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Block 20 cont'd

N

The Jellybean Machine is a scalable MIMD concurrent processor consisting of special-purpose RISC pro-
cessors loosely coupled into a low latency network. The problem with such a machine is to find a way to
efficiently coordinate the collective power of the distributed processing elements. A foundation of efficient,
powerful services is required to support this system.

To provide this supportive operating environment, I developed an operating system kernel that serves
many of the initial needs of our machine. This Jellybean Operating System Software provides an object-
based storage model, where typed contiguons blocks act as the basic metric of storage. This memory model
is complemented by a global virtual naming scheme that can reference objects residing on any node of the
network. Migration mechanisms allow object relocation among different nodes, and permit local caching of
code. A low cost process control system based on fast-allocated contexts allows parallelism at a significantly
fine grain (on the order of 30 instructions per task).

The system services are developed in detail, and may be of interest to other designers of fine grain,
distributed memory processing networks. The initial performance estimates are satisfactory. Optimizations
will require more insight into how the machine will perform under real-world conditions:w
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Chapter 1

Introduction

I am the people — the mob — the crowd — the mass
Do you know that all the great work of the world is done through me?

— CARL SANDBURG, in I Am the People, the Mob (1916)

Pouwer is the great aphrodisiac.

— in The New York Times (January 19, 1971)

Concurrent processing is becoming a progressively more popular field in computer
science. The vision of harnessing previously undreamt of computational power at a reason-
able cost is leading the drive. By connecting many moderately powerful microprocesors in a
communications medium, system designers hope to be able to take advantage of the collec-

tive power of the architecture to solve tasks that were previously time or cost-prohibitive.

Unfortunately, the eager concurrent system designer soon finds that many issues
are still unresolved. Though people have a fairly good grasp of ways to build successful
sequential machines, it is less clear how to build optimal, or even acceptable concurrent
systems. The designer is soon faced by a barrage of questions that are difficult to answer.

“What grain of parallelism should be supported?” “What level of functionality should the




CHAPTER 1. INTRODUCTION 9

processors provide?” “How should the processors communicate?” “How tightly coupled
should the processors be?” “How should memory be managed?” “How should the load be
distributed?”. Many research groups are attempting to answer these questions at this very

moment.

Some insight into concurrent architectures has been gained over the years, and
the current directions of research reflects the knowledge gained. Multicomputer networks
(sometimes calied “ensemble machines”) are one direction that concurrent systems research
has taken. This genre of machine connects relatively conventional microprocessors via an
automatically routed network. The design is advantageous because it takes advantage of well
understood sequential processor technology for the processing nodes, and the performaace of

the system can grow proportionately with the number of processors!, providing scalabstity.

For the past two years, the Concurrent VLSI Architecture Group at M.I.T. has been
designing a concurrent processing network, christened the Jellybean Machine, under the
direction of Professor William Dally {Dal86c). The goal of the Jellybean Machine project is
to design a scalable concurrent processor out of low-priced (jellybean) parts, that efficiently
supports an object-oriented execution model. The processor is targeted at both symbolic
and numeric applications, and will be programmed in high-level, ob ject-oriented languages.
It hopefully will serve as a succesful example and a test bed for a.dvanéed concurrent cystems

research.

1.1 Scope of Thesis

This thesis rep...t describes the design and implementation of an operating system prototype
for the J-Machine. The operating system was required to support a global namespace across
the distributed processors, allocate memory in an object-based storage model, support

!at least up to some point.
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inter-processor communication, provide system services to control code execution, object
migration, and an object-oriented calling model. It also provided a perch from which more
advanced issues in system design could be studied.

1.2 Highlights of Contributions

In the course of the design of the J-Machine operating system, several ideas were developed
that may be of special interest to the designer of multicomputer networks.

o In section 3.4, I describe a virtual addressing system that resolves objects names
across distributed nodes by a mechanism known as Aometown addressing. This scheme
delegates to object birthnodes the responsibility for knowing current object residences,
permitting object migration. An accompanying mechanism of “hints” is provided to

improve performance.

¢ To simplify the hardware with minimal cost in flexibility, we have developed an ex-
plicit, one time virtual translation scheme via the XLATE machine instruction, that
converts a virtual address to a physical one. Retranslation is provided for automati-
cally by fault handlers.

o Chapter 5 describes a low overhead code execution model that supports inexpensive
remote procedure calls, local caching of code, and convenient suspension and resump-
tion of processes.

o Section 5.4 describes a system for fast context creation that involves the re-use of old
context objects. This is an important optimization based on the short life and rapid
g S freqency of context allocation.

