fact that threads share memory means that it is difficult to
delineate the state of one thread from another. Hence, it is difficult to migrate threads independently of each
other. Furthermore, existing process-based applications require extensive modification to take advantage of
threads.

Theapproach presented in this paper combinesthe low-overhead of user-level threadswith themigration
capability and programming model of processes. To thisend, a new VP abstraction, the User Level Process
(ULP), isdefined. Likeathread, a ULP defines aregister context and a stack. However, ULPs differ from
threads in that they also define a private data and heap space. ULPs differ from processesin that their data
and heap space is not protected from other ULPs of the same application. That is, ULPs do not define a
private protection domain or address space. By convention, ULPs only communicate with each other via
message passing. Hence, when a ULP must migrate, its state is clearly captured in its data space, heap,
register context and stack. These can all be transferred to the target machine independently of other UL Ps.

From the application programmer’s perspective, ULPs look like OS processes. Consequently, existing
message-based, parallel applicationsthat use processes as their VPs can use UL Ps with little modification.
From the ULP library’s perspective, there are potentially many ULPs per OS process (see fig 1). All ULPs
within a single OS process are scheduled by the ULP library code that also resides in that process. This
means that UL P creation, context switching, and local communication do not require OSintervention. From
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the perspective of the OS, there is only one process per application on any given processor. * In this way,
the parallel programmer’s notion of “processor” is virtualized, while maintaining the efficiency of one OS
process per physical processor.

This paper presents the design of UPVM, a ULP system for PVYM applications. Using this design,
a UPVM prototype has been implemented on HP series 9000/720 workstations. Existing SPMD-style
PVM applications typically require only re-compilation and relinking to use UPVM. Performance results
are presented at both the micro-benchmarking level and at the application level, and UPVM performance
is compared with that of standard, UNIX-process-based PVM. The results indicate that ULPs are viable
and light-weight and migratable virtual processor support can be provided in a language independent and
application transparent manner.

Theremainder of the paper isorganized asfollows. Section 2 presentsrelated work. Section 3 describes
the design of UPVM. Performance results and acomparisonwith PVM 1 are presented in section 4. Section 5
discusses some main issues raised by thisapproach. Finally, we conclude in section 6.

2 Related work

There is awide body of work that addresses finer virtual processor granularity than that of OS processes.
These approaches can be broadly classified as OS-thread based, user-level-thread based, language-based,
and object-based approaches.

Operating systems such as Mach [1] and Solaris [30], provide OS threads that can be used to reduce
the cost of OD. Context switches between OS threads of the same process do not require the switching of
the virtual memory context. Consequently, thread context switch is generally an order of magnitude or so
faster than process context switch. An additional advantage is that local, inter-thread communication can
be performed using shared memory. Further, the reduced thread context switch costs increase the scope for
overlap of remote communication with computation.

Tofurther reduce the cost of thread operations, user-level thread libraries have been proposed that obviate
operating system intervention for thread creation, termination, context switch and scheduling [15, 26, 2].
Generally, user-level thread performance is an order of magnitude better than OS threads. Although both
these thread-based approaches offer significant improvement over the use of OS processes, there are two
main objectionsto thread based approaches.

First, threads export a shared-memory programming model that poses several obstaclesin achieving an
efficient implementation for distributed architectures. The root of many of these problems is the need to
preserve the memory consistency imposed by the shared-memory programming model. Distributed shared
memory (DSM) mechanisms exist that provide consistency at the granularity of the machine page sizerather
than the size of the actual data structure being shared [28].

Second, thread migration iscomplicated in the context of a shared-memory programming model because
a thread's state can be implicitly changed by other threads through shared memory. Thus, accurate inter-
thread, data-dependence information must be known about the application to achieve an optimal migration.

*The ULP system enforcesthis constraint.
TPVM library from ORNL, version 3.1.4.
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In the absence of such information, application performance is limited to that achieved from a general-
purpose DSM implementation. In contrast, ULPs do not have any implicit data-dependence amongst them
as each UL P has independent register context, data and stack segments. All changesin a ULP state due to
other UL Ps occur through explicit messages between ULPs. Sincea ULP state is so clearly delineated from
other ULPs, ULP migration becomes a much simpler problem.

Further, thread-based approachesal so have a practical disadvantage. Existing processbased applications
have to be extensively modified or rewritten to take advantage of threads. In contrast, our approach supports
the familiar process programming model. Thisimpliesthat existing programs employing the process model
can directly benefit from ULPs.

The Data Parallel C (DPC) compiler and run-time environment [20] export a SIMD, shared address
space model operated upon by a user-specified number of VPs. This number is usually much larger than
the number of processors available. The multicomputer DPC compiler translates the SIMD DPC program
sourceinto SPMD C code. The SPMD C codeisthen compiled into an executableimage usinga C compiler
and an OS process is created on each allocated processor. Multiple VPs are then emulated within each
process.

Both DPC and the ULP system separate application-level parallelism from processor availability and
make the efficient choice of one process per alocated processor. Another similarity between DPC and
the ULP system is that dynamic load balancing is performed at the granularity of VPs. However, there
are significant differences between the two approaches. The combination of the language and the SIMD
programming model alow DPC to reduce VP emulation into simple indexing operations. All VPs share a
single stack and have no specia state to be saved or restored on a context switch. For example, switching
to anew VP in the same processis simply a matter of using a new index for accessing the VP's data. Thus,
heterogeneous migration is possible and OD costs are extremely small. However, the VP emulation model
in DPC constrains VP migration to specific pointsin execution. Specificaly, VP migration is possible only
at the beginning or end of code segmentsthat emulate a single VP,

In contrast, the UL P-based approach is more language independent and V P migration can be performed
at any instant, except for certain small critical sections within the ULP system. Since an independent data,
stack and register context is maintained for each ULP, preemption of a ULP is possible by simply saving
its current register context and restoring it on resumption. In other words, the per-UL P context allows ULP
emulation and migration to be independent of the execution state of other ULPs. However, these benefits
are achieved at the cost of higher context switch overheads and the restriction of migration to homogeneous
pools of processors.

Object-based systems such as Amber [11], Ariadne[27] and COOL [23] provide a programming envi-
ronment that exports a thread-based object oriented programming model to the user. The objects share a
single address space per application. The address space is distributed across the nodes in the network and
the objectsare free (with certain restrictions) to migrate from one node to another. Instead of providing these
facilitiesin the context of an abject creation and invocation model of programming, our approach aims to
provide the same benefits in the context of a procedure oriented, process model.

In addition to these systems that provide finer-grained VPs, systems such as MPVM [10] support
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a process-based programming model directly on OS processes and provide transparent migration at the
granularity of these processes. When a node needs to be evacuated, an OS process on the node has to be
migrated as a whole to the destination node. In contrast, UPVM implements the process abstraction above
the OS in term of ULPs and provides support for both multi-threading and transparent migration. Since all
ULPs of an application on a node share the same address space local communication can be implemented
efficiently. Further, when a node needs to be evacuated, the ULPs within the source OS process can be
migrated to different destination nodes thus providing a better potential for load-balancing.

3 UPVM Design

Thissectionisorganized asfollows. Section 3.1 introducesPVM. Section 3.2 presentsthe design of UPVM,
assuming that al PVM applicationsare SPMD and the number of ULPs needed by the applicationisknown
at application startup. Finaly, in Section 3.3, we remove these assumptions and discuss how the static,
SPMD UPVM design can be extended to handle dynamic, program parallelism.

31 PVM

The PVM message-passing interface is designed to permit a network of heterogeneous UNIX computersto
beused asasingleparallel computer. The PVM interface isimplemented by the PV M system, which consists
of a daemon process (pvmd) that runs on each workstation, and arun-time library (pvmlib) that containsthe
PVM interface routines. (See Figure 2.) The pvmd isresponsiblefor VP creation and control. VPsin PVM
are Unix processes (called tasks) linked with the pvmlib. Each task has a unique task identifier (tid) that
defines the end points of task-to-task message communication and thisisthe only means of communication
among VPs. Thus, PVM exportsaNORMA computation model using OS processasitsVPs. Inthissection,
we present a brief overview of the PVM interface asisrelevant for UPVM design.

The PVM interface can be divided into those that deal with task management and those that deal with
message communication. The main process management function pvm spawn() creates a PVM task. It
takes as arguments the name of an executable program, the arguments to be passed to the program, and
where to spawn the program. Thusit is possiblein PVYM not only to dynamically create tasks but also to
specify the location or processor architecture on which a task should execute. This function returns a task
identifier (t i d), which as explained earlier, defines an end point of message communication.

The PVM interface supportsthe concept of message buffers that are expected to be available within the
PVM library. Further, the library is expected to define a default send buffer and a default receive buffer.
These default buffers act asimplicit arguments to some of the functionsdefined in the PVM interface. Tasks
can refer to buffers by their buffer identifiers (BIDs) only and not by their addresses.

Sending a message has four stepsin PVM: 1) alocate and initialize a PVM buffer, 2) make the PVM
buffer thedefault send buffer, 3) Marshall the dataval uesto be sent into the default send buffer (thisoperation
isreferred to as packing in PVM terminology), and 4) send the message in the default send buffer to one or
more tasks.

