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Abstract. Ultra-lightweight Thread (uThread) is a library package designed and optimized

for user-level management of parallelism in a single application program running on distributed

memory computers. Existing process management systems incur an unnecessarily high cost when

used for the type of parallelism exploited within an application. By reducing the overhead of

ownership protection and frequent context switches, uThread encourages both simplicity and

performance. In addition, uThread provides various scheduling support to balance the system

load. The uThread package reduces the cost of parallelism management to nearly the lower bound.

This package has been successfully running on most distributed memory computers, such as Intel

iPSC/860, Touchstone Delta, NCUBE, and TMC CM-5.

1. Introduction

With the evolution of massively parallel systems many scalable homogeneous multiprocessor

machines are distributed memory parallel computers which are designed for large-scale scienti�c,

engineering, and business applications. Many application problems with uniform computation

patterns have been successfully parallelized on these machines. On the other hand, it is di�cult

to parallelize application problems with nonuniform computation structures. Solving this class

of problems requires e�cient management of parallelism, as well as e�ective scheduling of par-

allel subcomputations. In this paper, we describe a runtime support system in solving a single

application with irregular and dynamic features running on a distributed memory computer.

As a single application problem is divided into many partitions to be executed in parallel, the

overhead associated with each partition should be minimal. In this special context, traditional
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processes are not appropriate vehicles to express parallelism, because many features of a process

provided for general-purpose computation are often unused, incurring unwarranted costs. What

we need is a simple notation to represent parallel actions and the way to support them. One such

a notation is the thread, which is a lightweight process [24]. With the thread provided, solving

an application in parallel involves execution of many dynamically created threads. Each thread

runs strictly sequentially, and has its own program counter and stack to keep track of where it is.

Di�erent thread architectures have been investigated and developed [17, 3, 13].

The overhead associated with a thread is much lighter than that with a traditional process.

However, the overhead associated with the context switching is still large. In a single application

domain, it is possible to avoid context switching by using the run-to-completion (RC) thread [2].

Once a RC thread starts execution, it will run to completion without being blocked. Therefore, a

RC thread may not need its own stack and may not need to save registers, and the overhead can

be minimized. We propose a two-level structure based on the RC thread concept | the ultra-

lightweight Process (uProcess) and the ultra-lightweight Thread (uThread). A uProcess, which

consists of one or more uThreads, is a unit for allocation. A uThread is an indivisible unit of

execution, in other words, a RC thread. Execution of each uThread is driven by a message and

will continue until its completion. The activities that may result in a blocking state include I/O

operations, �le operations, communication and synchronization primitives, etc. With a message-

driven model applied, threads communicate and synchronize with each other via messages. Here,

no receive operation is permitted, and all send operations must be non-blocking. Furthermore,

applications applied in this context are assumed to be computation-intensive and do not have

frequent �le operations. All I/O and �le operations can be performed within special threads

that are dedicated to deal with I/O and �le operations. The feature of run-to-completion also

implies nonpreemptive scheduling. Since fairness is less of a concern within a single application,

a nonpreemptive scheduling strategy can be realistic and e�ective.

A library package, named the uThread package, is designed and optimized for user-level man-

agement of parallelism in a single application program running on distributed memory computers.

It supplies primitives to manipulate the parallelism within a program and provides a platform

to support various scheduling strategies. The uThread package can be implemented at the ker-
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nel level or user level. We do not implement the uThread package at the kernel level based on

the following considerations: (1) Kernel-level implementations are not as e�cient as user-level

implementations. The kernel is usually required to provide more complete features, and there-

fore, incurs substantial overhead. The switching into and out of supervisor mode can also be of

high cost. Especially when uProcesses are employed to exploit parallelism, the grain-size of a

uProcess could be small and system primitives could be so frequently called that the overhead

with user/supervisor mode switching can become unbearable. (2) Since applications running on

parallel machines fall into a wide spectrum of computational models that need di�erent system

functionalities, it is almost impossible to design a kernel to satisfy all requirements. Instead,

moving these functions to user-level can customize individual application characteristics and of-

fer users 
exibility. (3) It is technically feasible to implement the uThread package in the user

space, since no change in existing operating system kernel is needed. Therefore, we believe that

managing parallelism at the user level instead of the kernel level is essential in terms of e�ciency

and high-performance.