¢ Section 5.6 outlines a simple and fast, resource distribution mechanism that limits
tl_)ottl:necks and cross network traffic by dynamically creating a type distribution tree
F , or the resource.
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1.3 A Closer Look At The Jellybean Machine

The J-Machine is composed of many custom RISC microprocessors called Message-Driven
1# Processors or MDPs. These processing elements have small, local memories and are con-
nected in a loosely coupled network. Inter-node communication is provided via message
| sends that are automatically routed to the proper destination nodes. A virtual object-
based memory abstraction is built over the distributed nodes providing a uniform global
namespace. Various levels of low-cost execution control provide a reasopably fine grain
of concurrency (on the level of 30 instruction procedures). An object-oriented execution
model is bi'.t upon this fine-grain execution model. The rest of the system implements

miscellaneous system services and mechanisms to improve performance.
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1.4 Background

Concurrent architecture design has been seriously studied for at least the past fifteen years,
but there is still much to be learned. The various visions of machines, operating systems,

and target applications are so diverse, that few definitive statements can be made.

We see SIMD parallelism, promoted by vector operations as seen in the Cray. More
complicated architectures like the Connection Machine [Hil85], and systolic array processors
like the Warp [Kun82] are alternative approaches, providing fine-grain concurrency with
repetitive processing while permitting reconfiguration. MIMD architectures are just as
diverse. There are extremely fine-grain dataflow machines like the Manchester Machine,
Sigma-1, and the MIT Tagged-Token datafiow Machine [Aea80], bus-based shared memory
architectures like the IBM RP3, Inmos Transputer, and C.mmp (WLHS81], multicomputer
networks like the Cosmic ¢ :be [Sei85) and Cm* [0SS80] and distributed systems like System
R* [Lin80).

The Jellybean Machine, while borrowing ideas from successful research endeavors,
has goals unique enough to gain a somewhat different character from other machines of
its genre. It communicates via message passing and addresses only local memory, as in
the Cosmic Cube (Sei85) and the Medusa system [0SS80]. On the other hand, these two
systems control execution by a system of pipes and locks, where processes wait for data to
arrive via messages. The J-Machine, instead, uses message sends to schedule processes, and
not to provide socket-to-socket communication. State manipulation doesn’t involve explicit
connections between running processes. Instead, return values are propagated around to

slots in contexts and code is executed when results arrive in a more “functional” manner.

Many systems also have virtual memory and some systems use an object or segment
based storage model [WLHS1) as does the J-Machine, but the emphasis is slightly different

in our design. Where most systems use a virtually addressed, multi-level memory system

o~
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to expand primary memory and provide relative address mapping, the J-Machine uses a
virtual addressing system to provide a giobal namespace across all nodes and to provide
convenient access to objects as the primitive memory metric. This is more similar to large,
complex-distributed systems such as IBM’s distributed database, System R* [Lin80] than

conventional parallel processors. .

Finally, the J-Machine targets itself to a high-level programming environment. The
RISC procescing node, called the Message-Driven Processor [HT88), provides a fast, power-
ful substrate for the execution of high-level languages, such as Smalltalk. There are several
architectures designed for the efficient execution of high-level language applications, such
as the Symbolics Lisp Machine and the SOAR Smalitalk processor [Ung87], but very little
work has been done targeting concurrent processors to high-level languages.

1.5 Organization

The rest of this report will discuss the structure of the Jellybean system. Chapter 2 provides
a high level layering of the Jellybean system — from single processing node hardware to the
high level programming of the entire concurrent processing network. Chapter 3 describes
the memory management and addressing system. Chapter 4 discusses the machine as a
distributed system supporting object migration to balance load. Chapter 5 explains code
execution on the method level, and 6 details the object-oriented calling extensions. Storage
reclamation issues will be introduced in chapter 7. Chapter 8 discusses some of the services
provided to support high-level language constructs and to control code execution. Chapter
9 describes t* 2 prototype operating system implementation noting its successful as well as
not-so-successful features, and discussing some of the difficulties and quirks faced by the
system designer. The report concludes with a performance evaluation and summary in

chapters 10 and 11.
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Chapter 2

The Execution Model of the
Jellybean Machine

These unhapﬁ times call for the building of plans ...
that build from the bottom up and not from the top doun

— FRANKLIN DELANO ROOSEVELT, in his April 17, 1932 Radio Address

The Jellybean Operating System Software (JOSS) is built in a layered manner where
each layer provides a different model of functionality to the machine. Figure 2.1 attenipts to

describe this layering, and what new functionality each layer provides to the entire system.

- —

At the bottom of the figure lies the base processor and boot code. At this stage,
the processing node can be initialized, and can run independently as a limited micropro-
cessor. The addition of system call and fault handlers provide a level of system services
and robustness to the microprocessor, allowing it to allocate meinory in an object-based,
virtually addressed manner, and to handle various types of exceptional copditions at run
time. These first two levels of the Jellybean system build up the abstract processing node

14
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Ezecution Model

High Level Languages

Intermediate Code

SEND Message Handler

CALL Message Handler

Primitive Message Support

System Calls
and
Fault Handlers

Machine Code

Functionality o

User programming langunge

Simple machine independent target language
Class/Selector calling model

Remote Method Calls

Communication

Distributed Namespace
Concurrent computing
Object-based memory allocation
Optimistic code generation
Virtual Namespace

Assorted System Services

Simple instruction set, tagged, local memory

" Fest pelority switches

Figure 2.1: Layering of Jellybean System
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CHAPTER 2. THE EXECUTION MODEL OF THE JELLYBEAN MACHINE 16

capable of executing machine code and performing a set of system services.