A PVM buffer can be allocated and initialized by calling pvm mkbuf() and the buffer can be made the
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default send buffer by calling pvm setsbuf(). Packing routinesconvert the machine dependent representation
of datatypesinto their machineindependent representation and insert them into the default send buffer. PVM
providesone packing routinefor each scalar datatypein C and FORTRAN. Finally, thecompleted (or packed)
buffer is sent to another task by calling pvm send() or to multipletasks by calling pvm mcast().

A message can bereceived by calling the blocking receive primitive pvm recv(). The BID of the buffer
containing the received messageis returned to the application. Further, thisbuffer ismade the default receive
buffer. The application then “unpacks’ the message by calling suitable unpacking routines that act upon
the default receive buffer and perform the converse of the packing operations: they convert the message
contentsin the machine independent representation to the machine representation of the receiving host. A
receive primitive can beinvoked to accept the first message received, or amessage from aspecifiedt i d, or
amessage with a specified t ag, or acombinationof ti d andt ag.

Further, applications are provided the guarantee that messages sent by one task to another are received
in the same order that they are sent. PVM applications typically take advantage of this message ordering
semantics and therefore any alternative software that implementsthe PVM interface must maintain the same
semantics.

3.2 Design of UPVM

The overall design of UPVM is summarized in the Figure 3. Each PVM task that was mapped to an OS
process in vanilla PVM is now mapped to a ULP in UPVM. All ULPs of an application on a processor
execute in the context of a single OS process. The ULP library in conjunction with the PVMD, supports
the PVM interface and implements memory management, context switching, scheduling and a transparent
migration mechanism for the ULPs. The PVMDs are used for task creation and control. The GS in the
figure represents the local representative of a global scheduler to which the UPVM library interfaces. The
GS manages the processor pool. It services requests for allocation of new processors, monitors parameters
such as processor load, network load, and user activity, and may order applications to migrate their ULPs,
either to preserve unobtrusivenessor for load balancing, To perform ULP migration, the mapping of ULPs
to processors is also maintained with the GS. Since GS is the processor pool manager, it also maintains
information about each processor in the processor pool. Thus, it can determine the usable virtual address
space among a set of processors in the processor pool. This information is communicated to the UPVM
library during thelibrary initialization before ULP creation.

To implement the PVYM interface, the ULP library does not invoke the OS unlessit is an operation that
cannot be performed within the context of the UL P library. Anexample of such an operationisapvm send()
to aULP that islocated within a different process on a different processor.

In the case of inter-UL P communication among the ULPs (local IPC), the ULP library exploitsthe fact
that these ULPs are within the same UNIX process and optimizes the communication. Recall that PVM
interface defines the concept of buffers withinthe library.

In vanilla PVM, a pvm_send() is implemented above the OS IPC and consequently for local 1PC, it
incursthe overhead of invoking the OS, the copying of the buffer into the OS and from the OSinto the buffer
in the destination process. In contrast, in UPVM, aloca IPC is handled by handing over the library buffer
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to the destination ULP, thus eliminating all extra copying. For this hand-off to work correctly in presence
of multiple ULPS performing IPC, the UPVM library maintains a level of indirection between the buffer
identifiers visible to the ULPs and the real buffer identifiers within the UPVM library and uses a reference
counting scheme for garbage collection. (See Section 3.2.6.)

When aULPinvokesablocking primitive such aspvm recv() or blocking /O call, the ULPlibrary maps
the blocking primitive to a non-blocking version within the library so that the entire OS process does not
block because of one ULFP's execution. If the blocking primitive cannot be satisfied immediately, the ULP
is put on a blocked queue, and the scheduler isinvoked to dispatch the next runnable ULP for execution.

To handle asynchronous events such as compl etion of 1/0O, availability of a new message, and asignal to
migrate one or more UL Ps, the ULP library registers event handlerswith the OS. Depending on OS support,
another possible asynchronous event is a page fault. Although page faults are caused by code execution and
thus defined as synchronous events from the perspective of OS, with respect to the ULP library page faults
are asynchronous because of their unpredictability. Based on the event that occurred, the OSwill invokethe
appropriate handler that had been registered. The handlers may read a message from the OS buffers, change
a ULP state from blocked to runnable, migrate a UL P or invoke the UL P scheduling code.

A potential problem with migration concerns pointers in the application program. That is, if a ULP
is relocated to a different place in the address space of a process, pointers might have to be modified. To
eliminate the need for this, the mapping of a ULP to a set of virtual addresses is made unique across al the
processes of the application. For example, consider an application that is decomposed into 5 UL Ps across 3
processes, one process per host. (See Figure4.) If ULP4 isallocated a virtual addressregion V1 on Host 3,
then V1 isalso reserved for ULP4 on al the other hosts which may be targets for migration of ULP4, even
thoughit is not currently present on them. Thus, when ULP4 is migrated from Host 3to Host 1, itis moved
into its reserved slot in the application process on Host 1. Thus no pointers need to be modified. A similar
approach is used in the Amber system [11]. See section 5 for implicationsof this approach.

The rest of this section gives a detailed description of the UPVM design. Specifically, we present the
variousdatastructures, detailsof UPVM library initialization, UL P scheduling and context switching, details
of how the different functions of the PVM interface are supported, the optimization of local IPC and finally
the details of ULP migration.

3.21 PVM independent objectsand protocols

This section describes the main data structures and protocolsthat are used in ULP management and are not
particular to UPVM. The primary data structures are the ULP descriptor, the ULP library descriptor, the
heap descriptor, and the OS process descriptor.

ULP descriptor : The ULP descriptor (ul pd) maintainsinformation about a ULP and thereisoneul pd
descriptor per ULP executing within an application and it contains the following types of information. It
contains a ULP identity which is unique within a parallel application, the identity of the host OS process
(PID) withinwhich the ULP iscurrently resident. When a ULP migrates, thishost process identity changes
to the PID of the destination OS process. The descriptor also identifies the beginning of the stack and data
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segments of this ULP within the process address space. Dynamic memory for a ULP is managed via a
uheap object. The structure of the uheap object is implementation-dependent. The only requirement is
that at any instant of time, a set of memory addresses either belongsto the free pool or is alocated to only
one ULP within the parallel application.

The current state of a ULP can ber unni ng, r eady-t o-run, bl ocked, m grated, orterm -
nat ed. When a ULP is blocked, an event descriptor is maintained that identifies the event for which the
ULP isblocked. On a context switch, the machine state of the processor is saved in the descriptor.

A ULP is marked local or remote and is used in implementing inter-ULP communication. (See the
algorithms for supporting pvm-send() and pvm-recv().) If the ulp is remote then host process identity
denoteswherethe ULPresides. Thus, if the application consistsof N processes, there are N UL P descriptors
for each ULP. At any instant of time, only one descriptor of a ULP ismarked local and all other descriptors
of the ULP are marked remote.

Two data structuresubt ab and unsgq withinthe ULP descriptor directly relate to supportingthe PV M
interface and are discussed in Section 3.2.3. For now, just notethat ubt ab maintainsinformation regarding
PVM buffersaccessible to the UL P and that the UL P message queue uns g contains messages destined for
the ULP but not yet requested by the ULP.

The main functions exported by a ULP descriptor are given in table | along with a brief description.
Their use will be discussed when discussing UPVM initialization and supporting the PVM interface.

Library descriptor : Thelibrary descriptor isthe central object of UPVM and its structure. Every object
of UPVM can be accessed through this descriptor. There is one such data structure for each instance of the
UPVM library. In other words, if an application comprises N OS processes excluding the daemons, there
are N library descriptors, one per OS process. This descriptor primarily contains the ULP table, the local
ULP run and wait queues, and a heap. The ULP table and the queues are used in scheduling while the heap
isused dynamic memory requirements of the library itself and for implementing message passing. A current
ulp structure denotes the currently executing UL P within the process. On a context switch (Section 3.2.5),
| cur ul p isupdated to point to the new ULP. Also, a process descriptor is maintained that stores attributes
that describe the processin which ULPs are created. Mainly it contains information regarding the address
space layout of the process and the memory regions that can be used for ULP alocation. This structureis
described later in this section.

Theheap : A heap providesthe interface shown in TableIl. A heap isfirst initialized with the block of
memory it is supposed to manage. hmalloc(), hfree() and hrealloc() are similar in behavior to malloc(),
free() and realloc() respectively, except that they operate on the heap object instead of on an implicit
process-wide heap. Gethmin() and gethmax() return the lowest and highest memory address respectively
that is currently allocated from this heap. These functionsare used in ULP migration to avoid unnecessary
datatransfers. (See Section 3.2.7.)

The process descriptor @ A process descriptor containsinformation regarding OS process address space
availability and direction of stack growth. The intersection of the available address space of all the
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application processes determines the usable address space from which ULPs can be alocated. Performing
this intersection allows ULPs to freely migrate from one OS process to another. The direction of stack
growth determines how a ULP's stack frame isinitialized prior to the ULP's execution.

Library-library protocol : Since UPVM is designed as a user-level library, it needs to invoke host
operating system for performing communication among UL Ps at different sitesand to perform 1/O. Sincethe
OS does not know of UL Ps, aprotocol must be built on top of OS communication primitivesto communicate
between the ULP libraries. Since it is not known until a pvm send() is invoked where a particular PVM
buffer hasto be sent, afixed 4-word protocol descriptor isaways made part of each message. Thefirst word
identifies the type of message and the rest of the fields qualify the message type. The different message
typespossibleare shownin Tablelll. A ‘-’ indicatesthat the field is unused for that message type.

