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his article describes a symbolic
I multiprocessing system called
FAIM-1.* FAIM-1 is a highly con-
current, general-purpose, symbolic accel-
erator for parallel AI symbolic computa-
tion. The paramount goal of the FAIM
project is to produce an architecture that
can be scaled to a configuration capable of
performance improvements of two to
three orders of magnitude over conven-
tional architectures. In the design of
FAIM-1, prime consideration was given to
programmability, performance, extensi-
bility, fault tolerance, and the cost-
effective use of technology.

Programmability. Although the
FAIM-1 machine architecture is uncon-
ventional, the software environment pro-
vides a concurrent programming language
and an application development system
that are based on models familiar to mem-
bers of the AI community. This environ-
ment permits immediate evaluation of the
FAIM-1 architecture when that architec-
ture is used for existing applications, and it
eases the burden on programmers of fu-
ture applications.

Performance. Effective use of concur-
rency is the primary mechanism employed
by the FAIM-1 system to increase signifi-
cantly performance over conventional se-
quential systems. Hardware concurrency
is exploited in the operation of

¢ the individual processing elements,

® subsystems within the processing

elements, and

*Work on the FAIM (Fairchild AI Machine) project
was begun at the Fairchild Research Laboratories and
has since moved to another research lab within
Schlumberger.
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® components within each subsystem.

Software concurrency is exploited in two
distinct forms. Spatial concurrency in-
volves a set of independent tasks, each
working on a partitioned piece of the
problem. Temporal concurrency involves
pipelined execution in which stages can be
viewed as concurrent tasks operating on
elements of a stream of data at different
times.

Extensibility. High priority was given to
creating a design permitting arbitrary ex-
pansion of the hardware resources. Ex-
pansioni in FAIM-1 requires minimal re-
wiring, and no modification to either the
user software or system software. The
communication topology is planar, and
therefore will not become a liability as
technology advances to permit evolution
from multiple-chip to single-chip process-
ing elements. Wiring complexity scales
linearly with processing-element count.
All hardware module interfaces are self-
timed! to permit individual components
to evolve independently in performance,
implementation technology, and function-
ality. Self-timed circuit design is a type of
circuit design discipline that does not use a
global clock to guarantee synchroniza-
tion. In this style, each component keeps
time internally and provides interface
handshaking signals to coordinate with its
partner subsystems. The result is an archi-
tecture that is easy to modify and exhibitsa
favorable cost/performance ratio under

scaling.

Fault tolerance. Any solution to the
fault-tolerance problem inherently con-
tains redundancy. The FAIM-1 contains
significant redundancy, both in terms of
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processing elements and in the way these
elements are interconnected. FAIM-1 is
designed to be fault tolerant at the process-
ing-element level, but not at the gate or cir-
cuit level. The resource-allocation mecha-
nism permits the reassignment of tasks to
processors, the message-routing algorithm
is capable of routing messages around
failed paths and processors, and the sys-
tem software supports self-diagnosis.

Technology. The architecture is de-
signed to take advantage of the cost and
performance of both advanced VLSI cir-
cuit technology and advanced packaging
technology (immersion-cooled wafer hy-
bridization is an example of the latter) as
they become available.

The focus of this article is on the physi-
cal architecture of the FAIM-1 system.
However, to understand some of the de-
sign decisions, one must examine the sa-
lient aspects of both the software system
structure and the programming language
that the physical architecture supports.
The next section (‘“‘Software structure’’)
presents a synopsis of both topics; subse-
quent sections present the hardware
architecture.

Software structure

The architecture of the FAIM-1 serves
as a high-speed evaluation engine for the
concurrent programming language OIL
(Our Intermediate Language), and sup-
ports a style of distributed multiprocessing
system structure that is embodied in the
runtime operating system.

The OIL language and OIL objects.
OIL is a high-level, concurrent, symbolic-
programming language. The design of
OIL was influenced by current Al pro-
gramming practices, in which a number of
Al programming languages are widely
used. A distillation of these languages
leaves three main linguistic styles: object-
oriented programming, logic program-
ming (primarily Prolog), and procedural
programming (primarily Lisp). A complex
Al application may require several (or all)
of these programming styles. Emulating
one programming style within another is
inefficient, so there is a need for a better
linguistic mechanism, one that efficiently
incorporates or efficiently supports the es-
sential features of the major styles. OIL
has been designed to provide concurrent
versions of each of the three linguistic
styles.
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An OIL program is a collection of ob-
jects that communicate by sending mes-
sages. The nature of the communication
structure explicitly indicates the top level
of concurrency represented by the pro-
gram. Individual objects may themselves
be concurrent program fragments. An
OIL object consists of some local state in-
formation (typically in the form of vari-
ables) and several ports through which
messages are sent and received in FIFO
order. A behavior, associated with each
port, describes what the object does in
response to a message. The behavior is a
program that may modify the local state
and/or send messages to other objects.
Atomic OIL objects are of two distinct
types: logical and procedural. Logical
behaviors are written in a declarative style
similar to a parallel version of Prolog.?2
Procedural behaviors are written impera-
tively in a lexically scoped dialect of Lisp
that is similar to T.3 Objects can be nested
heterogeneously to form other objects that
permit control to pass between declarative
and imperative behaviors.