2. The uThread Package Overview

The uThread package is designed and implemented for solving irregular and dynamic problems.

The computation can be dynamically divided into many subcomputations performed in parallel.

Each subcomputation is realized by a uProcess. There is no commonly shared data available

among uProcesses. All uProcesses communicate with each other via messages. Within a uProcess,

there could be one or more threads of computation performed, each of which corresponds to a

uThread. Di�erent from uProcesses, all uThreads within the same uProcess can have a shared data

area (SDA) and exchange information through the SDA. Figure 1 shows the general organization

of uProcesses, uThreads, and SDAs.

The structure of uProcesses and uThreads is similar to that of processes and threads. But

the execution of uProcesses and uThreads is message-driven. Every computation in this system,

thereby every uThread, is the result of processing a message. New messages can be generated by

a uThread. These unprocessed messages are the driving force behind computation in the system.

Here, messages are active and uThreads are passive in the sense that a message will trigger the

corresponding uThread to do computation. Furthermore, a uThread is an indivisible unit of
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uProcess uThread shared data area

Message  Exchange

Figure 1: The Structure of uProcess, uThread, and SDA.

execution. Once it is triggered by a message, it runs continuously until completion.

In addition to one-to-one mapping of messages and uThreads, the creation of a uProcess

can also be represented by a message, which triggers a initial uThread to start the uProcess

environment, including allocation and initialization of its SDA, and perform some computation if

needed. The model is not strictly message-driven since the uThreads within a uProcess can have

the shared data persisting beyond the duration of an individual uThread execution.

Each message contains the address of a uThread instruction sequence and the data on which

the uThread is to perform computation. Note that we assume the Single Program Multiple

Data (SPMD) programming model, therefore, we rely on a uniform code image accessible at each

processor. Messages are further classi�ed into two types. One type of messages that is associated
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with the creation of new uProcesses is called uProcess messages. The other type of messages

that corresponds to the uThreads is called uThread messages. While a uThread message needs

an extra attribute to indicate which uProcess it is destined for, a uProcess message requires an

attribute to specify the SDA size of the uProcess to be created. Parallelism is exploited at the

level of uProcesses, but not of uThreads. The existence of uThreads provides users with 
exible

control of multiple execution threads. In a uProcess, there is no presumed sequence to indicate

which uThread will be carried out �rst. Execution of uThreads is totally dependent upon the

arrival of messages.

There are two basic primitives to be supported: the creation of a new uProcess and the

generation of a uThread message. The entire computation originates from a kernel-level process.

It can create uProcesses at any time. It is able to perform any regular kernel-level operations, too,

including I/O and �le operations, and may be suspended or blocked. However, the code written

for a uThread is restricted. It can perform computation, make any kernel-level non-blocking calls,

and use the uThread system primitives provided. In addition, the code of a uThread can access

the SDA of the uProcess without locking/unlocking, since there is no competition between any

run-to-completion threads and no parallelism exploited between uThreads. In Figure 2, we list

the major system primitives provided by the uThread package.

3. Design and Implementation

There have been several user-level thread packages developed; most of them were implemented

on shared memory multiprocessors. With a shared memory available, all user-level threads within

a single process share the same address space. As a result, they can have global variables and,

thereafter, need mechanisms to protect the concurrent access to those shared variables. Further-

more, a thread can be executed by any processor, since all processors are within a single address

space. Our design and implementation are based on the distributed memory multicomputers.