For local IPC, the packed buffer is simply handed over to the destination ULP. For remote IPC, the OS
primitives are invoked to send the packed buffer to the remote process. Notice that there are two kinds
of messages between any two instances of the ULP library. The end-points of some of the messages are
the libraries themselves. No part of such a message reaches a ULP. ULP_LIBALIVE is one such example.
ULP_SEND and ULP_.MSGFWD are examples of those messages that have ULPs as their end-points. In
both cases, the ULP library must parse an incoming message to identify the type of the message. We will
revisit the protocol swhen discussing the details of supporting the PVM interface in Section 3.2.6.

3.22 UPVM Initialization and addr ess space layout

The simplicity of the following steps resultsfrom assuming that only applicationsare writtenin SPMD style
and for which the number of VPsisknown at application startup. Before any application code gets executed,
control isfirst transferred to the initiaization code in the UPVM library. The initialization code performs
the following steps:

i. Determine how many processorsto alocateinitialy to the application. A processis created on each
of the processors. Each instance of the library then goes through the following steps.

ii. Determine how many ULPsto create. Thisnumber ismade availableto thelibrary asacommand-line
argument.

iii. Determine the locationsand extent of OS process address space available in the process.

iv. Among the ranges of virtual addresses available, select those ranges that are available within the OS
processes of the application. These ranges are used in UL P allocation and this selection ensuresthat a
UL P created within one process can be moved to any other process. Create amemory pool containing
these usable ranges. This memory pool is kept globally consistent. In other words, at any instant of
time, a range of addresses can be allocated to only one process of the application.

v. From the global memory pool, allocate space for thelibrary useul i bspace. Thisspaceislocated at
the same place for each OS process and is used for UL P management (UL P table, scheduling queues,
etc) and for implementing the message passing interface.
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vi. Create ULPs: Creation involves two steps: determining where to create the ULP and the actual
creation of the ULP. The where information isagain a policy matter. Thelibrary assumes the presence
of a ULP allocation module that makes these decisions. Since the application is SPMD and the text
is shared among al ULPs, the actual ULP creation involves allocating *sufficient’ memory for the
data and stack segments of the ULP from the global memory pool and setting up the ULP's initia
execution context (setting up the stack frame, initializing the data segment, and initializing the ULP
descriptor in the ULP table).

vii. Register handlers for asynchronous migration events: These handlers are invoked when a migration
event israised by an external module such as a global scheduler.

viii. Schedule the first runnable ULP from the run queue.

These steps compl ete the initialization process.

3.2.3 Objects specific to supporting PVM

In order to optimize local 1PC while exporting the concept of PVM buffers to applications, UPVM defines
two main objects: Bt ab and Gbdesc. Both these objects provide information related to PVM buffers.
However, each offers a different view of the information. The Gbdesc object maintains a process-wide
view of PVM buffers and provides the interface shown in Table IV. The buffer IDs used to access the
Ghdesc object are global buffer IDs or gbi ds. Given agbi d, there can only be one PVM buffer within
the entire process with that id. On the other hand, bpt ab isused to provide a per-ULP, local view of PVM
buffers by providinglocal buffer adsor | bi dsto ULPs. ThereisoneBt ab object per ULP named ubt ab.
Bt ab contains information about the mapping of each allocated | bi d to agbi d. In addition, associated
witheach | i bd isthe ULP'sview of the encoded and decoded state of the buffer.

More than one | bi d can be mapped to the same gbi d. The reference count associated with a gbi d
denotes the number of | bi ds that are mapped to that gbi d. The accessto bt ab isthrough the interface
givenin TableV. How these objectsare initialized and interact with each other is discussed in section 3.2.6.

3.2.4 Scheduling

The state transition diagram of a ULP in UPVM is given figure 5. A ULPis created in the state Unl ni t .
When the ULP is scheduled to run, its state changes to Runni ng. A ULP's Runni ng state changes only
under the following conditions:

e a ULP invokes a blocking communication primitive such as pvmyr ecv or ablocking I/O call that
cannot be completed immediately, or a page-fault event has been sent to the ULP library indicating
that the currently executing UL P has caused a page fault and cannot execute further. In this case the
ULPstateischangedto Bl ocked and the ULPis put on the blocked queue. The ULP remainsin that
state until the requested operation is completed or, in the case of a page fault, until the OS informsthe
ULP library that the faulted page has been swapped into memory. Then the ULP state is changed to
Runnabl e and the ULP is moved to the run queue.
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e aULPterminates. The ULP stateis changed to Exi t ed.

¢ UPVM receives an asynchronous migration message to migrate a set of UL Ps to another processor.
If the current UL P needs to be migrated, its status is changed to Runni ng+M gr at i ng during its
migration. At the destination processor its state is changed to Runnabl e and it is put on the run
queue. Notethat aUL P at thetime of migration can bein the run queue or the blocked queue. Defining
migration state as a qualifier to the actual execution state of ULPs helpsin preserving the ULP state
across migration.

Notethat inall thethree casesabove, the currently executing UL Pisno longer ableto continue execution.
Thusanew runnable ULP, if available, must be scheduled. UPVM performs one of thefollowing operations:

i. If the currently executing ULP invoked a pvm recv() call that cannot be completed immediately and
the source UL P specified in the blocking receive is runnable and located on the same processor, then
the source UL P is next scheduled for execution (hand-off scheduling [8]). Otherwise, goto Stepii.

ii. If there are runnable UL Ps on the run queue, select the one at head of the queue and dispatch the ULP
for execution.

iii. If al ULPsof the application have terminated, then perform the application exit protocol to terminate
the parallel application.

iv. Otherwise, block within UPVM waiting for receipt of new messages or events.

3.25 Context switch

The context switch operation is divided into two parts: saving the state of the currently executing ULP and
loading the register context associated with the new ULP. In the absence of migration, context switching
occurs only when a ULP terminates or executes a blocking call. Inthe former case, ULP stateis not saved.
Inthe latter case, the register stateis saved by the functioni nt usave(voi d) . Thisfunctionisexpected
to take advantage of the procedure calling conventions of the host platform to optimize the save time.
However, to migrate a ULP that was preempted, the entire register context of the ULP must be saved. The
exact method used to save is implementation dependent. We assume that the migration mechanism saves
the complete register context of the pre-empted ULP,

Loading the context of a ULP isachieved through the functionvoi d ul oad (U pid id). U oad
is customized to the state of the runnable ULP. If a ULP is going to execute for the first time, then the
functionasm _ustart() is called, which loads only aminimal set of registers (stack pointer, pc, and argument
registers). If the ULP is marked runnable, then the function asm uload() is called that makes use of the
procedure calling conventionsof the target architectureto perform the load. 1f the ULP is marked “migrated
while running” then the function asm ufullL cad() is called to load the entire register set. The three load
functions are summarized in Table V1.
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3.2.6 Realizingthe PVM interface

In this section we show how different functions of the PVM interface are reaized in terms of the data
structures and functions described in the previous sections. We will use an example execution scenario of
UPVM objects, shownin Figure 6, for illustrative purposes. The figure showsthe per-processLi bd object,
which contains all the different UPVM objects accessible in this process. In this example, the Libd object
contains 3 ULP objects (ULP 0, ULP 2, ULP 5), the Gbdesc abject, a ULP run queue, ULP wait queue,
and a heap object for use by the Li bd object. Note that each ULP object in turn contains a Bt ab object,
a UL P message queue object, and a heap object. The Gbdesc object contains three process-wide message
buffers P1, P2 and P3. The number corresponding to Rc underneath the buffers indicates current reference
count for the buffers. An Rc of 2 indicates that the two local bids are mapped to the same process-wide
message buffer. In the example, ULP O’'s| bi d of 1and ULP 1's| bi d of 1 are both mapped to the same
process-wide buffer P1.

Enrolling into the PVM environment (pvm_mytid) : Thisfunction enrollsthe ULP into PVM on the
first call and returns the ui d of the ULP on every call. In UPVM, the ULPs are already created during
initialization. This function simply returns the alocated ui d of the executing ULP. For example, if ULP 0
executed pvm_mytid(), then a zero isreturned.

Allocating message buffers (pvm_mkbuf) : The Pvm_mkbuf() createsanew message buffer and returns
thebuf i d of the buffer. To support this functionality, the function gnew (encoding) isfirst invoked on the
Ghdesc object to create a new message buffer. Upon buffer creation, Gnew() returns a buffer identifier
(gbi d) that is unique within the process. A per-ULP buffer identifier (I bi d) isthen created by invoking
btbid_new() onthe Bt ab of the ULP that executed pvm _mkbuf(). A mapping is then established between
| bi d and gbi d by invoking btsetgbid() on the ULP' s Btab. Finally, the global buffer’s reference count is
initialized to the number of mappingsto it that currently exist.

For example, suppose that ULP 5 invoked pvm mkbuf() (Figure 6). Then the invocation of gnew()
creates anew buffer with anid, say P4. A unused | bi d in ULP 3isthen allocated by calling btbid new().
Looking at ULP 3's btab, let us suppose that the | bi d returned is 3. Then invoking btsetgbid() sets the
third row of the ULP 3's btab to P4. Finaly the reference count of P4 is set to one, the number of mappings
that currently exist to the buffer, by calling ginitref().

