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1 Introduction

The Connection Machine Model CM-2 is a data parallel computing system. Data par-
allel computing associates one processor with each data element. This computing style
exploits the natural computational parallelism inherent in many data-intensive prob-
lems. It can significantly decrease the execution time of a problem, as well as simplify
its programming. In the best cases, execution time can be reduced in proportion to
the number of data elements in the computation; programming effort can be reduced
in proportion to the complexity of expressing a naturally parallel problem statement
in a serial manner. In order to fully exploit these potential benefits, a computing sys-
tem consisting of both hardware and software that support this model of computing is
required.

The Connection Machine Model CM-2 is an integrated system of hardware and
software. The hardware elements of the system include front-end computers that pro-
vide the development and execution environments for the system software, a parallel
processing unit of 64K processors that execute the data parallel operations, and a
high-performance data parallel I/O system. The system software is based upon the
operating system or environment of the front-end computer. The visible software ex-
tensions are minimal. Users can program using familiar languages and programming
constructs, with all the development tools provided by the front end. Programs have
normal sequential control flow; new synchronization structures are not needed. Thus,
users can easily develop programs that exploit the power of the Connection Machine
hardware.

1.1 The Connection Machine System

At the heart of any large computational problem is the data set: some combination
of interconnected data objects, such as numbers, characters, records, structures, and
arrays. In any application this data must be selected, combined, and operated upon.
Data level parallelism takes advantage of the parallelism inherent in large data sets.

At the heart of the Connection Machine Model CM-2 system is the parallel pro-
cessing unit, which consists of thousands of processors, each with thousands of bits
of memory. These processors can not only process the data stored in their memory,
but also can be logically interconnected so that information can be exchanged among
the processors. All these operations happen in parallel on all processors. Thus, the
Connection Machine hardware directly supports the data parallel problem model.

One way to view the relationship of the CM-2 parallel processing unit to the other
parts of the system is to consider it as an intelligent extension to the memory of the
front-end computer. The data parallel data objects are stored by assigning each one
to the memory of a processor. Then the operations on these objects can be specified
to operate simultaneously on any or all data objects in this memory.

The Connection Machine processors are used whenever an operation can be per-
formed simultaneously on many data objects. Data objects are left in the Connection
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Machine memory during execution of the program and are operated upon in parallel at
the command of the front end. This model differs from the serial model of processing
data objects from a computer’s memory one at a time, by reading each one in turn,
operating on it, and then storing the result back in memory before processing the next
ob ject.

The flow of control is handled entirely by the front end, including storage and
execution of the program and all interaction with the user and/or programmer. The
data set, for the most part, is stored in the Connection Machine memory. In this way,
the entire data set can be operated upon in parallel through commands sent to the
Connection Machine processors by the front end. The front end can also operate upon
data stored in individual processors in the Connection Machine, treating them logically
as memory locations in its virtual memory.

There are several direct benefits to maintaining program control only on the front
end. First, programmers can work in an environment that is familiar. The front end
interacts with the Connection Machine parallel processing unit using an integrated
command set, and so the programming languages, debugging environment, and oper-
ating system of the front end remain relatively unchanged. Second, a large part of the
program code for any application pertains to the interfaces between the program, the
user, and the operating system. Since the control of the program remains on the front
end, code developed for these purposes is useful with or without the Connection Ma-
chine parallel processing unit, and only the code that pertains specifically to the data
residing on the Connection Machine processors needs to use the data parallel language
extensions. Finally, parts of the program that are especially suited for the front end,
such as file manipulation, user interface, and low-bandwidth I/O, can be done on the
front end, while the parts of the program that run efficiently in parallel, namely the
“inner loops” that operate on the data set, can be done on the Connection Machine.
In this way, the individual strengths of both the serial front end and the Connection
Machine processors can be exploited.

In general, the Connection Machine system appears to be a very powerful extension
of the front-end system. The data parallel hardware looks like intelligent memory; the
data parallel software extends the front end’s capabilities to allow the direct execution
of parallel operations.