The context is di�erent in terms of memory organization. User-level uProcesses cannot share the

same memory address space if they are distributed to di�erent processors. A kernel-level process

must be created at each processor to build up a substrate for uProcesses and uThreads. Each

kernel-level process runs the user-level package and user application program, both of which are

written in the SPMD style. Since there is no shared memory between these kernel-level processes,
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� PID = uProcess Create(uProcName, uThreadCode, data, dataSize, SDAsize, PID
ag)
uProcName: name of the uProcess
uThreadCode: pointer to the code of the initial thread
data: pointer to the data to be used for the initial thread
dataSize: length of the data
SDAsize: length of the SDA for the new uProcess
PID
ag: true if need a PID returned, otherwise false
PID: returned uProcess identi�er if PID
ag is true

� Send Message(destPID, uThreadCode, data, dataSize)
destPID: destination uProcess identi�er
uThreadCode: pointer to the code of the speci�ed uThread
data: pointer to the data to be used for the speci�ed uThread
dataSize: length of the data

� uProcess Exit(PID)
PID: uProcess identi�er to be terminated

� PID = uProcess Self()
PID: returned uProcess identi�er for itself

� PID = uProcess Parent()
PID: returned uProcess identi�er for its parent uProcess

Figure 2: Major System Primitives for uThread Package.

coordination among them needs more sophisticated schemes. For simplicity, we assume that the

entire distributed memory parallel machine is dedicated to a single application, or the machine

is used in a timesharing mode with a group scheduling applied. Thus, at any time, we have N

kernel-level processes running in parallel, asynchronously, where N is the number of processors in

the machine.

Since we only exploit parallelism at the level of uProcesses, once a uProcess is scheduled to a

particular processor, all its uThreads are forced to be executed at the same processor. No process

migration is supported. Notice that the computation is message driven. Once a message arrives,

the corresponding uThread is ready to execute. Therefore, we do not have a ready uProcess queue

for the processor-level scheduling. For each processor, instead, there is a single message queue to
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Figure 3: The uThread structure on distributed memory systems.

bu�er all incoming messages. When a message reaches the head of the queue, its corresponding

uThread is executed. Thus, in a distributed memory system, the organization of the uProcess,

uThread, and SDA is illustrated in Figure 3.

3.1. The uProcess Creation and Identi�er

The context of a uProcess is encapsulated in a process control block (PCB), as usual. Since

uThreads are RC threads, there is no control block needed for a uThread. Information in a PCB

includes the address to its SDA, the process status, its parent information, etc.

The creation of a uProcess in a distributed memory environment is di�erent from a traditional

case. It involves two major steps: (1) When the uProcess Create() call is made, the uProcess

cannot be created immediately because it is unknown where this new uProcess will be scheduled.
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Instead, its creation request is generated as a uProcess message to be scheduled. At this time, the

uProcess is said to be virtually created. (2) When a uProcess message is scheduled to a processor

and reaches the head of the message queue for processing, the uProcess is physically created in

the sense that the corresponding PCB is allocated and the initial uThread is executed. All active

uProcesses in a processor are chained by their PCBs. A uProcess can terminate itself by calling

uProcess Exit(), which will take its physical PCB away from the resident uProcess chain and

mark its state as terminated.

Every uProcess in the system is assigned a unique identi�er (PID). Usually, a PID is imple-

mented as a nonnegative integer, and a hash table or a one-to-one mapping table can be used

to �nd its corresponding PCB. However, support of a global hash table in a distributed memory

machine requires expensive communications. It is natural to integrate the processor number into

a PID so that we can at least know to which processor the uProcess is allocated. Unfortunately,

when a call uProcess Create() is made, it is unknown where this new uProcess will be scheduled.

Therefore, the PID assigned at that time cannot include the processor number yet. To solve this

problem, we associate two types of identi�ers with each uProcess: one called virtual PID and the

other called physical PID.

virtual pid | When a uProcess is virtually created, if requested, the call of uProcess Create()

returns a virtual PID, which consists of the processor number where the creating uProcess

resides and the address of a virtual PCB, which is created to establish a link to the future

physical PCB later on. Notice that the virtual PID is included in the uProcess message that

is to be scheduled to some processor for the physical creation.

physical pid | When a uProcess is physically created, its physical PID consists of the processor

number where the new uProcess resides and the memory address where its physical PCB is

allocated. At this time, if a virtual PID is present in the uProcess message, a physical-virtual-

link message that includes the new physical PID is sent back to the processor indicated by

the virtual PID. The physical PID in the message is then stored in the virtual PCB to

establish a link between the virtual and physical PCBs.