Asdescribed later in thissection, maintaining a per-ULP view of “real” message buffers simplifies some
of the problems associated with optimizing local 1PC among ULPs.

Packing routines (pvm_pk*) : The packing routines pack data into the default send buffer in a machine-
independent format. A different packingroutineisavailablefor each available datatype. For the C language,
the routines provided by the PVM interface are shown in Table VII.

The packing functions are supported asfollows. First, they find the process-wide buffer identifier gbi d
that correspondsto thel bi d of thedefault send buffer of the ULP. Thegbi d isthenusedin packingni t em
number of the given type into the corresponding buffer. The st ri de is used to choose the next item from
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the given array xp. That is, astride of oneisequal to choosing first ni t emitems from xp, a stride of two
correspondsto choosing every alternateitem from xp, and so on. If the size of the datais|arger than the size
of the buffer, the routines allocate memory from the library heap before doing the packing. Thus buffersare
contiguous conceptually but are realized as a linked list of contiguous segments.

Unpacking routines (pvm_upk*) : The unpacking routines perform the reverse operation of the packing
routines. (See table VIII.) They unpack data from the default receive buffer and place it starting from
address (xp) withastrideof st ri de.

Because of theway local communication isdesigned, itispossiblein UPVM for multiple ULPsto refer
to the same message buffer. This potential buffer sharing isthe reason why we choseto maintain the current
unpacking state on a per-ULP basis within the bt ab object. The unpacking state refers to the number of
dataitemsthat have already been unpacked from amessage buffer by a UL P. Unpacking routines|ook at this
state to figure which dataitems to unpack next, in amanner similar to that of aread() operation on afile that
uses the file pointer to figure out where to perform the next read. Thus on a unpacking routine invocation,
the ULP's view of the buffer’s unpacking status is first accessed. Based on this state, the unpacking is
performed, and the new unpacking state for this buffer is updated.

Sending messages (pvm_send) : Pvm _send (uid, msgtag) sends the message in the default send buffer
to the ULP with the specified ui d. Msgt ag isused to label the content of the message. The length of the
message sent is implicitly equal to the size of the default send buffer. On return from the call, the default
send buffer can be re-used to pack and send more messages. The send buffer retains its contents across
successive calsto pvm send() aslong as the buffer is not explicitly freed by the ULP.

When a ULP invokes pvm send(), the uid is first examined to check if the destination ULP is within
the same address space. If so, a message-descriptor is created and put on the destination ULP's message
gueue. This message descriptor identifies the source-ULP, the gbi d of the process-wide message buffer,
the message type, and the length of the message. The reference count of gbi d isincremented to record that
one more ULP can potentially access gbi d. If the destination ULP aready executed a pvm recv() for this
message and is blocked in the | wt g, that ULP is unblocked and put on the run queue. Note that no actual
copying of the message is performed.

In contrast, if the ULPisremote, the UL P communication hasto be wrapped as communication between
processes since the OS has no knowledge of ULPs. The wrapping affect is achieved by attaching a ULP
library-to-library protocol header with values corresponding to the ULP SEND entry in Table Il to the
ULP's message, and invoking an OS-provided communication primitive to send the message to the remote
destination. Note that the destination argument to this OS's send primitive will be the PID within which the
destination UL P executes.

Releasing a message buffer (pvm_freebuf) : pvm_freebuf (int bid) freesthe message buffer associated
with the specified buffer identifier. However in UPVM, the bi d passed to pvm freebuf() isnot a process-
wide identifier but alocal buffer identifier. To support this function, the gbi d associated with thisbi d is
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first obtained (btgetgbid (UL PSBtab, bid). Thereference count associated with gbi d isthen decremented.
If the count is zero, the memory associated with the buffer isreturned to | i bheap. Otherwise, the buffer
isretained inthe Gbdesc object. Finally, the local buffer identifier, bi d, isreturned to theinvoking ULP's
Btab.

Receiving messages(pvmrecv) : Pvm_recv (uid, msgtag) blocksthe UL P until amessage with the |abel
negt ag hasarrived from theui d. Pvm recv() then places the message in anew default receive buffer and
returns the buffer id of thisnew buffer. Either one of these parameters can be wild cards.

In UPVM, itis possible for messages to a ULP to arrive before a pvm recv() is invoked by that ULP.
Thus, when a pvm_recv() is invoked by a ULP, the ULP's message queue Ul pny is first checked to
determine if a message that matches the arguments has already arrived. If the match succeeds, a new local
buffer identifier (I bi d) isalocated from the ULP's ubt ab, thegbi d specified in the message descriptor
ismapped to thel bi d, andthel bi d ismade the ULP's new active receive buffer.

If thereisno match, the ULP swait descriptor is updated and the UL P is put on the wait queue. Control
is then handed over to the UPVM scheduler.

Creating a new ULP (pvm_spawn) : For static, SPMD parallelism, this function is essentially a null
operation. In section 3.3, we will discussthe design of thisfunction to support dynamic ULP creation in the
context of program parallelism.

3.2.7 ULP migration

Because residual dependencies can affect the performance of a host processor and consequently fail to be
unobtrusive to the host’s owner, the ULP migration mechanism in UPVM is designed to have no residual
dependencies. The migration protocol isdivided into four major stages. (See Figure 7.)

i. Migration event. The globa scheduler (GS) sends a migration message directly to the process
containing the ULP to be migrated. The process is interrupted and control is transferred to the
migration handler mighdl() within the ULP library. The migration handler checks if the library is
within a critical section. If the ULP library isin a critical section, migration is deferred to the point
when the library leaves the critical section. Otherwise, the library reads the migration message,
determines which ULPs to migrate, and prepares for ULP migration.

ii. Messageflushing. Thisstep ensuresthat UL Pssend al their future messages destined for themigrating
ULP to the new destination processor and no in-transit messages are dropped during migration. To
achievethis step, a“ULP-migrating” message is broadcast from the source host to all the other hosts
allocated to the application. The ULP library on the source waits on a barrier equal to N, where N
is one fewer than the number of hosts allocated to the application. Receipt of one “ULP-migrating”
acknowledgment message from each of the N hosts allows the blocked ULP library to fall through
the barrier and goes to the next step in migration. This barrier scheme relies on the assumption that
the receipt of the “ack” message from a host implies that al previous messages from the host have
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been received. If inter-OS communication primitives do not provide thisordering semantics, then the
UPVM library would have to building a message ordering layer on top of the OS primitives and use
this layer for message communication.

Given that the ordering semantics are available, the messages received up until the fall through the
barrier are packaged up withthe UL P state. All future messagesto the migrating UL P are now directly
to the new destination.

iii. ULPstatetransfer. The ULP state, consisting of text, data, stack, heap, register context and messages
as yet un-received by the ULP, is sent to the target UPVM library. To optimize the heap transfer, the
functionsgethmin() and gethmax() are used to obtain the smallest and the largest heap address being
used. Only the data within these boundsistransferred. The target UPVM library receives the ULP
state and placesthe ULPinitsalotted set of virtual address regions. Further, the messagesinthe ULP
state are added to the front of the message queue at the destination processor so as to preserve PVM
message ordering semantics.

iv. Restart. The ULPisplaced inthe appropriate scheduler queue (run queue or blocked queue) so that it
will eventually execute. Since the hosts allocated to the application already know the new location of
the ULP, no further communication related to ULP migration is needed.

3.3 Supporting program and dynamic parallelism

Program parallelism allows parallel application to be made up of ULPs that differ in their code segments.
Dynamic parallelism alows an application to control the degree of application parallelism at run-time. Thus
providing the support for dynamically spawning ULPs in UPVM and removing the SPMD constraint is
sufficient to accommodate the two kinds of parallelism.

To provide this support, it isclear that the static, SPMD version of UPVM design needs to be extended.
However, as can be seen from closer examination, theissuesof managing, scheduling and realizing the PVM
interface remain unchanged. Mainly, only two areas of UPVM design need to be revisited: supporting a
dynamic pvm_spawn() and ULP migration.

Supporting a dynamic pvm spawn() in turn maps to dynamic ULP creation. In terms of the ULP
interface, ucreate() needs to take in additional arguments. an executable file name and a list of program
arguments. The ucreate() function does the following: If the file has already been loaded in the context of
another ULP, allocate memory from the global memory pool and load the data segment. Then perform the
same initialization steps as those described for ULP initiaization in the SPMD, UPVM design. If thefile
has not been loaded before, then determine the extent of the code and data segments and all ocate sufficient
memory from the global memory pool. Load the code segment and dynamicaly link the code with the
functions exported by the UPVM library interface. Then load the data segment and initialize the ULP,

ULP migration in the presence of dynamic spawning of ULPs cannot assume that the code segment
is present in the destination process because of some other ULP. The ULP migration protocol needs to be
extended to check for the presence of code and transfer the code segment only if the code segment is absent
at the destination. Further, the ULP restart may become more complicated if the code segment is migrated.
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If the UPVM library exists at the same addresses on all processors, then ULP restart reduces to that of the
SPMD, UPVM design. Otherwise, the migrated ULP's code segment needsto bere-linked at the destination
with the UPVM library. In our approach, we chose to load the UPVM library at the same addresses on all
processors so as to reduce the restart cost.