An OIL object consists of

® state, which is represented as the col-

lection of variables and data struc-
tures that are considered local to the
object;

e ports, that is, the set of entry points

that may receive messages;

® entries (an entry is a subset of ports);

and

® behaviors, that is, code that may be

either procedural or logical.

Objects can be created dynamically or
statically. Upon creation, the state of an
object is set to its initialization value. An
object takes action when a message ar-
rives. To support distributed procedure
calls and parallel process synchronization,
subsets of ports may be grouped into en-
tries. Behaviors are associated with entries
rather than ports. When all of an entry’s
ports have a message, then the associated
behavior is said to be fireable. In cases
where only a single port’s message invokes
a behavior, that port is also labelled as an
entry. In cases where an object is defined in
terms of other objects, the inheritance is
static.

An object may consist of an arbitrary
number of behaviors and ports, and each
behavior is viewed as a potentially inde-
pendent code fragment. Since the object’s
state is accessible by any of that object’s
behaviors, a potential source of nondeter-
minacy exists. To prevent this situation,
the behaviors are viewed as a set of mutu-
ally exclusive transactions. When a behav-

ior is started up, all other behaviors are in-
hibited until that behavior terminates.
Furthermore, a behavior may close ports
and thereby temporarily inhibit message
delivery on those ports until they are
subsequently re-opened.

The roles of logic and procedural com-
ponents are quite distinct. The logic com-
ponent is used to express in a succinct
manner nondeterministic pattern-driven
search, while the procedural component is
used for sequential algorithm specifica-
tion, manipulating unique objects, and ex-
pressing history-sensitive algorithms.
Neither component projects its semantics
on the other. Therefore, procedural ob-
jects do not have multiple versions of their
environments, and logical objects do not
have changeable state variables. Commu-
nication between logical and procedural
objects is based on message streams
managed by manipulation of continua-
tions in the sending and receiving objects.
The exact semantic significance of contin-
uations is somewhat different on each
side, but both use continuations as
‘‘handles”’ to obtain subsequent values in
a stream. A logic component accepts an
input stream of goals, and produces an
output stream of solutions. In general,
there are several logical solutions per goal.
A procedural component accepts an input
stream of function calls, and produces an
output stream of response messages, usu-
ally with one response per input function
call.

The binding of variables observes the
semantics of the object in which the vari-
ables are defined. Thus, a logical variable
has multiple alternative bindings, in keep-
ing with the nondeterministic semantics of
logic objects, and a procedural variable
has values that are changed by direct
assignment. Moreover, components are
not allowed to violate the binding policies
imposed by the variable’s proprietor.
Bound logic variables are invisible to pro-
cedural accessors; instead, such accesses
directly return the variable’s value. Un-
bound logic variables are detected as such
in procedural components, but cannot be
bound by them. Procedural variables are
passed by value to logic components when
used in parameters. Hence, procedural
variables (as assignable entities) are invisi-
ble in logic components.

The programmer may also annotate
OIL code with pragmas, which describe
some of the expected runtime dynamic be-
havior of the code. These programmer-
supplied hints are used by the static
resource allocator to partition code and

COMPUTER

Restrictions apply.



data onto the physical resources of the ma-
chine. The pragma information gives the
programmer control over some aspects of
the allocation strategy. If no pragma infor-
mation is supplied, the program will still
run, although perhaps not as efficiently.