Concurrency is provided as the next level of functionality by the introduction of
primitive message handlers. Each processing node has the ability to send messages to any
other node, where a message is simply a physical address to start running on a foreign node,
followed by routine-specific data. Thus, a Jellybean primitive message is actually just a way
of changing a program counter of a remote node. A set of common operations can be placed
in identical physical memory locations on each node, so that an operation can be run on any
node by mailing that routine’s address to the node. The operating system provides a small
set of primitive message handlers to perform common operations which reside in the same
locations on each node. With this small set of locked-down routines, the machine gains thé
ability to compute concurrently, to use a global addressing abstraction over the physically
distributed memories, and to perform some amount of object migration and other control

of resources.

Two special primitive message handlers are special, in that other system services are
built on top of them. The CALL message handler provides a mechanism for starting code
contained in virtually-addressed relocatable objects, rather than just code that resides at
locked-down physical addresses. This provides a convenient way of packaging objects and
supporting remote procedure calls. The SEND message takes the code execution mechanism
to an even higher level, and provides for a dispatch-on-type calling model as used in object-

oriented systems like Flavors or Smalltalk.

The final two layers of the system are the interfaces for the programming models.
The Jellybean Machine under this highest level of abstraction appears to the user a system
to run high-level languages like Smalltalk.

The rest of this chapter will go into the abstractions in more detail, describing what
functionality each level of the machine provides. It may be helpful to refer back to figure

2.1 as you read the following sections.
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2.1 The Processing Node

Each node of the Jellybean multiprocessor (a Message-Driven Processor) is a tagged-
architecture microprocessor with a small on-chip memory with separate regijster sets for

operating at two priority levels.

2.1.1 Machine Code

The machine code interpreted by a Message-Driven Processor (MDP) is a simple 3 operand
instruction set (HT88]. Code is executed sequentially, and changes in control are provided
by simple conditional and unconditional branches. The instruction stream is accessed via
two registers, one that points at the base of the code block (A0), and one that indicates
the current offset into this block (IP).

2.1.2 System Calls

The processor also has a small fixed length stack, and a mechanism to make system calls.
This provides us with the ability to change contral to common subroutines, and easily restore
execution upon return. The addition of the system call machinery gives us the ability to
provide several extensions to the processor in terms of system services written in machine
code. Heap management, and an object-based memory allocation model are provided with

system calls, as are the mechanisms to address these objects with relocatable, virtual IDs.

2.1.3 Fault Handlers

Similar to system calls, the MDP also contains a fault handler table providing software
routines to run when iﬁatructions fault because of various exception conditions (tag mis-
matches, addressing past segment, integer overflow, translation buffer lookup miss, etc.).
When a fault occurs, the IP is pushed onto the stack, and the appropriate fault routipe

~
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(found in the exception vectors table) is run. An address of each fault handlers is placed
in the exception vector table by software initialization. The- addition of the fault handlers
gives us several advantages in our quest of an object-oriented concurrent processor. We can
use tag checking to support optimistic code generation and a type of “generic operation”
approach on the machine code level. The fault handlers also provide us the ability to effi-
ciently implement virtual ID lookup via the XLATE instruction. The fault handlers will be

described in more detail later when the entire system has been more thoroughly explained.

Since both the system calls and fault handlers are supported by a software initialized
vector table, the processor can be “reshaped” into a different type of machine by replacing
the ROM code that sets up this table. Only the instruction set is fixed, allowing the MDP
processing node to be used as a basis for various alternative concurrent processing system

paradigms.

2.1.4 The Basic Node of Computation

With what we have described so far, our processor is a sequential machine, able to be
executing in one of two priorities. It refers to its instruction stream using physical memory
base and offset registers. The addition of the system calls provides an interface to OS
services, such as those to allocate memory, generate virtual object IDs and to manage ob ject
ID to physical address translation. The fault handlers permit us to develop “optimistic”
code, where a normal, error-free execution will proceed rapidly, and we only piy the price of
software execution if an error condition occurs. The fault handlers are also used to support

a fast virtual namespace, where translation can be as fast as the XLATE instruction.

The sum is a flexible, object-based microprocessor that will serve as our basic node

of computation as we venture into the realm of concurrency.
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2.2 The Concurrent Processor Model

By providing mechanisms for node-to-node communication, our machine becomes a mul-
tiprocessor, called the Jellybean Machine. Many MDP processing nodes (as well as other
potential nodes such as floating point processors and memory nodes) are connected together
in a network. Communication between the nodes is provided by the MDP SEND instruction
which injects messages into the network. The messages are routed by routing hardware to

the message queues on the destination node.