4 PerformanceAnalysis

A UPVM prototype has been implemented on HP series 9000/720 workstations, the details of which are
presentedin[22]. Tosimplify the development and comparison withvanillaPVM, the prototypeimplements
optimized communication, context switch and scheduling while using standard PVM library from ORNL
for remote communication. The effect of thisimplementation decision is that the communication between
remote VPsin UPVM ismarginally slower than that between two remote VPsin vanillaPVM.

UPVM’s performance is analyzed in two ways. We first present the results of micro-benchmarks for
context switch, local communication, and remote communication. The goal is to ascertain the costs of
the primitive operations provided by UPVM. We then analyze two applications. a ring communication
application that is communication bound, and a two-dimensional grid-based L aplace solver that is compu-
tation bound. Finally, the migration performance of UPVM isanalyzed by benchmarking a neural-network
classifier application.

4.1 Benchmarking environment

Because of limited resources, al experiments were conducted on two HP series 9000/720 workstations that
were otherwise idle, connected over a 10Mb/sec Ethernet. Each of the workstations has a PA-RISC 1.1
processor, 64 MB main memory, and is running the HP-UX 9.03 operating system.

4.2 Micro-benchmarks
421 Context switch

The context switch benchmark measures the average time taken for one VP (an OS process or ULP) to
yield to another of the same kind over 10,000 yields. For comparison purposes, the cost of executing a null
procedure call on the HP-UX workstation is 0.65 micro-seconds. Table IX gives the context switch cost of
UL Ps and OS processes, both in absolute time and as a ratio to null procedure call cost.

Isolating the process context switch cost in a portable manner is extremely difficult, since there is no
equivalent of a yield-to-another-process system call on UNIX. Our solution to this problem was to use
Ousterhout’s context switch benchmark [29]. In this case, we calculate half the time taken by two UNIX
processes to aternately read and write one byte from a pair of pipes. Thisimplies that the UNIX process
switch cost givenin table IX includesthe cost of reading and writing one byte from a pipe in addition to the
true process switch costs. However, even if we consider only half of the observed process switch costs, the
ULP switchisstill more than an order of magnitude faster.

The UL P package performance can be attributed to two factors. First, sincethe UL Psare withinthe same
OS process, performing system calls is not necessary to yield to another ULP. Second, the ULP package
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employs hand-off scheduling, which eliminates the latency in scheduling the destination ULP.

4.2.2 Local communication

The local communication benchmark measures the round-trip message communication cost between two
VPs, averaged over a large number of trips ( > 1000). The cost of packing and unpacking the message is
included in this cost. The benchmark is compiled and linked with the PVM library and then with UPVM,
yielding two different executables. In the case of PVM, thelocal communication cost measured is between
two UNIX processes on the same node. In the case of UPVM, the cost measured is between two UL Ps that
are executing within the same UNIX process. The numbers shown in Table X are half the round-trip cost.
We assume that this cost closely approximates the one-way communication cost.

Thelocal communication cost of UPVM is around an order of magnitude better than that of PVM. This
improvement can be attributed to two factors: the low ULP context switch costs, and optimized message
passing that takes advantage of the shared address space (as described in section 3). In other words, local
UL P communication avoidsthe cost of system call invocation, process context switch, message-buffer copy
from the source processinto the OS, and message-buffer copy from the OS into the destination process.

4.2.3 Remote communication

The remote communication benchmark is the same program that was used for benchmarking local com-
munication. In this case, the VPs are allocated on different nodes. Again, the costs reported are averaged
over 1000 communications. Since UPVM uses PVM for remote communication and treats PVM as a black
box as much as possible, we expected a marginal increase in the cost of the remote communication when
comparing UPVM to the vanillaPVM.

As seen from Table X1, remote communication costsin UPVM are about 3.5 %, 3% and 1% higher than
that of PVM for 1K, 10K and 100K message sizes respectively. The overhead is due to a combination of
per-ULP buffer table operations, the reference-counting mechanism, a locality check, and some run-time
debugging code.

4.3 Application Benchmarks

In this section, the performance of two PVM applications is analyzed. We chose these applications to
examine the two extremes of communication: the ring application performs amost no computation and is
always performing communication, and the two-dimensional parallel grid solver with high computation and
very little communication.

431 Ring

The ring program creates a specified number of VPs that then perform ring communication using small
(one-integer data item) messages. The time measured is the average time taken by a message to go once
around thering.
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The first experiment measures the ring program performance when all VPs are allocated on a single
node. The results are shown in Table XII. Since al VP communication is local, the order of magnitude
improvement in UPVM performance over PVM isin linewith the local communication and context-switch
results.

The second experiment examines the performance effects of two VP-to-processor allocation strategies,
interleaved and block-decomposed. In the interleaved (Intlv) scheme, the application VPs are distributed
over two processors such that every inter-VP communication is remote. In other words, VPs that are
“neighbors’ inthe ring are allocated to different processors. Thus, thisallocationisaworst-case scenarioin
UPVM sincethere isno possibility for optimizing local communication. In contrast, the block-decomposed
(BIk) alocation scheme takes advantage of the ring communication pattern. The ring of VPsis cut in the
middle and the two parts are alocated to the different processors. Thus, irrespective of the degree of VP
decomposition, only two remote communications are needed in sending a message once around the ring,
and all other communicationswill be local to the processors.

As expected, the performances of ring on PVM and UPVM are comparable for the interleaved scheme.
(See Table XIlIl.) However, UPVM performs significantly better than PVM for the block-decomposed
scheme whenever there are more number of VPs than there are processors. (See Table X111.) Specificaly,
UPVM performs at least twice as well as PVM for 8 or more VPs. Thisimprovement is due to UPVM’s
gains from its local communication optimizations as the number of VPs in each block increase. Thus, a
suitable VP alocation schemeisa critical factor for UPVM in achieving high performance.

432 Laplacegrid solver

The Laplace 2-dimensional grid solver (LGS) uses the Gauss-Jacobi method for solving a 128x128 grid.
The grid is distributed to the application V Ps a ong the column dimension using block decomposition. For
example, if the application is decomposed into two VPs, each VP gets a 128x64 grid. Each VP “sweeps’
over itsportion of the grid 10 times doing an averaging operation at each point of itsgrid and then performs
a pair-wise exchange with its neighboring VP to update its border-element strip. After 5000 sweeps, the
application terminates. For the 128x128 grid, the border-element strip is 512 bytes (128 floating point
numbers) long. Since there are 500 border-strip communications, the total number of messages during this
application executionisequal to (N — 1) - 2 - 500, where N isthe number of VPs.

Table X1V shows the results for LGS executing on one processor. For comparison, the performance
of the sequential LGS is 2.79 Mflops. The main thing to note is that the performance is comparable for a
small number of V Ps since the application has alarge computation-to-communicationratio. However, asthe
number of VPsincreases, so does the number of local messages as calculated from the formula above. This
accounts for the performance improvement of UPVM over PVM for larger numbers of VPs. For example,
at 11 VPs, PVM performance has degraded by about 16%, while UPVM has degraded by only about 8%.

Table XV shows the results of the application running on two processors. The V Ps are block-allocated,
that is, VPs operating on neighboring portions of the grid are allocated to the same processor. Thus, remote
communication is reduced to one pair-wise exchange of border strips, once per 10 sweeps.

As expected, PVM performs better in the two-V P case, since all communication is remote. However,
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we see that UPVM performs better than PVM for all other cases. PVM has a performance degradation of
about 21% and 23% for 5 and 11 VVPs respectively. For UPVM, the degradation is about 17.1% for 5 VPs
and 17.9% for 11 VPs.

Note the different performance trends of odd and even number of VPsin Table XV. The performance
of the even-numbered VPs is decreasing while that of odd-numbered VPs is increasing as we go down the
table. The reason for this behavior is the load imbalance between the two processors. The three-VP case
has theworst performance in both systemsbecause it hasthe most imbalanceinload. Asthe number of VPs
increase, the amount of imbalance decreasesin the odd case, thus improving the performance.

For the case of even number of V Pshowever, the applicationisawaysload balanced. Thusperformance
degrades with the increasing overhead of supporting additional VPs.

In summary, UPVM supports over-decomposition much better than PV M.

4.4 Migration performance

Sincethemain goal of UPVM isto achieve unobtrusiveand efficient parallel computation, we usethreebasic
measures in characterizing its performance: (a) Inherent method overhead - the overhead an application
incurswhen using UPVM as compared to using a straightforward implementation (i.e., standard PV M) when
no migration takes place, i.e., the overhead of UPVM in the quiet case. (b) Obtrusiveness- the time taken
from the instant a migration event was received to the instant the applicationis “off” the processor, i.e., the
impact on workstations owners when they want their workstation back and computation has to be moved
away from their workstations. (c) Migration cost - the time taken from the instant the migration event is
received to the instant the migrated unit of work is integrated back into the parallel job, i.e., the impact on
the parallel computation.