Procedural OIL. The procedural com-
ponent of OIL is a parallel modification of
alexically scoped dialect of Lisp called T.3
The primary modifications to T facilitate
the use of concurrency; they include a con-
current reformulation of the basic seman-
tics, and the addition of parallel control
and data structures, operations on parallel
data structures, and specifiable evaluation
strategies that permit a variety of parallel
evaluation methods. The primitive special
forms are exactly as defined by T with two
exceptions. The first exception involves
Cond, which is the normal T conditional.
Cond also exists in OIL, but Cond= has
been added, and is the parallel OIL ver-
sion. Cond = causes the guards to evalu-
ate in parallel, and the first one that evalu-
ates to True is pursued. Semantically, this
implies that an arbitrary evaluation of
“True’’ by the guard forces selection,
since the notion of what is first is not con-
trollable by the programmer. The second is
to permit special forms for specifying
pragmas and type information. These are,
respectively, the Pragma and Proclaim
special forms. Pragmas fall into three
categories:

o estimates of the probability of taking

a particular branch in a decision,

e estimates of the size of dynamic data

structures, and

¢ hints about appropriate allocation

decisions.

In all other respects procedural OIL is
isomorphic to T.

Logical OIL. Logic behaviors are writ-
ten in a parallel form of Prolog that is syn-
tactically similar to DEC-10 Prolog. The
same notation is used for clauses, lists, and
several “‘evaluable predicates.”” In gener-
al, operations such as arithmetic func-
tions, which do not have an inherent se-
quential semantics, are the same in both
languages. Operations like assert and
retract are not supported.

An OIL logical program consists of a set

of named objects, each of which contains

any number of clauses. The names of the
objects serve as names of worlds. The logic
objects can be nested, giving the effect of
additional worlds. The programmer may
indicate a goal as solve(x, W), meaning
that goal x is to be solved in the context of
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world W. This implies that the rules for
solving x are defined in world W. An inner
world inherits all the rules of the outer
worlds. If the programmer omits the world
specification, then a default single-world
model is used. The programmer may also
indicate private rules that are not inherited
by inner worlds. Logical objects differ
from procedural objects in that they can-
not have internal state variables. Program-
mers must use procedural code to describe
operations that modify an object’s local
state. Variable bindings invoked under
unification can affect local state only after
they are passed back to a procedural
module, which assigns the value to one of
the object’s state variables.

Clauses of logic programs are compiled
into sets of primitive processes. These
primitive processes are objects that use
local state variables to represent a portion
of the global runtime environment. The
processes respond to incoming messages
by changing state and generating messages
for other processes. The two types of
primitive processes are AND processes
and OR processes. AND processes execute
the bodies of nonunit clauses, and OR
processes manage execution of procedures
that are defined by more than one clause.
In the compiled logic program, there is at
least one AND process for the right hand
side of each nonunit clause, and at least
one OR process for each procedure (set of
clauses with heads that have the same
functor and arity). An overall view of the
computation would show an AND/OR
process tree, with AND processes creating
OR descendants to solve each literal in a
goal statement, and OR processes creating
AND descendants to solve bodies of
matching clauses.

In AND processes, the basic actions, the
internal states, and the reaction to a partic-
ular message depend on the desired con-
trol model. The programmer may provide
mode declarations on logical variables; for
example, the literal p(x?,y!) implies that
when p is evaluated, it will consume a
binding for x and produce one for y. The
parallelism in logical OIL is primarily the
nondeterministic pattern-directed search
mechanism that is obtained through OR
parallelism. 4 Limited forms of AND paral-
lelism similar to that proposed by De-
Groot? are also provided in cases where in-
dependent AND processes can be identified
at compile time or by a simple runtime
ground check. The use of mode declara-
tions significantly enhances the pro-
grammer’s ability to control the amount
of AND parallelism that can be exploited.

Interfacing logical and procedural
behaviors. The interface between the two
types of behavior components is essential-
ly a form of procedure call. A logical be-
havior calls a procedural behavior by
means of an evaluable predicate that is
syntactically identified. The primary dif-
ference in the semantics is that the solution
of a logical subgoal by a procedural be-
havior may succeed more than once. In
this sense procedural behaviors behave
more like normal subgoal solutions than
like conventional Prolog built-in predi-
cates. Subsequent calls to the procedural
component will result in next messages

that will retrieve the next stream element.
A procedural behavior may call a logical

behavior by sending it a solve message
containing a goal and a world in which
that goal is to be solved. Calling the con-
tinuation of the logical behavior will
retrieve the next element in its solution
stream.

Resource allocation. OIL programs are
compiled into object code on a host Lisp
Machine. The host then downloads the
object code onto the FAIM-1 for exe-
cution. Critical decisions about where to
load individual objects are made during a
phase of compilation called resource
allocation. The resource allocation pro-
cess involves balancing the use of the par-
allel execution hardware with the cost of
runtime communication overhead. The
resource allocation phase permits the writ-
ing of programs, even if the writer lacks a
detailed understanding of the hardware,
interconnection structure, or communica-
tions costs.