Messages received by an MDP processing node consists of two parts, a message
header which contains the address of the primitive message handler to run, and a sequence
of message specific data words. The header of the message acts in effect like a process
descriptor for providing efficient message execution. When a message arrives at the specified
node, it lands in the destination node’s queue. The queue acts as a FIFO scheduler of
primitive message processes. When the message moves to the head of the queue, the MDP
executes the message by setting the instruction pointer register to point to the primitive

message handler whose address is in the header of the message.

Several useful system services are written as primitive message handlers. Examples
of primitive message handlers include those to make a new object on a node (NEW_MSG)
and to request a copy of a method from a node (METHOD REQUEST MSG).

With the addition of primitive messages, we have the ability to process concurrently,
and to support a distributed namespace. We can no& extend our virtual memory system
to support naming of objects, not just in the local memory, but on any node in the entire
network. With a distributed namespace, we gain flexibility of resources. We can migrate

objects as we need them to balaace load and to free up memory. .
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2.2.1 Methods and the CALL Message

Up to this point, we have only been able to run foreign code that resides at fixed physical
locations. We desire a more flexible mechanism for dealing with blocks of code, such as those
that will be output by compilers. Since we already have an object based storage model,
it would be very convenient to store code routines in objects and provide a mechanism for
their execution. We call code routines stored in virtually addressed, relocatable objects
methods to differentiate them from physical locked down code sequences. We provide a
mechanism to start these methods executing by writing a primitive message handler called
the CALL message handler. When a CALL.MSG starts executing on a node, it runs the
method indicated in the message argument. This allows us to have a flexible system of

remote procedure calls.

2.2.2 SENDing Selectors to Objects

The final operating system layer in our quest for an object-oriented execution model is
the SEND MSG message handler. A SEND_MSG consists of a selected generic operation,
represented by a unique symbol called a selector, followed by the object(s) that the selector
acts upon. If we wanted to send the DRAW selector to an object (say a triangle), we
would SEND a SEND.MSG message to the node the triangle object resides on, passing the
selector DRAW, and the virtual address of the triangle object receiving the selector (called
the receiver). When the SEND_MSG handler gets executed, it determines the appropriate
method to run, and then remotely calls the procedure by sending a CALL MSG message

to this method which then draws the triangle.

In order for this system to work it is necessary to maintain certain system tables
that map pairs of selectors and object classes with the virtual IDs of methods to perform
the desired information. It is also necessary to insure that semantically indentical selector

operations get the same selector symbol. In other words, all PLUS‘g_erationu must get the
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same symbol representing +. The exact mechanisms of the class/selector system will be

described in more detail in chapter 6.

2.3 High Level Language Model

For the final part of our tour of the Jellybean Machine, let us step back once more, and
view the machine from the perspective of the programming languages that will be used to

write user programs.

2.3.1 Intermediate Code

To provide a uniform target language for compilers, we have specified an intermediate
language called i-code. This language has a simple set of operations, and a simple manner of
referencing operands. By passing the send code through a code generator and a linker/loader
we can store actual MDP machine code on nodes. The i-code level of the system provides a
convenient entry point for various compilers that necessitates no knowledge of the underlying
layers. All interaction is via the protected subsystem of the i-code interface. This interface,
in effect, provides an abstract i-code machine that can be of use in many different machine
configurations. Implementations of this interface on different machine architectu.es would

provide a convenient way to reuse compilation tools and compare system performance.

2.3.2 User Languages

The user language model is what would be seen by the user of the Jellybean Machine. He/she
would be faced with the language interaction shell and would see none of the internal layers
that compose the system. The currently supported user language is a prefix notation form
of concurrent Smalltalk [DC]. Other languages, such as a Lisp with flavors should also be

possible.




Chapter 3

Memory Management and

Addressing System

Work without hope draws nectar in a sieve
And hope without an object cannot live

— SaAMUEL TaYLOoR COLERIDGE, in Work Without Hope

Oh call it by some better name
For friendship sounds too cold.

— THOMAS MOORE in Ballads and Songs: Oh Call It by Some Better Name

The Jellybean Machine, targeted for object-oriented applications, needs to have an
object-based storage model. This chapter sketches the machinery that interact to provide
this model. The mechanisms basically consist of two parts, (1) the services to allocate and
deallocate contiguous blocks of physical memory, and (2) the virtual addressing abstractions
that make objects the basic unit of storage. This virtual address allows object relocation
and provides a way to reference storage on foreign nodes. Virtual naming and physical

allocation systems combine to form an object based programming system.