1.2 Data Parallel Hardware

The Connection Machine system implements data parallel programming constructs
directly in hardware. The system includes 65,536 physical processors, each with its
own memory. Parallel data structures are spread across the data processors, with a
single element stored in each processor’s memory. When parallel data structures have
more than 65,536 data elements (the normal case), the hardware operates in virtual
processor mode, presenting the user with a larger number of processors, each with a
correspondingly smaller memory.

Communication among elements of a parallel data structure is implemented by
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a high-speed routing network. Processors that hold interrelated data elements store
pointers to one another. When data is needed, it is passed over the routing network to
the appropriate processors.

Scalar data is held in a front-end processor. The front end also controls execution of
the overall data parallel program. Program steps that involve parallel data are passed
over an interface to the Connection Machine parallel processing unit, where they are
broadcast for execution by all the processors at once.

The Connection Machine front end provides the programming environment for the
system. Programs can be stored on front-end disks. Network communications links are
most effectively implemented on the front end as well.

High-speed transfers between peripheral devices and Connection Machine memory
take place through the Connection Machine I/O system. All processors, in parallel,
pass data to and from I/O buffers. The data is then moved between the buffers and the
peripheral devices. Connection Machine high-speed peripherals include the DataVault
mass storage system and the Connection Machine graphics display system.

1.3 Data Parallel Software

The Connection Machine system software is designed to utilize existing programming
languages and environments as much as possible. The languages are based on well-
known standards; the extensions to support data parallel constructs are minimal so
that a new programming style is not required. The CM-2 front-end operating system
(either UNIX or Lisp) remains largely unchanged.

Fortran on the Connection Machine system uses the array extensions in the draft
Fortran 8x standard (proposed by ANsI technical committee x313) to express data
parallel operations. The remainder of the language is the standard Fortran 77. No
extension is specific to the Connection Machine; the Fortran 8x array extensions map
naturally onto the underlying data parallel hardware.

The *Lisp and CM-Lisp languages are data parallel dialects of Common Lisp (a
version of Lisp currently being standardized by ANsI technical committee Xx3113). *Lisp
gives programmers fine control over the CM-2 hardware while maintaining the flexibility
of Lisp. CM-Lisp is a higher-level language that adds small syntactic changes to the
language interface and creates a very powerful data parallel programming language

The C* language is a data parallel extension of the C programming language (as
described in the draft C standard proposed by ANsI technical committee x3111). C*
programs can be read and written like serial C programs; the extensions are unobtrusive
and easy to learn.

The assembly language of the CM-2 is Paris. This is the target language of the
high-level language compilers. This language logically extends the instruction set of
the front end and masks the physical implementation of the CM-2 processing unit.
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The Connection Machine Model CM-2 is a complete computing system that provides
both development and execution facilities for data parallel programs. Its hardware
consists of a parallel processing unit containing thousands of data processors, from
one to four front-end computers, and an I/O system that supports mass storage and
graphic display devices (see Figure 1). The user interacts with the front-end computer;
all program development and execution takes place within the front end. Because
the front-end computer runs standard serial software, the user sees a familar system
environment with additional languages and utilities and some very powerful hardware.

The central element in the system is the CM-2 parallel processing unit, which
contains:

e thousands of date processors

e an interprocessor communications network

e One OTr MOTe Sequencers

e an interface to one or more front-end computers

e zero or more I/O controllers and/or framebuffers

A parallel processing unit may contain 64K, 32K, or 16K data processors. (Here,
and throughout this document, “K” stands for 1024. Thus 64K means 65,536; 32K
means 32,768; 16K means 16,384; 8K means 8,192; and so on.) Each data processor
has 64K bits (8 kilobytes) of bit-addressable local memory and an arithmetic-logic unit
(ALU) that can operate on variable-length operands. Each data processor can access
its memory at a rate of at least 5 megabits per second. A fully configured CM-2
thus has 512 megabytes of memory that can be read or written at about 300 gigabits
per second. When 64K processors are operating in parallel, each performing a 32-bit
integer addition, the CM-2 parallel processing unit operates at about 2500 Mips*. (This
figure includes all overhead for instruction issuing and decoding.) In addition to the
standard ALU, the CM-2 parallel processing unit has an optional parallel floating point
accelerator that performs at 3500 MFlops® (single precision) or 2500 MFlops (double
precision).