In general, there are three basic ap-
proaches to resource allocation:

® Programmer-defined allocation,
which can be implemented either as
part of the programming language or
by an alternative description, places
responsibility for making all resource
allocation decisions on the
programmer.

In dynamic allocation, the overall
processor utilization must be mea-
sured at runtime by the system. By
means of this analysis, the workload is
adjusted during program execution.
Static allocation involves analyzing
the source program and partitioning it
into a set of allocatable tasks in a way
that maximizes processing concurren-
cy while minimizing overhead from
interprocessor communication.

The complexity of resource allocation
for large programs makes it unlikely that
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programmer-defined allocation will be a
viable long-term solution. Dynamic allo-
cation inherently implies significant levels
of runtime overhead. Hence, the primary
focus for FAIM-1 is on static methods.
The OIL programmer can influence the
static allocator by special annotations (see
the discussion of pragmas, above), and
some simple dynamic load balancing can
be performed when runtime conditions in-
dicate that it is necessary.

Hardware structure

The FAIM-1 architecture consists of a
number of independent processing ele-
ments, called Hectogons, interconnected
in a hexagonal mesh. The following sec-
tions describe the overall structure of the
machine and provide insight into some of
the design decisions made in creating it.

Communication topology. Many possi-
ble multiprocessor interconnection
schemes are currently being investigated.
See, for example, the current research ef-
forts on the Cosmic Cube,$ Butterfly,’
and DADO. 8 Desirable topology charac-
teristics include high performance, re-
duced wiring complexity, flexibility, fault
tolerance, and simplicity of implementa-
tion. Furthermore, a goal is that these
properties remain attractive under scaling.

The topology used in the FAIM-1 is a
hexagonal mesh. Processing elements
communicate directly with six neighbors;
the processing elements themselves are
organized into hexagonal surfaces that are
combined in a similar six-neighbor
fashion.

When wires leave a processing surface
through the processing elements at the
periphery, they are folded back onto the
surface in a three-axis variant of a twisted
torus. In Figure 1, the basic topology is il-
lustrated, along with the wrap lines and
switches that complete the interconnect
structure. For purposes of illustration,
only a single, wrapped axis is shown; in the
complete topology, all edge ports are con-
nected, requiring two additional sets of
wraps like the one shown in the diagram.

This particular wrapping scheme results
in a simple routing algorithm and provides
a minimal switching diameter for a hex-
agonal mesh. All PEs are viewed as if they
were the center PE of the surface, and
routing decisions are based on three-axis
relative coordinates. This simple algo-
rithm is implemented in custom hardware
for performance reasons.
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Each peripheral port communicates
with an off-surface device, as well as being
wrapped back to the opposite edge of the
surface. These off-surface connections
permit communications with I/0 devices
and with other surfaces. The external con-
nections are made by introducing a simple
three-way switch, which is shown in Figure
1. Communication with other processors
on the surface is via the three-way switch,
which routes signals back to the other edge
of the surface. The switches have three
ports:

¢ internal (for local surface messages),

¢ external (for adjacent surfaces, 170

devices, or the host), and

e wrap (for the local surface via the

wrap line).
Switching decisions are based on which of
the three ports a message arrives on and
the destination contained in the message
header.

The size of a surface is defined by the
number of processors n on each edge of
the hexagonal surface. The surface is re-
ferred to as an E-n surface; the number of
processors in a surface scales as 3n(n-1) +
1. For example, an E-3 processor surface
has three processors on each of the six
edges and contains a total of 19 processors.
For surface sizes between E-I and E- 7in-
clusive, the number of PEs is a prime num-
ber, which is advantageous from the stand-
point of fault tolerance and initialization.

A hierarchical instance of a FAIM-1
processor is built by tessellating multiple
hexagonal surfaces. Locality among
groups of processors is increased and the
communication diameter of the system is
decreased as compared with a single-
surface instance that has the same number
of processors. These properties can be
demonstrated by the following example.
An E-7 surface contains 127 processors
and has a diameter of six, while seven E-3
surfaces can be tiled to form an S-2 E-3
machine (shown in Figure 2) that contains
133 processors with a diameter of five. The
switching diameter improves dramatically
as the processor count is increased. A
58,381-processor E-140 has a diameter of
139, while a 58,807-processor S-9 E-10
FAIM instance results in a diameter of 89,
a full 50 hops better (worst case) than the
single E-140 surface.