Method overhead : The overhead incurred by an application during normal execution can be attributed
to the three factors: 1) the cost of avoiding potential re-entrancy problemsin the library, 2) the mapping of
application tidsinto actual tidsfor message communication and 3) the mapping of of the pvm recv() on to
non-blocking functionswithin UPVM such that it does not block the entire ULP library while being able to
react to migration events. (See section 3.) In addition, UPVM adds extra information for remote messages
that result in marginally slower remote communication than PVM. Thus, the overheads incurred by UPVM
can be examined by comparing its performance to UPVM when an applicationis divided into as many VPs
as there are processors. Since the ring program has almost no computation, the overhead of UPVM is not
masked by any computation. The execution times of the ring program using PVM and UPVM have been
shown earlier and are reproduced for convenience in Table XVI. UPVM overhead increases by 0.19 ms,
which is 3.9% increase over using PVM. Thisincreaseis an artifact of the current implementation and we
expect that a UPVM implementation directly on top of OS will reduce overheads to comparable to that of
vanillaPVM.

Obtrusiveness For measuring obtrusiveness and migration costs in UPVM, we benchmarked a neural-
network classifying application called “Opt”. Opt based on conjugate-gradient optimization [3] and is
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generaly employed as a speech classifier utilizing large (500KB to 400MB) training sets as input. Opt
works by applying an initial neural net to a series of floating point vectors called exemplars (representing
digitized speech sound) so that a gradient is found. This gradient is then used to modify the neural net,
trainingit. Thisprocessisrepeated until error valuespass athreshold or a predetermined number of iterations
has been performed. For our tests, we used a parallel version of Opt (PVM _opt). PVM _opt has one master
VP and 2 slave VPs, one on each machine with data equally distributed among the slaves. The master VP
computes a new gradient from partial gradients computed by the slaves, applies this gradient to the neura
net, and broadcasts the new net to the slaves. The slave VPs apply the new net to the exemplarsto get anew
partial gradient for the next cycle.

Since the package supports only SPMD applications, an SPMD version of the PVM opt was created.
The SPMD Opt program retains the same structure as PV M _opt in that one of the VPs exclusively functions
as the master and the rest of the VPs execute as slaves.

The obtrusiveness cost measured in this experiment is the time it takes from when a migration event is
received to when all the state of the migrating UL Pis off-loaded from the source host. Migration was caused
by asimple GS program that sent amigration signal and amigration message to the specified PVM task. The
migration message specified the slave ULP as the migration victim. Table XVII shows the obtrusiveness
costsfor various data sizes. For comparison, two more items are shown. First, the cost of using TCP/IP for
the various data sizesis shownin order to establish the lower bound for minimum transfer times possible on
the underlying network. Second, the ratio of obtrusiveness cost to TCP/IP cost is given to show how well
UPVM does against this lower bound. The obtrusiveness cost increases ailmost linearly with the data size,
from 1.10 seconds for 0.3 MB and 4.24 seconds for 2.9 MB. The migration cost, as expected, is slightly
higher but closely parallels the obtrusiveness cost.

Also, asthe data size increases, the time to transfer data becomes amore prominent factor in the overall
obtrusiveness cost. Thus, the ratio of obtrusiveness cost to TCP/IP cost decreases, since obtrusiveness cost
isthe sum total of time spent in the ULP migration protocol and the time spent in transferring data over the
network. Thisbehavior is shown by the fifth column in Table XVII.

However, notice a disturbing trend in the TCP/IP and the ULP obtrusiveness costs. As the data sizes
increase, the curves diverge. Such behavior is apparently incorrect, given that data transfer times dominate
at larger datasizes. Thisdivergenceisan artifact of UPVM’simplementation. Currently, ULP dataand state
istransferred over the network by first packing the data and state into buffers similar to that done by PVM
applications and then transmitting it using send routines similar to those provided by the standard PVM
library. Packing routines essentially result in copying the entire data and UL P state twice, and as data sizes
increase, the effect of memory accesses and cache misses increase the cost of ULP state transfer relatively
more than simple TCP/IP that does not perform this double copy. Hence, the curves diverge. This double
copying is aso the reason why the performance of MPVM [10] is better than UPVM for migrating a VP of
equivalent size.

Migration cost : Asin the case of obtrusiveness, the migration costsin UPVM increase aimost linearly
with the data size, with 1.18 secondsfor 0.3 MB and 4.47 seconds for 2.9 MB. (See Table XVI1.)
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Again, as with the obtrusiveness costs, the cost of using PVM packing, unpacking, and send calls in
UPVM increasewiththetraining set size. Thusfor larger datasizes, the cost of migratingaUL P aso diverges
sightly from that of obtrusivenesscosts. Our next version of UPVM will use adirect TCP connection and
should eliminate the double copying costs, thus reducing the cost of both obtrusiveness and migration.

Note that during ULP migration, the source and destination OS processes are executing within the
ULP library to perform the ULP migration. This execution implies that other ULPs within the source and
destination OS processes cannot execute during this time. ULPs within other processes of the paralel
application are free to continue and execute and communicate with each other during the ULP migration.
Thereisasmall cost incurred by each process that deal s with responding and sending a UL P-migration-ack
message to the source process. However, thereis a possibility for the entire parallel application to block if
ULPsin al the processes are waiting on one or more ULPs in the source or the destination OS process to
execute and send a message.

45 Summary

The UPVM prototype has demonstrated an order of magnitude performance improvement over PVM for
the communications on the same node. Over-decomposed applications, for which the amount of remote
communication can be controlled, also perform better with proper allocation of ULPs to processors. This
has been shown by both the ring and L aplace benchmarks.

However, UPVM is still constrained by its remote communication performance. Applicationsthat use
broadcasts among V Ps cannot be over-decomposed without increasing the number of remote communica
tions. Considering the current implementation, these broadcastswill result in large overheads. In our future
work, we plan to optimize remote communication along with several other portionsof the UPVM prototype.

ULP migration cost is almost linear in the size of the ULP state and even with our un-optimized data
transfer scheme, achieves about 60% utilization of the maximum possible bandwidth of the underlying
network for data sizes greater than 2.1 MB. Finaly, we believe that ULP migration can be further optimized
by eliminating the double-copy problem described in the previous section.

The experimentsin this section do not expose the scal ability of the migration mechanism and are part of
our future plan. However, the scalability of the migration mechanism can be discussed based on the remote
communication benchmark and the migration results. Given an idle network, the lower bound on the ULP
migration cost when N processorsareinvolved can be givenby therelation: T',,,. = T5, 4 2% Tye0% (N —2),
where T3, is the ULP migration cost in the two processor case, and T',.., is the cost of one-way remote
communication of a twenty-byte message. Twenty-bytesis the size of the migration and acknowledgment
messages in the current implementation. Given this migration cost, the affect of migration on the overall
application performance is dictated by the pattern of migrationin areal cycle-stealing system. This pattern
in turn is dictated by the frequence of changes in node availability. Obviously, if this frequency is high
enough, migration would result in decreased performance. On the other hand, infrequent migration which
allows computation to remain load-balanced even in the face of machines becoming unavailable obviously
resultsin better performance when compared to a non-migrating system that would be forced to stall when
amachine was not available. In this paper, we have not attempted to explore such trade-offs because they
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are environment specific.

Another feature that has not been exposed is the overlap of computation with communication. Over-
decomposition allows a VP that would have blocked on a receive to be swapped out and another VP of the
same application to be run its place. In a one-to-one mapping, the receiving VP would block leaving the
machine idle. However, al experiments show that applications using PVM, with one task per node, have
better performance than using over-decomposition using UPVM. Thereason for better PVM performanceis
acombination of the high message startup overhead and theidleness of network. Because of the high startup
cost there is less potential for overlapping computation with computation. Further, because the network
was idle, the one V P-per-processor PVM programs did not spend as much time blocking for a message as
they would on a heavily loaded network. In such cases of asynchrony due to network |oads, we expect an
over-decomposed application using UPVM to perform better than a one-task-per-processor decomposition
using PVM and isan interesting experiment for the future.

5 Discussion

Theideaof user-level processesisone approach to the problem of providinglight-weight over-decomposition
and transparent migration for message based parallel applications. However, there are severa issues that
need to be consi dered when implementing, porting, programming, or determining the applicability of UPVM.
This section discusses some of the main issues.

5.1 OSsupport for performance

The problems of supporting programming abstractionsat user-level arewell exploredin theliterature[26, 2].
Operating systems manage processes or threads, and do not know about abstractions implemented at user-
level. This“mismatch” can result in performance degradation of applications. For example, because the
OS does not know about ULPs, a page fault incurred by one ULP blocks the entire OS process, even if
other ULPs are ready to run within that process. The same situation occurs for blocking 1/0 operations.
However, these problems have been addressed in the context of user-level, thread-based systems using
scheduler activations|[2], first-class user-level threads [26] and new types of signalsin the Solaris operating
system [30].

The schedul er-activation approach is designed for efficient implementations of user-level abstractions
on shared-memory multiprocessors. The approach requires changes to the OS such that it communicates al
OS-level events such as page-faults, processor preemption, and blocking due to 1/0. The user-level library
registers the event-handler code that should be used by the OS in its up-calls. Each up-call resultsin the
event-handling code being called with a different stack and, with the proper design of the handler, it is
possible to handle multiple events simultaneously. The OS however always has complete control over the
system resource management. Thus a user-level library, as described in UPVM’s design, can make use of
these eventsin scheduling of user-level abstractions.