One of the most important requirements of general purpose data parallel computing
is the ability of the data elements to communicate information among themselves in
patterns that vary according to the problem and with time. The CM-2 system provides
two forms of communication within the parallel processing unit. The more general
mechanism is known as the router, which allows any processor to communicate with
any other processor. One may think of the router as allowing every processor to send a
message to any other processor, with all messages being sent and delivered at the same
time. Alternatively, one may think of the router as allowing every processor to access

'Mips = Millions of instructions per second
2MFlops = Millions of floating point operations per second



Chapter 2 System Organization

Nexus

Connection Machine

Connection Machine

PIOCESSOIS

Parallel Processing Unit
Connection Machine Connection Machine
processors Processors
. Sequencer Sequencer .
0 L 3
oH||L1e
Sequencer Sequencer
i o 1 2 -

Connection Machine

Processors

Connection Machine I/O System

Front end 0
(DEC VAX or
Symbolics)

Bus interface

Front end 1
(DEC VAX or
Symbolics)

Bus interface

Front end 2
(DEC VAX or
Symbolics)

Bus interface

Front end 3
(DEC VAX or
Symbolics)

Data Data
Vault Vault

Data
Vault

Graphic
Display

Figure 1: Connection Machine Model CM-2 System Organization

Bus interface

Network



6 Connection Machine Model CM-2 Technical Summary

any memory location within the parallel processing unit, with all processors making
memory accesses at the same time; in effect, the router allows the local memories of
the data processors to be treated as a single large shared memory. The messages (or
accessed fields, if you will) may be of any length. The throughput of the router depends
on the message length and on the pattern of accesses; typical values are 80 million to
250 million 32-bit accesses per second.

The CM-2 parallel processing unit also has a more structured, somewhat faster
communication mechanism called the NEWS grid. In the CM-1 and some other fine
grained parallel systems, communication can take place over a fixed two-dimensional
grid. The CM-2, however, supports programmable grids with arbitrarily many dimen-
sions. Possible grid configurations for 64K processors include 256 x 256, 1024 x 64,
8 x 8192, 64 x 32 x 32, 16 x 16 x 16 x 16, and 8 x 8 x 4 X 8 X 8 X 4. The NEWS
grid allows processors to pass data according to a regular rectangular pattern. For
example, in a two-dimensional grid each processor could receive a data item from its
neighbor to the east, thereby shifting the grid of data items one position to the left.
The advantage of this mechanism over the router is merely that the overhead of ex-
plicitly specifying destination addresses is eliminated; for many applications this is a
worthwhile optimization.

The parallel processing unit is designed to operate under the programmed control of
a front-end computer, which may be either a Symbolics 3600 Lisp machine or a DEC VAX
8000 series computer with a BI bus. The front end provides the program development
and execution environment. All Connection Machine programs execute on a front end;
during the course of execution the front end issues instructions to the CM-2 parallel
processing unit. In effect, the CM-2 parallel processing unit extends the instruction
set and I/O capabilities of the front-end computer. The set of instructions that the
front end may issue to the parallel processing unit is called Paris. It is designed for
convenient use by front-end programs, and includes not only such operations as integer
arithmetic, floating point arithmetic, and interprocessor communication, but also such
powerful operations as vector summation, matrix multiplication, and sorting. The
Paris instruction set is described further in Chapter 3.

The data processors do not handle Paris instructions directly. Instead, Paris in-
structions from the front end are processed by a sequencer in the parallel processing
unit. The task of the sequencer is to break down each Paris instruction into a sequence
of low-level data processor and memory operations. The sequencer broadcasts these
low-level operations to the data processors, which execute them at a rate of several
million per second. The low-level operations are described further in section 4.1.

To increase the flexibility of program development and execution, the CM-2 process-
ing unit may be divided into as many as four sections. Depending on the configuration,
a section will have either 8K or 16K data processors. For example, a parallel processing
unit with 64K data processors will be divided into four sections of 16K data processors;
a processing unit with 32K data processors could consist of either two 16K sections or
four 8K sections.





































































































































