With the virtual PID and PCB possibly introduced, the more detailed steps involved in
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� Virtual Creation: when the uProcess Create() call is made
create a uProcess message
if a virtual PID is requested

allocate a virtual PCB, set its physical PID as null
combine the current processor number and the address of this PCB

to form a virtual PID to be returned
include the virtual PID in the uProcess message

pass the uProcess message to the scheduling module

� Physical Creation: when a uProcess message is processed
allocate a physical PCB and the shared data area
combine the current processor number and the address of this PCB

to form a physical PID to be stored in PCB
if there is a virtual PID contained in this message

generate a system control message, named as physical-virtual-link message,
to send the physical PID back to its virtual PID

link the newly created PCB to the resident uProcess chain
execute the uThread code with the data and SDA passed to it

� Link Establishment: when a physical-virtual-link message is processed
�nd out the virtual PCB
write the physical PID into the virtual PCB
if there is any message in the pending queue of the virtual PCB

send the pending messages to the new physical PID

Figure 4: Algorithms for uProcess Creation.

creation of a uProcess are shown in Figure 4. A virtual PCB is an intermediate spot between

a virtual PID and the corresponding physical PCB. Before the arrival of physical-virtual-link

message, the virtual PCB bu�ers all the pending messages. Once the physical PID becomes

available, the virtual PCB serves as a redirection station. In this implementation, once a PCB

is allocated, it cannot be released since the PID is directly associated with address of the PCB.

This approach eliminates the mapping table from a PID to its PCB, but occupies the memory

space of a PCB even after the corresponding uProcess is terminated. It is based on the fact that

the PCB is small and the lifetime of all uProcesses is relatively short due to the single application

context.

3.2. Sending Messages by Using PIDs
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In our system, PIDs are mostly used in the call of Send Message(). The use of two types

of PIDs, virtual PIDs and physical PIDs, can be made transparent to a user. Two PIDs are of

special importance to each uProcess: the uProcess' own PID, and its parent's PID, which can

be acquired by system primitives uProcess Self() and uProcess Parent(), respectively. In both of

cases, the returned PIDs are physical PIDs. If a uProcess needs to know its child uProcess PID, it

can request this PID when the call of uProcess Create() is made. This returned PID is a virtual

PID. The parent uProcess then can send messages toward the child uProcess with a virtual PID

without worrying about the physical existence of its child uProcess.

From the system's point of view, each message should be sent to the processor indicated by its

destination PID. When the message reaches the destination, we check the 
ag in its destination

PCB to see whether it is a virtual PCB or a physical PCB. If it is a virtual PCB, the message will

be either forwarded to its physical PID, if available, or put into a pending queue in the virtual

PCB. The major steps in handling of messages are given in Figure 5.

As a simple example shown in Figure 6, uProcess A is running on processor 1. The uProcess A

creates uProcess B and retains its PID in variable pid b. Then, uProcess B is scheduled on pro-

cessor 2. The uProcess B obtains the PID of its parent and stores it in variable pid a. Now, both

uProcess A and uProcess B can send messages to each other by using the call of Send Message().

However, the actual message routes are di�erent. Since uProcess A sends a message towards a

virtual PID, the message is �rst routed to the virtual PCB of uProcess B on processor 1. From

there it is forwarded to the physical PCB on processor 2. The uProcess B uses a physical PID

obtained via the call uProcess Parent() and, therefore, the message is sent to the physical PCB

of uProcess A directly.

