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SECTION I |
INTRODUCTION !

Common to all computer architectures are the three operational units of
input, output, and central processor. The central processor can be further
broken down into the three subunits of memory, control, and arithmetic/logic.

The memory unit of the central processor resembles an electronic filing
cabinet, completely indexed and accessible to the computer via the control
and arithmetic/logic units. The memory is generally constructed of magnetic
core or semiconductor devices. These devices are partitioned into thousands
of individually addressable locations (words or bytes) that can store data or
instructions (ref. 1).

The control unit of a computer executes instructions by a process that
B occurs in two phases: (1) Recognition, and (2) Execution. Table 1 sequentially
lists the specific events occurring within each phase. In general, the control
N unit fetches and decodes instructions and sends appropriate commands to the
arithmetic unit to direct the arithmetic operation.

Table 1
INSTRUCTION PHASES AND EVENTS

Phase Sequence Event
Recognition 1 Fetch instruction from memory
3 2 Decode instruction
] Execution 3 Fetch operand from memory
4 Perform operation
5 Store operand to memory '

: The arithmetic/logic unit of a computer contains the circuitry to perform

E the arithmetic operations, such as addition and multiplication, and to make
E ; logic decisions; that is, to choose between several alternatives or conditions
, Y and perform prescribed tasks. Normally the selection is accomplished by making
? 7 a comparison and performing a program branch.

1. Fundamentals of Computer Programming, Air Training Command Study Guide,
SG 3J0BR5TAT-1-Z, 29 September 1972, pp 2-55 through 2-75.

3
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Working together, the memory, control, and arithmetic/logic units can be
constructed to perform their various functions in a sequential manner to form
a serial or conventional central processor.

1. SERIAL (CONVENTIONAL) PROCESSOR

The serial processor in figure 1 shows the basic three-unit construction of
a computer central processor; memory, control, and arithmetic/logic units.
The figure shows the control unit access to memory for the fetching of instruc-
tions. After the instruction is decoded, the control directive (lightning arrow)
is passed to the arithmetic unit. The arithmetic unit, in turn, fetches the
necessary operands from memory, performs the operation, and stores the result
back to memory. Since in this type of architecture, instructions are executed
serially, the total time, T to execute n similar instructions is just the sum
of the times, t1 each instruction takes to accomplish the sequence in table 1.
That is,

T=t]+t2+---+t=nt (])

n
The serial processor instruction execution procedure is graphically shown - |

in figure 2. The figure shows a sample program of four instructions and their i

times of execution plotted against a time scale. For illustrative purposes, ’

all instructions are assumed to complete execution in three time periods or

4 cycles, one for recognition and two for execution; and the "R#" represents a

machine register number. In the example, a total of 12 cycles is required to

execute the four instructions.

Note from figure 2 that the ultimate speed of a serial processor is
limited by the extent to which the cycle time can be reduced. This places
a limit upon the execution of user programs and essentially restricts the
types of mathematical problems that can be solved.

State-of-the-art computer architectures attempt to overcome the serial
computer limitation to produce results at a rate necessary to solve current
mathematical problems. Although many of today's machines appear to have
their own unique architectures, their processors are, in most cases, only
combinations of three fundamental architectural types: (1) Concurrent,

(2) Parallel, and (3) Pipeline.

O s s
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2. CONCURRENT (OVERLAP) PROCESSOR

The concurrent processor shown in figure 3 achieves a greater computing
speed than the serial processor by dividing the arithmetic unit into
separate functional units and permitting them to operate simultaneously. The
functional units are constructed so that each performs only one operation; there-
fore, several different arithmetic operations may be going on at the same time.
The heart of this hardware mechanism 1ies in the ability of the control unit to
detect operations which do not conflict with each other, i.e., are independent.

Conflicts may occur in two ways. First, the most recently fetched instruc-
tion may use the result of a preceding instruction as an operand; hence, instruc-
tion execution must be postponed until the operand-result becomes available
for use. This type of conflict is labeled as an operand conflict. The second
type of conflict is labeled as an operator conflict. This conflict materializes
when the recently fetched instruction needs to use a functional unit that is
currently busy completing the execution of a preceding instruction.

When the control unit interprets an instruction, it will determine when no
conflicts arise with preceding instructions. If there are no conflicts, then
the present instruction will be allowed to complete execution.

To take advantage of the simultaneity of instruction execution in a con-
current processor, the control unit can be modified to begin the recognition
phase of an instruction at the beginning of each cycle. Figure 4 shows the
concurrent processor execution of the same set of instructions as figure 2.
Due to the modification of the control unit, each instruction begins execution
at the start of a processor cycle.