22
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NEW
OBJECT
TRANSLATION GENERATE ALLOCATE
TABLE VIRTUAL PHYSICAL
ROUTINES ADDRESS MEMORY

Translation Virtual
Table iD Heap
(BRAT) Pool

Figure 3.1: Schematic Model of the Memory System

At the heart of the object based system is the NEW system call, which creates a
new object. This routine utilizes the 3 object system subsystems, the translation manager,
the name manager, and the memory manager. This interaction of the various systems is
shown in figure 3.1.
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3.1 “Freetop” Contiguous Heap Allocation

Each node of a Jellybean Machine has its own local memory that can be accessed very
rapidly. Part of this local memory is reserved as a heap to allocate blocks of memory from.
Heap allocation is done in a straightforward “freetop-next” manner. Memory is allocated
starting from the current top of free memory, and the freetop pointer is moved past the

block allocated. The ALLOC system call handles the allocation requests.

3.2 Compaction is Fast

Deletion of objects fragments the heap leaving unused “holes” in the heap. We reclaim this
storage by sweeping objects down toward the base of the heap, to fill up the blank space,
with the freetop following accordingly. Since each local memory is small and fast, and
each processor can sweep in parallel, compaction takes very little time. Figure 3.2 shows a

process of heap allocation, deletion, and compaction.

3.3 Physical Base/Length Addressing

Blocks of memory are described by physical base/length values supported by the processor’s
primitive ADDR data type. The base is the starting address of the block of memory, and the
length is used for access bounds checking. The format of an ADDR tagged value is shown
in figure 3.3. The tag of the physical address word is a unique number ADDR representing
a physical address value. The R bit is used to specify that an address value points to a
relocatable object. The I bit specifies that the address is now inya.lid. Both of these bits

are used for the implementation of virtual addressing.
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Empty Heap  Allocate Objects  Delete Objects Compact

Figure 3.2: “Freetop” Heap Allocation, Deletion, Compaction
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Figure 3.3: A Physical Address Word Format
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3.4 Virtual Addressing Extension

Having physical addresses only allows us to access objects on the current node. It provides
us no mechanism for naming objects on different nodes. For this reason and because it eases
relocation and provides an object-based storage model, we extend our addressing system
from the local, physical namespace provided by the physical ADDR' values to a global,

virtual namespace using virtual object IDs. A virtual ID is a global name for an object.

8.4.1 Creating New Objects

Objects are created by the NEW system call. The system call allocates memory with the
ALLOC call, reserving the first two words of the allocated block of memory for object header
information. Once the block of memory is allocated, a unique, virtual ID is generated with
the GENID system call. The first word of the block of memory is initialized to contain the
length and data type of the object, and the second word is set to the virtual ID. Finally,
a virtual ID to physical address binding is made for the object so we can find the physical
location given the ID. The format of an object is shown in figure 3.4.

To manage this virtual namespace efficiently, we need some operating system and
hardware support. First of all, the processor provides a matching ID register for each
physical address (A) register. These ID registers hold the virtual IDs for the objects whose
physical addresses are in the A registers. We also provide a translation buffer as we will
discuss shortly.

3.4.2 Virtual Memory System Calls

The GENID system call generates a new serial number, unique on the current node. The
current implementation encodes a virtual ID in two fields, a node-unique serial number, and

a node number component representing the node number an object was created on. The
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Object ID

Figure 3.4: The Structure of an Object

> N words of object data
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OBJECTS

Figure 3.5: A Virtual Address Word (ID) Format

format of this virtual ID is shown in figure 3.5. There are also several utility routines used
to manage the virtual — physical translation table (called the Birth/Residence Address
Table, or BRAT). These routines add, lookup, and remove bindings from the translation
table. They are implemented by the extended system calls BRAT_ENTER, BRAT XLATE,
and BRAT PURGE respectively. Finally, we provide the NEW system call to allocate and
install a new object. This service allocates physical memory, generates a virtual ID, installs
the virtual — physical binding in the BRAT, and returns both the ID and the address. The
NEW system call is to the virtual addressing model as ALLOC is to the physical addressing
model.

3.4.3 Translation Buffer

To speed up translation, each processing node has a 2-way set-associative translation buffer,
and the aczompa.nying ENTER, XLATE, and PURGE machire instructions. The XLATE
instruction will fault if no binding is found in the cache, and a software exception handler

will be run to resolve the name.

ey ke
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Virtual ID
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Figure 3.6: Format of the Transiation Buffer
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3.4.4 Automatic Retranslation

To support ma.:ﬁmnm efficiency in normal case situations, the processing node provides an
“invalid” bit in each address (A) register. If this bit is set, it signifies that the ID and A
register have values that are no longer consistant. Any access of an invalid A register will
cause a fault handler to be run which will retransiate the ID register into the A register
and continue. This way we can be “lazy” and retranslate invalid bindings only if needed.