3.3. Scheduling Support

The scheduling module decides where a uProcess message will go based on the current system

status. We integrated into this uThread package various scheduling algorithms including the Ran-

dom Allocation algorithm, the Gradient Di�usion algorithm, the Adaptive Contracting Within

Neighborhood (ACWN) algorithm, and the Runtime Incremental Parallel Scheduling algorithm.

A random allocation strategy dictates that each processor, when it generates a new uProcess,
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� Message Generating: when the Send Message() call is made
extract the destination processor number from its destination PID
if the current processor is the destination processor

apply Message Routing function described below
else send the message to its destination

� Message Routing: when a uThread message arrives at processor
extract the address of PCB from its destination PID
�nd out the uProcess' PCB where the message is sent
check the PCB to see whether it is a virtual or physical PCB
if it is a virtual PCB

if the physical PID is available in the virtual PCB
resend the message to its physical PID

else put the message in the pending queue of the virtual PCB
else put the message into the queue waiting for processing

� Message Processing: when a uThread message reaches the head of the message queue
extract the address of PCB from its destination PID
�nd out the uProcess' PCB where the message is sent
extract SDA from the PCB
execute the uThread code with the data and SDA passed to it

Figure 5: Algorithms for Message Handling.
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uProcess A

Physical PCB

uProcess  A
  { . . . 
    pid_b = uProcess__Create (B, . . .);
    Send_Message(pid_b, . . . );
    . . .
  }

uProcess  B
  { . . .
    pid_a = uProcess_Parent();
    Send_Message(pid_a, . . . );
    . . .
  }

Proccesor 1 Processor 2

 virtual  PCB
 uProcess B 

physical PCB -- pid_b’

Physical PCB

uProcess B

Figure 6: Two uProcesses send messages to each other.
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should send it to a randomly chosen processor [4, 9]. One advantage of this strategy is its simplicity

of implementation. However, the lack of locality leads to large overhead and communication tra�c.

Most messages between uProcesses have to cross processor boundaries. This leads to a higher

communication load on large systems. Since the bandwidth consumed by a long-distance message

is certainly larger, the system is more likely to be communication bound compared to a system

using other load balancing strategies that encourage locality.

In the Gradient Di�usion model [12], instead of trying to allocate a newly generated uProcess

to another processor, the uProcess is queued at the generating processor and waits for some

processor to request it. The scheduling module periodically updates proximity on each processor.

The proximity of a processor represents an estimate of the shortest distance to an idle processor.

An idle processor has a proximity of zero. For all other processors, the proximity is one more than

the smallest proximity among the nearest neighbors. When the load is unbalanced, the processor

sends a uProcess from its local queue to the neighbor with the least proximity.

ACWN is an adaptive scheduling algorithm [20]. In this algorithm, each processor calculates

its own load function and adjacent processors exchange their load information periodically. Thus,

each processor maintains information about load on all its nearest neighbors. Depending on how

heavily its neighbors are loaded, a newly created uProcess contractes several hops immediately,

traveling along the steepest load gradient to a local minimum. If all neighbors are heavily loaded,

a processor accumulates uProcesses without sending them out to encourage good locality.

The Runtime Incremental Parallel Scheduling is an alternative strategy to the commonly used

dynamic scheduling [21]. In this algorithm, the system scheduling activity alternates with the

underlying computation work during runtime. The uProcesses are incrementally generated and

scheduled in parallel. The scheduling algorithm includes two major components: incremental

scheduling and parallel scheduling. The incremental scheduling policy decides when to transfer

a computation phase to a system phase and which uProcesses are selected for scheduling. The

parallel scheduling algorithm is applied in the system phase to collect system load information

and to balance the load. The Runtime Incremental Parallel Scheduling utilizes advanced parallel

scheduling techniques to produce a low-overhead, high-quality load balancing.
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Figure 7: The uThread Package Implementation in Modules

Details of these algorithms and some comparisons can be found in [20, 21].

3.4. Current Implementation

The uThread package consists of six modules as shown in Figure 7: machine interface module,

information management module, queue management module, uProcess management module,

scheduling module, and message management module. All modules except the machine interface

module are machine-independent. Porting the uThread package to a new system is thus a simple

matter of de�ning the machine interface module, and linking it with other modules.