The probability of component failure in
a system statistically increases as more
components are added to the system,?
making fault tolerance an important as-
pect of highly replicated architectures.
Fortuitously, distributed ensemble archi-
tectures intrinsically contain redundant

elements that can be used to support fault-
tolerant behavior. Koren ! has shown that
hexagonal meshes are particularly attrac-
tive fault-tolerant topologies. In addition,
fault-tolerant message routing is possible
because of the multiplicity of paths over
which a message may be routed to its
destination.

In the FAIM-1 machine, all of the topol-
ogy-dependent hardware is contained in a
single subsystem called the Post Office,
which is described in detail in a later sec-
tion. The remainder of the machine is in-
dependent of connection topology, and
could be utilized in other connection
schemes.

The Hectogon. The processors located
at each node in the communication topol-
ogy are called Hectogons. A Hectogon can
be viewed as the homogeneously repli-
cated processing element of the FAIM-1
architecture on one hand, and as a
medium-grain, highly concurrent, hetero-
geneous, shared-memory multiprocessor
on the other. Internally, each Hectogon is
constructed of several subsystems or
coprocessors, all of which may be active
concurrently.

This double view is the result of the con-
sistent exploitation of concurrency at all
levels of the FAIM-1 system, and is moti-
vated by our belief that the scalability of a
multiprocessor architecture is of prime im-
portance. Performance of an architecture
as it is scaled up is critically affected by
four factors:

 the performance of each individual

processor,

¢ the average percentage of processors

that are active,

¢ the efficiency of interprocessor com-

munication, and

® the total number of processors in the

aggregate machine.

The intent of the FAIM-1 project is to
pursue aggressively each of the four as-
pects by designing a powerful processing
element that permits high levels of
replication.

Individual coprocessors directly sup-
port logic programming, parallel Lisp,
and complex runtime system duties, such
as task switching and scheduling. Within
each coprocessor, other linguistic features
are supported by specific aspects of the ar-
chitecture. For example, the evaluation
processor contains parallel tag hardware
to support the polymorphic function-
calling nature of Lisp. Rather than
allocating a single task to each processing
element and risking a low percentage of
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active processors, FAIM-1 allocates a
number of parallel tasks to each process-
ing element. Tasks can be complex pro-
gram fragments requiring a wide range of
computational support. This strategy im-
proves processing element utility by in-
creasing the probability that a runnable
task will exist at any given time. Inter-
process communication is facilitated by
including a high-performance message-
handling coprocessor (the Post Office). A
large number of Hectogons can be tiled
together (as described in the section on
‘“‘Communication topology,’”’ above) to
form a fully distributed (that is, with no
shared memory or control) multiprocessor
system.

The Hectogon’s subsystems are con-
nected by an asynchronous System Bus
(SBus), and by custom interfaces in some
cases. Subsystems communicate with each
other by means of a flexible, speed-
independent signalling protocol. The self-
timed behavior of the subsystems allows
them to be independently tuned in terms
of both performance and function with-
out impacting the designs of the other sub-
systems. While each of the six subsystems
is a reasonably general system-level com-
ponent for distributed ensemble architec-
tures, the particular instantiation of each
has been tailored with a specific view of the
Hectogon in mind. A Hectogon’s subsys-
tems and their interconnection are shown
in Figure 3.

The six subsystems connected by the
SBus are

Three-port switch

/ plus two-wire control

20-bit-wide data path

Off-surface connection

Figure 1. E-3 surface with three-way switches. (Reprinted from the Proceedings of the
Sixth International Conference on Distributed Computing Systems © IEEE.)

® Evaluation processor (EP). A stream-
lined, non-microcoded, stack-based
processor responsible for evaluating
machine instructions.

® Switching processor (SP). A small
context-switching processor that is
responsible for interpreting the run-
list in data memory (the Scratch
RAM) and moving blocked contexts
out of processor registers and into
SRAM process-control blocks, and
then loading a new, runnable context
into the processor registers.
e Instruction stream memory (ISM).
A specialized instruction memory that
not only stores the instructions, but is
also responsible for finding the ap-
propriate instruction, partially

Figure 2. §-2 tessellation of E-3 surfaces.
(Source: Proceedings of the 1985 Interna-
tional Joint Conference on Artificial In-
telligence, 1985. Used by the courtesy of
Morgan Kaufman Publishers.)
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processor processor
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PEs

(4 ports)

YV

Figure 3. Biock diagram of a Hectogon.

January 1987

59

Authorized licensed use limited to: The University of Utah. Downloaded on August 15, 2009 at 11:06 from IEEE Xplore. Restrictions apply.



Authorized licensed use limited to: The University of Utah. Downloaded on August 15, 2009 at 11:06 from IEEE Xplore. Restrictions apply.


