3.5 Summary

Physical block allocation is used to reserve segments of memory. Virtual IDs are associ-
ated with these blocks of memory, and bindings are formed, to provide an “object-based”
allocation model. This object allocation model provides the following benefits

e An abstract memory model, where “objects” are the primitive metric of storgae rather
than physical addresses.

o A location independent memory model with indirection through a translation table,
allowing ease of relocation.

o The ability to represent the data types of objects.

o The introduction of a global namespace where we can refer to objects residing on any
node of the network.
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Chapter 4

Distributed System Support

I pity the man who can travel from Dan
to Beersheba and cry, 'Tis all barren!

— LAWRENCE STERNE, in A Sentimental Journey (1768)

In the previous chapter we developed a object based allocation model and a global
naming system. With this functionality, we gain much greater flexibility. We take this
system one step further in this chapter, as we describe a mechanism to migrate objects
from node to node. This added ability requires a few extensions to the virtual naming

model presented in the previous chapter.

4.1 The Idea

In the previous naming model, virtual IDs were bound to physical addresses. Since ob jects
were not allowed to migrate, they were forced to always reside on their birthnode. Now that
objects are allowed to emigrate to different nodes, we need to expand our name resolution
system. In addition to virtual — physical bindings we add a virtual — node-number

binding semantically representing a “hint” that the object in question now resides on a

31
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node #1 node #2

ID1-bnode 24
~

\

Figure 4.1: An Example of Hints

different node number. Figure 4.1 shows that node #1 has a hint that an object is on node
#2.

4.2 Chaining of Hints

These node number “hints” indicate another node to look on for the object in question. The
current implementation allows chaining of hints (although cycles will never form). If we ever
follow a pIth of hints and find no binding for the object ID, we then query the birthnode
which is required to have a path to the object in question. Figure 4.2 is a snapshot of a
system where a chain of hints has formed to an object. -

A question then arises as to how long to let these chains of hints be. Some distributed
systems, such as System R* [Lin80], only allow paths of length 1, i.e. one hint. If the
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object is not one hint tramsition away, the system then defaults“o the birthnode where
the location of the object is found, and the previous incorrect hint is updated. However,
in our system we choose to have multiple hints because objects may migrate quite a bit,
and this would increase the number of birthnode accesses. Performance could significantly
degrade if a popular object moved quite a bit (as we would expect popular objects to do).
If we notice in later performance experiements, that chains of hints become commonplace,
adding latency and unnecessary network traffic, we can adopt one of 2 solutions, (1) only
allow one hint or (2) collect and update old hints periodically.

4.3 Calculating Likely Nodes From Object IDs

The operating system provides a system call for finding a likely node that an object resides
on. This ID.TONODE call takes the virtual ID of the object and returns a node number.
It does so by the algorithm charted in figure 4.3. It works in the following way. The virtual
ID is looked up in the translation table. If it is not there, we have no idea where the ob ject
is, so we check the birthnode. If there is a binding, but the binding is to a hint (an integer
value), we return this hint as the probable residence node. Finally, if the binding is to a
physical address, the object is local, and the local node number is returned.

4.4 Virtual To Physical Translations In The Migrant Ob-
ject World

Now that objevts are allowed to wander aimlessly across the nodes of the Jellybean Machine,
virtual to physical address translations are necessarily slightly more sophisticated. Three
conditions can occur when we attempt to translate a virtual ID into a physical address.

1. We find a physical address value for the binding
2. We find a hint to where the object currently resides
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ID TO NODE

Pick a random node to
perform the primitive
dats operation on

XLATE ID locally (this
does an XLATE and a
BRAT lookup and
returns NIL if not found)

YES
NO
Check tag of result to

determine if object is

local or a hist
YRS YES
Return this INT value The object is local to this
as a hint to where the node, 20 return the local
T object might be node aumber

We have no ides where
the object is, s0 use
the birthnode

Figure 4.3: Flowchart for the ID.TO_NODE algorithm
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3. We find no binding for the object

Case 1 is the normal situation. The physical address associated with the object ID is
returned. Case 2 implies that the object is rumored to be on a foreign node. We then
send a request to this node asking that the object be shipped here for processing, and we
suspend our process onto a wait list. Case 3 occurs when a node has no idea where an
object resides. In this case, we send a request to the birthnode asking for the object. If the
birthnode doesn’t know where an object is, it loops, mailing messages to itself, assuming

the object is in a state of transition somewhere.

4.5 Bouncing Objects

Note that this method of finding data objects may cause them to bounce around from node
to node, as different processors wish to compute on them. This is the direct result of several
design decisions: (1) each processor executes only one task at a time, (2) memory is not
shared among processors, (3) mutable data objects are not cached, and (4) an object’s data
lies entirely on one node. The first and second decisions are fundamental to the design of
our machine. We chose the grain size and memory model to provided a moderately fine
grain, highly scalable processor. We chose not to do object caching because it is expensive
to do in software, and is difficult on a network based memory model. It may be possible to
provide coherent caching in the future however. The final restriction, that an object’s state
is contained on one node only is for simplicity’s sake, and can be at least partially lifted by

the introduction of “distributed objects” described in a later section.