We have implemented the uThread package on Intel iPSC/860, Touchstone Delta, NCUBE,

and TMC CM-5. A uProcess creation costs about one hundred instructions and a uThread

creation costs less than ten instructions. In comparison, a process creation costs a few tens of
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thousands of instructions and a thread creation costs more than three hundreds instructions [2].

4. Related Work

The work presented here is similar to the user-level thread packages, including C Threads and

User-level Threads with Continuations at Carnegie Mellon University [7, 8], Sun Microsystem's

multi-thread [17, 23], Scheduler Activations at the University of Washington [3], and First-Class

threads at the University of Rochester [13]. Most of these works are for general-purpose threads

in uniprocessor or shared-memory multiprocessor environments. The major problem these works

tackle is the coordination between the kernel-level processes and the user-level threads. Since

uThreads are used in the context of massive parallelization of a single application, the elimination

of all kernel-level intervention as well as minimization of user-level overhead becomes a central is-

sue. The major di�erence between uThread and other thread packages is that uThread eliminates

context switching overhead by using the RC thread concept. Without supporting multiprocess-

ing, we have only one kernel-level process running at each processor. There is no global shared

memory space supported among the processors, and therefore, no mutual-exclusion primitives are

needed. All events are synchronized by message passing. In addition, current available distributed

memory machines do not support virtual memory. The page-fault blocking can be avoided, too.

The work by Bershad, et al. on lightweight RPC [5] also represents e�orts to reduce unnecessary

cost in the domain of remote procedure calls. More general issues about processes and threads

have been discussed in [24, 22, 2].

The uThread package is based on a message-driven model combined with partially shared

local data. Research projects on message-driven models include the J-Machine at MIT [15] and

Monsoon at Berkeley [16], in which a messages contains the name of a handler and data. When

the message reaches the head of a scheduling queue, the handler is executed with the data as

arguments. The execution can be synchronized and suspended. Another message-driven model,

the active messages, carries the address of a user-level instruction sequence to extract the message

from the network and integrate it into the on-going computation [25]. The active messages are

used to overlap communication and computation, reducing unnecessary communication overhead.

Both active messages and uThreads are message-driven, but, in the active messages, the action

taken at arrival of a message is to preprocess the message, whereas, in the uThreads, the action
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taken for each message is to perform the primary computation.

Task scheduling can be classi�ed into two categories: static and dynamic. A static scheduling

algorithm can schedule applications with static, regular structures [27, 28]. Dynamic scheduling

can be applied to general problems with nonuniformly structured problems. The uThread pack-

age is especially attractive as a vehicle in dynamic scheduling and load balancing. Numerous

algorithms have been studied on dynamic scheduling and load balancing [9, 10, 12, 6]. Many of

them are designed for a distributed system instead of a massively parallel environment. A good

experimental work, implemented with several dynamic load balancing strategies, is presented

in [26].

Implementation of the uThread package is entirely in user space to provide us with great

convenience. Early works in a similar context include MOOSE at Caltech [19, 11]. Recent

development of the microkernel approach to modern operating systems [1, 14, 18] particularly

encourages customized thread packages to suit needs of di�erent application and languages.

5. Conclusion

We argue for our approach in terms of both 
exibility and performance. The design of the

uThread package was heavily in
uenced by the need to support parallel programming with nonuni-

form features. In particular, we have attempted to ensure that the overhead introduced by control

and manipulation of parallelism can be nearly minimized. The design was also in
uenced by the

need to provide e�ective scheduling support. The key features of our approach are (1) we simplify

the notation of processes when they are employed in exploit of parallelism within a single ap-

plication; (2) the package is designed for distributed memory environment and supports suitable

scheduling strategies; and (3) the package is implemented in user space, portable to most com-

mercially available distributed memory parallel computers and easily extended to newly available

parallel machines.
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