Thefirst-class user-level thread approach is another alternative towards integration with the OS. In this
approach, the OS and the user-level library communicate through shared memory for efficiency and the
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OS uses a signal-like mechanism to inform the user-level library of system events. To avoid preemption
during critical sections, the user-level library sets a flag within the shared memory that consequently delays
kernel preemption from the processor. Although thisapproach violatesthe notionthat the OSisthe manager
of resources, it makes sense on a NUMA multi-processor because pre-emptive migration of user-level
abstractionsis expensive.

Solarisprovidesadditional signalsthat inform application programs of some OS events. However, there
is much room for better integration. We believe that this attempt for better integration from a commercial
operating system is a trend indicating that future commercia operating systems will provide more support
for integrating user-level abstractions.

5.2 Supporting a general-purpose ULP

UL Pshave been designed specifically to support message-based scientific computing. Consequently, general -
purpose operations permitted by their OS counterparts are not supported. For example, true preemptive
scheduling and interfaces for forking, sockets, signals, and resource-usage timers are not supported.

Although this functionality could be supported by ULPs, it would add significant overhead for those
applicationsthat do not need this full generality and add more complexity to ULP migration. At the limit,
supporting al functionality would require a re-implementation of the OS at user-level. One conseguence
would be poor portability and an inability to support true V P virtualization because of incompatibility among
the various OS interface and alack of a single system image.

For these reasons, we suggest that a specialized application interface be used for scientific computing
that is much narrower than a general purpose OS interface. Applications operating within this specialized
environment can obtain the benefits of location independence, transparent migration and dynamic load
balancing that are essential for shared workstation networks. There is ongoing work here at OGI, Carnegie
Mellon University, Oak Ridge National Laboratory, and University of Tennessee at Knoxville to define
such an interface, called the Concurrent Processing Environment (CPE) interface, for PVM-based parallel
applications[4].

5.3 Migration

ULP migration is designed to work between workstation architectures that are binary compatible. Hetero-
geneity is possible, but restricted, in the ULP environment. An application can be executed such that some
of itsworkstationsare of say, architecture A and othersare of architecture B. The ULP system then maintains
two virtual address spaces, one for architecture A, and one for architecture B and allows the migration of
UL Ps among the same architecture. Maintaining separate address space for different processor poolsallows
for ULPs that are created on one architecture to have overlapping addresses with the ULPs created on a
different architecture.

Migrating processes across heterogeneous architectures in a language independent and application-
transparent manner is extremely difficult. Processors of different architectures can vary in the instruction
set, number of registers, type of registers, the size of addresses, etc. To migrate aprocessto aworkstation of
different architecture, the process address space aswell asitsstack and register context needsto transformed



A Migratable User-L evel Process Package for PVM 24

to an equivaent execution context on the target architecture. Different types and sizes of register sets
between the processorsimply thereis no simple mapping of the register context. Another problemisdealing
with pointers not only in the address space but also on the stack. Pointers are not always traceable in
a language-independent manner and mishandling these pointers can change the behavior of the migrated
process, thus violating the fundamental rule of transparent migration.

To support heterogeneous migration, several approaches have been proposed in literature. Some ap-
proaches require programming in a particular language[20, 31], others, such asthe DOME environment [5],
require the application to explicitly identify the data that should be preserved across migration. However
these methods are not applicable in the context of our research due to need to provide transparent migration
of VPswhile not constraining the user to any one programming language or environment.

Even within a binary-compatible pool of processors, shared libraries present yet another problem for
migration. These libraries are shared read-only by multiple executing processes on a workstation. When
a process starts executing, a dynamic linkage table within the user process is initialized by the dynamic
loader so that process can access these shared libraries. |f the operating systems on different processors map
the shared libraries at different regions because of difference in the size of physical memory available, this
difference in mapping can cause migration problems. Upon migration, on a call to a shared library routine,
the dynamic linkage tableis examined. Finding the locationinitialized, the call istransferred to the address
found in the location. Since the shared libraries are mapped differently, this transfer can result in incorrect
execution. Although conceptually ssimple to correct, the location, structure, and the manipulation of the
the dynamic linkage table is operating-system specific and adds complexity to migration. Because of these
problems, we restrict the scope of migration currently to statically linked programs.

5.4 Portability

Three portability issues have been considered while designing the ULP package. One issue is porting the
UL P packageto different architectures. Thesecondissueisthat of supporting SPMD versustask parallelism.
Finally, we considered supporting a message-passing interface other than PVM.

For porting to anew architecture, theinstruction set, register architecture, accessibility of these registers
to user-level code, and the procedure-calling conventionsof the OS need to beunderstood. Theseconventions
determine the genera and floating point registers that must be saved and restored in a UL P context switch.
Theassembly language code required for thispurposeisrelatively small. For example, onthe HPworkstation
the assembly code is about 300 lines compared to about 14000 lines of C code. Also, since ULPs are laid
out in distinct regions of a process virtual address space, the virtual memory layout, as defined by the OS,
must also be taken into account.

To support SPMD applicationsonly, it is sufficient to have a compiler on the target workstation capable
of generating instructionsthat access data relative to a user accessible general register (such as DP). Since
text is shared among all ULPs in an SPMD application, a ULP context switch simply becomes the act of
saving and restoring this DP register, in addition to the general register context.

On the other hand, extending support to task parallelism requires more effort. The compiler on thetarget
workstation must be able to generate position-independent code so that the object code can be loaded into
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any virtual address region within a process. Furthermore, the operating system must provide an interface to
dynamically load and link code and data modules into an existing virtual address space.

The concept of UL Psisclearly applicableto processbased applicationsusing message-passing interfaces
other than PVM. The ULP creation, control, context switch, scheduling, memory allocation, file access, and
a portion of the migration mechanism are all independent of the message-passing interface. Thus, for
supporting a UL P package for another message-passing interface, only the inter-ULP communication and a
portion of the migration mechanism needs to be rewritten.

5.5 Protection and Debugging

One potential source of difficulty isthat the ULP system does not provide protection between the local VPs
of an application. Thislack of protection means that the execution of multiple UL Pswithin the same process
can cause unexpected side-effects.

A more practical problem is that operating system utilities such as debuggers and profilers that work
on processes do not recognize ULPs. Thus, debugging an application using ULPs is difficult. Similarly,
profilers have problems understanding the control flow within a multi-threaded process.

Since UPVM provides the same interface as PVM, a simple approach (from the UPVM developer’s
perspective) isto debug and profile PVM applications as normal UNIX processes. Once the applicationis
debugged, it can then be compiled with UPVM. In fact, this was the approach we adopted in running PVM
programs on UPVM.

Another approach is to use the mprotect()(2) system call in atering the protections of ULP address
spaces on every context switch. This approach isimpractical since the cost of altering protections at user-
level would be at least an order of magnitude more than a process context switch, defeating the very purpose
of creating a user-level abstraction.

A much more attractive approach is Software Fault Isolation (SFI) [33], where code is modified while
ULP loading to achieve a sand-boxing effect. Because of this sand-boxing, memory accesses during code
execution do not go outsidethe bounds specified at the modificationtime. Further, the overall behavior of the
code remains unchanged. Execution times of the modified code are only slightly more expensive compared
with that of the original code. Integrating this approach with UPVM is certainly an item in future work.

6 Conclusionsand Future Work

Efficient utilization of multi-user DMMPs, such as workstation networks, require message-based parallel
applications to overlap their communication with computation, perform dynamic load balancing based on
the variationsin processor load, and at the same remain unobtrusive to workstation owners. Without proper
system-level support, application programmers have to deal with these issues, which resultsin complicated
application code that is difficult to debug.

Toinsulate application programmers from many of these programming complexities, this paper focused
on system-level solutions that are application and language independent. Because of the wide body of
process-based legacy applications, we placed a further constraint that the system-level solutions must be
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able to support these applicationswith few or no changes to application code.

We made a case that a light-weight, transparently migratable VP system, in combination with over-
decomposition of parallel applications, can maintain unobtrusiveness while achieving high performance
through dynamic load balancing and overlap of communication and computation. We showed how existing
approaches are inappropriate and we defined a new light-weight, migratable VP abstraction called the
user-level-process (ULP).

To demonstrate the viability of ULPs and the UPVM design, a prototype UPVM package was imple-
mented on a network of HP 9000 series 700 workstations. The performance of the prototype was analyzed
with respect to both micro and application-level benchmarks and a side-by-side comparison was made with
the standard process-based PVM library. The comparison shows that the context switch and local I1PC costs
inUPVM are at least an order of magnitude better than the PVM library. UPVM performs better than PVM
whenever there are more VPs than there are processors. ULP migration has negligible run-time overhead
during the absence of any migration. For adata size of about 3 MB, ULP migration takes 4.41 secondson a
pool of two processors, which is around 60% of the bandwidth possible on a ethernet network using TCP/IP.
The migration results are especially encouraging since the optimizations to the migration mechanism are
yet to be implemented. Finaly, we discussed aspects of ULP systems that impact on their portability and
support for heterogeneity, application transparency and debugging.

6.1 Futurework

The UPVM prototype can be extended in many ways[22]. Here we mention some of them.