So, with these characteristics in mind, it becomes important for us to try to prevent
unnecessary “pinging” of objects from node to node. One way this is done is by “sending
work to the object” rather than “sending the object to the work™. Unfortunately, this is

difficult to do in the general case due to problems with transferring processor state. As a
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compromise, we set the following policy.

1. If we were sending a selector to an object, and the object is not local, we forward the
selector to the location of the object!.

2. If we were accessinﬁ a non-local, immutable object, we halt, saving our process state,
request a copy of the object, and restart execution when the copy arrives.

3. If we were accessing a non-local, mutable ob ject, we halt, saving our process state,
move the object here, and restart when it arrives.

This policy reduces the severity of the “pinging” problem, because work tends to accumulate

at the object, while at the same time, allowing the object to move if it has to.

4.6 Details About Object Migration

This section formalizes the mechanisms provided to migrate objects. When we try to access
a non-local object, we mail away to request a copy of the object or to move the object
(depending on whether the ob ject is immutable or mutable, respectively)?. When we wish
to request a non-local object, the following steps are taken:

1. The processor state is saved in a context object, and the context is marked waiting
for the ID of the object being requested.

2. Tgle context is placed in a resource wait table that indicates processes waiting on
objects.

3. A MIGRATE.OBJECT message is sent to the best guess residence of the object,
asking it to be migrated to the requesting node, and the process suspends, able to
execute the next message in the queue.

4. This MIGRATE_.OBJECT message is forwarded down the chain of hints. If it lands on
a node with no binding for the ID in question, the search continues at the birthnode.
Finally this message arrives at the node the object resides on, and the message handler
is run.

5. If the object in question is marked unmovable, then the message is sent back to
the start of the queue, otherwise the message handler decides whether the object is
mutable or not, and acts depending.

e If it is mutable, the bindings are removed from this node, the object is mailed in
an IMMEIGRA'I‘E-OBJ EC'? message back to the requesting node, and the object
is deleted.

1The class/selector late-binding activation model is discussed in detail in chapter 6.
3Since a process cannot be interrupted by a same priority message, it does not suffer from livelock and

can always make headway:
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o If'the object is read-caly, the data is mailed in an IMMIGRATE_COPY message
back to the requesting node.

6. These messages eventually arrive back at the requesting node.

o When a IMMIGRATE_.OBJECT message arrives, the message handler (1) allo-
cates the object, (2) marks the object unmovable (until it can update the birthn-
ode, to prevent a race condition where hint updates may occur out of sequence),
(3) copies the data into the object, (4) mails a NOW IDING_AT message to
the previous node of residence, and (5) calls the RESOURCE_ARRIVED system
call, which will queue the restart of the waiting contexts.

o When a IMMIGRATE_COPY message arrives, the handler (1) allocates the ob-
jeet, (2) marks the object header as a copy, (3) binds the old ID to this new ob-
ject, (4) copies the data into the object, and (5) calls the RESOURCE.ARRIVED
system call, which will queune the restart of the waiting contexts (copies can be
collected when storage runs low).

7. The NOW_RESIDING.AT mes makes a hint from the current rode to the new
node, and mails a UPDATE.B NODE message to the birthnode of the object,
telling it of the object’s new location.

8. The UPDATE_BIRTHNODE message makes a hint to the new location and mails an
OBJECTMOVABLE message to the location of the new object, passing its ID.

9. The OBJECT .MOVABLE message marks the object movable. Now the object is free
to move again.

Figure 4.4 shows an example of this process.

4.7 Summary

The addition of a mechanism for object migration adds much more flexibility to the Jelly-
bean system. Without imposing policy, the migration and copying system provides the
basic mechanism for resource sharing. To alleviate name resolution bottlenecks at object
birthnode, I designed a system of cycle-free hints to indicate where objects carrently lie. It
is not clear how long to allow these chains of hints to be. Long chains of hints would cause
unnecessary network traffic and increase latency. Having single hints would increase the
number of birthnode accesses and require mechanisms for removing dld links. The system
currently supports chains of hints.
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Figure 4.4: Step-by-step Object Migration
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Chapter 5

A Virtually Addressed Code

Execution Model

They shall mount up with wings as eagles;
they shall run, and not be weary, and
they shall walk, and not faint

— The Holy Bible, Isaiah, 40:31

At the most primitive level, we could execute physically MMM blocks of machine
code by directly setting the registers, or by sending primitive messages. Unfortunately,
we have no mechanism to allocate or relocate these blocks of code, they are physically
addressed and sedentary. This chapter presents the system mechanisms that interact to
provide a ;mre flexible, but low overhead model for code execution by taking advantage of
the virtually-addressed, object-based storage model we developed in the last 2 chapters.

I will present (1) the advantages of an object-based code model, (2) the mechanisms
for executing object-based code, (3) local caching of methods, (4) contexts, suspension,
and waiting for resources, and (5) efficient ways of distributing code models across a large

network.
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Figure 5.1: Format of the CALL Message

5.1 Taking Advantage of Object Storage

By taking advantage of the object storage and naming system we developed, we are able
to wrap threads of code inside objects aad gain all of the bensfits of this mere powerful
object-based abstraction, of which a few are: (1) dynamic allocation, (2) relocatien, even
across nodes, and (3) convenient aaming and name resolution. This view of code blocks as
objects (or methods, which is what we call code blocks that are wrapped in objects) allows
us to consider more advanced calling models, such as the ability to conveniently support
remote procedure calls (RPCs) and the flexibility to “send the work to the data” rather
than just the typical mechanism of “briaging the data to the work”.

5.2 An Overview of the CALL Message

Ignoring for the moment the question of initially creating methods, ist's concentrate on the
mechanisms needed to execute them. The operating system provides a primitive message
handler for a CALL message. To start 3 method running, we mail & CALL message to the

node the method resides on!, passing as arguments the virtual ID of ths methed to axesute,

TSince we build this oa top of the virtual, distributed namespace model, we cop yae hinte t0 mpke onr
best guess where method resides.
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and any data the method expects as parameters. The format of the CALL mesage is shown
in figure 5.1. When the CALL message arrives at the node it first checks if the method is
here. If so, the code is started. If not, rather than forward the message to the birthnode,

we note that

1. Methods are immutable, and therefore can be copied
2. Certain methods might tend to be called often from many nodes

and adopt a policy of copying the method to this node. This way we provide local copies
on many nodes (these can be periodically purged by some appropriate stategy to free up

memory).

Once the method is on the node where the CALL message arrived, the message can
start up the method. It does that by

o Translating the ID of the method into its physical address

o Placing this physical address of the code block in A0?
o Placing a 2 in the IP register

These steps will start the processor executing instructions from the method, starting at the
third word. We skip the first two words of the method, because these hold object header
information. The steps of the CALL message are schematically charted in figure 5.2. I
the method somehow relocates on us while we were executing?, the process yha.t relocated
the object will invalidate the AO register. When our process starts again, it will fetch
an instruction through A0 and cause an invalid address fault. This will run an exception
handler to retranslate the method ID (in IDO) into the physical 2ddress (putting it in A0
again), mi we will continue as if nothing had happened.

e e e Tt e e T b b the rlaivs ofes ol

the am couater within this code block starting at AQ. (If we are in abeolute mode, the IP register acts
in effect like an absolute addréws rather than a relative address, becanse absolute mode makes the processor

pretend the value of AO is 0.)
3This could be caused by heap compaction, or the method being migrated to amother node to free up

space, among other reasons
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Figure 5.2: Flowchart of the CALL Musbtje Handler
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5.3 Caching Method Copies

Since method code is immutable, we can cache methods, just as we can cache other read-only
data. To request a copy of a method we:

1. Allocate a context object to hold our processor state, so we can restart later
2. Copy the processor state into the context

3. Place the context in the resource wait table indicating that our context is waiting on
this requested method

4. Mail off, requesting a copy of the method
5. When the method arrives, it is placed on our node and our context is restarted

These cached copies will have the copy bit set in the object header so that the storage
reclaimer will know that this cached object is a duplicate, and can be purged if space is
tight. Let’s now look in a bit more detail at contexts and this resource wait table, two

crucial mechanisms for supporting high level execution control.

5.4 Contexts

5.4.1 Why Do We Need Them?

Contexts are just objects that hold the important state of the processor, so the current task
cab be halted and later restarted where it left off. In addition, contexts can provide space

for local variables used in the task’s computation.

5.4.2 How Do We Make Them?

Contexts are allocated by the NEW_CONTEXT system call. The call takes as an argument,
the number of additional variables needed, and it returns a context big enough to hold the

minimum necessary processor state plus the additional variables. When a process is done
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Figure 5.3: Structure of a Typical Context
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with a context, it should explicitly deallocate it with the FREE_CONTEXT system call.
Figure 5.3 shows the format of a typical context.

As with all objects, the first two words are used by the object manager. The next
three words are used to hold an offset to the processor state part of the context (for faster
restarts), a pointer to the next context in a list of contexts, and a value indicating that the
context is waiting on a particular resource. The context then contains some amount of user
reserved space follwed by nine words of processor state. The minimal size of a context, with

no user space is 14 words.

5.4.3 How Do We Make Them ... Quickly!?

Since we expect contexts to be used very often, and since we want method startup costs to
be small and methods to be short, we don’t want a majority of our execution time to be
spent allocating contexts. To accomodate these constraints, we reuse old contexts rather
than allocating new ones each time. When a context is deallocated, it is placed back on a
free contezt list. The next time a context is requested, we try to re-use one from the free

list, since this will take only a few instructions.

However, contexts vary in size, and we wouldn’t want to have to walk the list each
time to see if we have a context big enough to meet our request. So, we only save cont