Integration with a Global Scheduler: While the paper addresses the mechanisms necessary for im-
plementing the UL P abstraction and migration, it does not deal with the higher-level issues such as policies
for alocation of ULPs to processors, finding idle processors, deciding when and where to migrate, etc.
Neither do we address processor and network failures. These related issues are addressed elsewhere
[18, 25, 12, 19, 16, 7].

Currently, UPVM's interface with the global scheduler isprimitive and a global scheduling environment
is still missing towards realizing a practical, unobtrusive computing environment. UPVM's interface with
the GS should be extended and UPVM itself modified such that determining the number of processors to
initially use, the virtual address space available, etc, are requested from the GS instead of the user typing
them as command-line arguments.

Supporting program and dynamic parallelism: Supporting such afunctionality requiresthe prototype
to be modified to support dynamic UL P creation from different program executables. Further, the prototype
needs to be integrated with the GS as discussed above so that it can take advantage of new processors
and perform unaobtrusively. Also, thereisalot of scope for experimenting with different ways of program
compilation and the resultant effects on dynamic loading, ULP context switching, and portability of the
UPVM prototype.

Supportinginter-UL P protection: Inthisregard, the software faultisolationapproach isvery attractive.
Specificaly, it does not require OS intervention and the overhead is certainly more acceptable than the
mprotect() approach discussed in the previous section. We plan to look into ways of integrating the
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sand-boxing ideasinto UPVM.

M ulti-processor support: The UPVM prototypeisimplemented for uniprocessorsand can be extended
to provide support for shared-memory multiprocessors. Related research [6, 15, 11] can be used to perform
this extension.

Porting to other architectures: We plan on porting the UPVM prototype to the SPARC architecture.
Because of the SPARC's register windows, not all execution state is directly available at user-level, and this
lack of availability makes context switching tricky. However, user-level threads have been implemented on
the SPARC [21] and we plan to use thisresearch as our starting point.
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Tablel: Functionsexported by a UL P object

Function prototype

Description

Ulpid ucreate (Ulpid)

void uterminate (Ulpid)
UlpState* ugetstate (Ulpid)
void usetstate (Ulpid, UlpState)
void uload (Ulpid)

void usetvpid (Ulpid, VPid)
int uislocal (Ulpid)

void usetloca (Ulpid)

void usetremote (Ul pid)

char *umalloc (Bytes)

char *urealloc (char*, Bytes)
void ufree (char*)

Create ULP with given Ulpid

Mark ULP as terminated

Return ULP's execution state

Set ULP state to UlpState

Load machine context of ULP

Set host VPid of given ULP

Check if ULPisloca

Mark the ULP local

Mark the ULP non-local

Like malloc (3C) but acts on per-ULP heap
Likerealloc (3C) but acts on per-ULP heap
Like free (3C) but acts on per-ULP heap




Tablell: Interface to a heap object

Function prototype

Description

void hinit(Heap* hp, Vaddr hbeg, int hlen)
void* hmalloc(Heap*, Bytes)

void* hrealloc(Heap*, char*, Bytes)

void hfree(Heap*, void*)

void hdisplay(Heap*, unsigned int)
unsigned hleft(Heap*)

Vaddr gethmin(Heap*)

Vaddr gethmax(Heap*)

Initialize named heap

allocate memory from heap

reallocate memory from heap

free memory to the heap

Display heap map and usage

number of byes bytes unused in the heap
the lowest address used in the heap

the highest address used in the heap




Tablel11: Library-to-library protocol

Message Type Field-1 Field-2 Field-3
ULP_CONFIGQ - - -
ULP_CONFIG No. of ULPS | - -
ULP_STATUSQ ULPid - -
ULP_STATUS ULPid - -
ULP_SEND Destn ULP Source ULP | -
ULP_MSGFWD Destn ULP Source ULP | -
ULP_SIGNAL Destn Ulpid | Source ULP | Signa #
ULP_EXIT ULPid - -
ULP_LIBALIVEQ | SourceVPid | - -
ULP_LIBALIVE Source VPid | - -
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Table!V: Interface to Gbdesc object

Function prototype

Description

Bufid gnew()

void gfree(Bufid global bid)
void ginitref(Bufid global bid)
int gincref(Bufid global bid)
int gdecref(Bufid global bid)

Allocate new buffer and new buffer id
Free buffer and buffer id

Initializeref. count of the buffer
Increment ref. count of the buffer
Decrement ref. count of buffer

11



Table V: Operations on a Btab object

Function prototype Description
Bufid btbid_new(Btab*) Allocate a new buffer id
void btbid free(Btab*, Bufid ubid) Free buffer id

void btsetgbid(Btab*, int ubid, int gbid)
int btgetgbid(Btab*, int ubid)

int btgetsgbid(Btab*)

int btgetrgbid(Btab*)

int btgetshid(Btab*)

int btsetshid(Btab*, int ubid)

int btgetrbid(Btab*)

int btsetrbid(Btab*, int ubid)

set ubid-gbid mapping

get gbid bound to ubi d

get gbid bound to default send buffer
get gbid bound to default recv buffer
get local, default, send buffer id in
set local, default, send buffer id

get local, default, receive buffer id
set local, default, receive buffer id

12



Table VI: Functionsto load ULP state

Name

Description

void asm_ustart (Ulp *u)
void asm_uload (Ulp *u)

void asm_ufullLoad (Ulp *u)

load registersfor first ever

execution of aULP.

load only the registers necessary to preserve
procedure calling conventions

load the entire context of the ULP

13



Table VII: Packing functionsin the PVM interface

Name

int pvm_pkbyte ( char *xp, int nitem, int stride)
int pvm_pkeplx ( char *xp, int nitem, int stride)
int pvm_pkdcplx ( char *xp, int nitem, int stride )
int pvm_pkdouble ( char *xp, int nitem, int stride)
int pvm_pkfloat ( char *xp, int nitem, int stride)
int pvm_pklong ( char *xp, int nitem, int stride)
int pvm_pkshort ( char *xp, int nitem, int stride)
int pvm_pkstr ( char *xp)

14



Table VIII: Unpacking functionsin the PVM interface

Name

int pvm_upkbyte ( char *xp, int nitem, int stride )
int pvm_upkcplx ( char *xp, int nitem, int stride)
int pvm_upkdceplx ( char *xp, int nitem, int stride)
int pvm_upkdouble ( char *xp, int nitem, int stride)
int pvm_upkfloat ( char *xp, int nitem, int stride)
int pvm_upklong ( char *xp, int nitem, int stride))
int pvm_upkshort ( char *xp, int nitem, int stride)
int pvm_upkstr ( char *xp)
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Table IX: Context switch costs (absolute and relative)

Type Cost (micro-seconds) | Ratio
ULP switch 474 7.30
UNIX switch 195.00 300.46
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Table X: Local communication costs

Message size(bytes) | PVYM(ms) | UPVM(ms)
0 1.40 0.12

1 1.42 0.12

512 161 0.14

1000 1.85 0.14

10000 6.55 0.39

100000 47.36 5.55
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Table XI: Remote communication costs

Message size(bytes) | PVM(ms) | UPVM(ms)
0 2.65 2.80

1 2.63 2.80

512 3.35 3.50

1000 4.01 415

10000 17.06 17.60

100000 144.70

146.36
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Table XI1: Ring on one node

#VPs | PVM(ms) | UPVM(ms)
2 2.55 0.26

4 5.64 0.56

6 8.42 0.82

8 11.16 1.15

10 14.35 1.33

14 21.50 1.90

20 32.86 2.87

24 42.85 3.50
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Table XI11: Ring on two nodes

#VPs

PVM(ms)

Intlv

Blk

UPVM(ms)

Intlv

Blk

oo~ DN

1
14
20
24

o

4.82

9.76
14.64
21.75
26.28
36.86
52.88
64.86

4.82

7.86
10.82
14.01
17.06
23.48
33.66
41.86

5.01
10.27
15.08
20.34
25.59
35.67
51.30
60.88

5.01
5.19
6.14
6.40
7.21
7.69
8.95
9.73
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Table X1V: LGS on one node

#VPs | PVM (Mflops) | UPVM (Mflops)
2 2.75 2.79
3 2.68 2.69
4 2.63 2.68
5 2.57 2.67
6 2.54 2.66
7 2.50 2.65
8 2.45 2.59
9 242 2.58

10 2.38 2.58
11 2.34 2.56
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Table XV: LGS on two nodes

#VPs | PVM (Mflops) | UPVM (Mflops)
2 5.19 5.02
3 3.84 3.93
4 4.84 4.96
5 4.10 4.30
6 4.75 4,94
7 4.15 4.32
8 444 4.63
9 411 441

10 441 4.63
11 3.99 4.26
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Table XVI: UPVM overhead over PVM

PVM (ms)

UPVM (ms)

4.82

5.01
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Table XVII: UPVM: Obtrusiveness and Migration costs

Input Data | Obtrus. Migr. TCP Ratio
Size cost(sec) | cost(sec) | cost (sec) | (obtr/TCP)
0.3MB 1.10 1.18 0.27 4.07
0.5MB 132 142 0.47 2.81
1.0MB 191 1.98 0.92 2.08
1.6 MB 2.55 2.67 1.40 1.82
21MB 3.19 3.28 1.88 1.70
29MB 4.24 4.47 251 1.69
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