Instructions 1 and 2, contain no operator or operand conflicts; hence,
each instruction completes execution. Instruction 3, on the other hand, uses
the R3 operand of instruction 2; hence, it must wait for instruction 2 to com-
plete execution. Instruction 4, does not use an instructian 3 operand, but
nevertheless must wait for instruction 3 to relinquish use of the subtract
functional unit. e

In the above example, eight cycles were used to complete execution of the
four instructions. Clearly, the total time to execute a set of n similar in-
structions is less than that of the conventional computer, since the recognition
phase and nonconflicting execution phases of each instruction can be accomplished
simultaneously with both phases of previous instructions.

7
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3. PARALLEL PROCESSOR

The parallel processor shown in figure 5 achieves a greater computing speed
than a serial processor by permitting several, say N, identical arithmetic units
to operate on a set of nonconflicting operands to produce N results. The
operation of the parallel processor is based on the principle that if a single
operation is to be performed on an array of data (with no operand conflicts) «
then only a single control unit is needed to interpret the instruction, and it,
in turn, can pass the same control signals to the N identical arithmetic units.

To prevent inadvertent operand conflicts, the parallel processor is organized
so that it is impossible for two or more arithmetic units to change the same
operand at the same time. This task is accomplished by providing some hardware/
software mechanism to reserve registers and words of memory for each arithmetic
unit upon initiation of instruction decoding. The reservation mechanism may
take the form of physically separate hardware memory modules or contiguous
memory being divided by hardware/software.

One should note for this type of processor, that unless all arithmetic units y
are full, the processor is running at less than 100 percent utilization thus,
reducing its efficiency.

Figure 6 shows the parallel processor execution of the same set of instruc-
tions as figure 2. Although these figures are identical, one must remember
that where four results were produced in 12 cycles by the example in figure 2,
4N results may now be produced in 12 cycles.

4. PIPELINE PROCESSOR

In a serial computer, the speed of instruction execution is limited by
cycle and hardware gate structure times and by the time required for light
to propagate along a finite length of wire. Cycle and gate structure times are
a function of design; hence, they will improve as the state of the art in
engineering technology improves. The propagation time cf 1ight, however, is
fixed by a fundamental law of physics and cannot be changed. The delay caused
by the fixed propagation time of 1ight in delivering operands from memory to the -
arithmetic unit is approximately equal to the distance traveled by the operands
divided by the speed of light. ¥

The pipeline processor shown in figure 7 overcomes this speed of 1ight
limitation by accessing a second set of operands before the first result has

10




AFWL-TR-77-190

A 4

weubeyq ¥20[g 40SS3J044 |3 [edeg

*G danbL4

AHON3N

v
|

[mm—————————

T041NOD

/

—
—

bl aﬂf |




v

AFWL-TR-77-190

0404 — ¥
€< ¢4 — 1Y
Ed<— €Y % 24

Iy 14 + 0¥

suorjesadp Jo 3duanbag 40SS3I0U4J [B||B4Rg ‘9 4N}

S1InsS3y N

-
s

-
F S

L Il 1 1 ' 1 L 1 1 'l 1

) L} L L ) * L v ! ] | L}
Zly 1,01, 6 8 Ly 9 S ¥ € I I
<+— I\l

|

NOILINYLSNI

12

o catedicxite Masbich:




AFWL-TR-77-190

weabepq ¥00|g 40SS32044 3u|adid

AYON3N

I
: ‘
- - F 3

T
R
J _.._. m:._._._. 14V

o

po s oo o = o o
> > o o w—

-
P e cn o -

|
|
1 Ll

2

SLIN3INO3S

e et |

e
o

TOY1INOD

o™
—

o



AFWL-TR-77-190

been returned to the memory. As accessing continues, the operands begin to
stack up at the entrance to the arithmetic unit and wait their turn for
execution. As the pipeline begins to fill, the speed of light no longer
limits the apparent execution rate of the processor.

To insure that the arithmetic unit is not overwhelmed by the increased
availability of operands, it is built to perform arithmetic operations in
stages; that is, it can receive and start working on subsequent sets of
operands before finishing the calculation on the initial set. This is accomp-
lished by dividing the arithmetic unit into steps, levels, or segments. As an
operation is passed through the unit, intermediate results are passed to each
step until the last step is finished, and the result emerges from the unit.

Figure 8 shows the pipeline processor execution of the same set of
instructions of figure 2. Al1 four instructions are fetched from memory every
cycle. Since instructions 1 and 2 contain no conflicts, they continue passing
through the pipe. However, instruction 3 contains an operand conflict, so it
must wait at the entrance of the arithmetic unit for the operand-result from
instruction 2. In a pipeline processor, when an instruction is waiting for the
result of a preceding instruction, a copy of the result is "short circuited"
back to the waiting instruction while the original is piped back to memory.

Once it has received the result from instruction 2, instruction 3 may then
continue through the pipe. Although instruction 4 uses no results from instruc-
tion 3, it must also wait at least one cycle to allow instruction 3 to begin its
journey down the arithmetic pipe.

In the example seven cycles are now required to execute the four sample
program instructions. In general, the total time, T, to execute a set of n
similar nonconflicting instructions is the time, t, for one instruction to
execute, plus n-1 beginning (or ending) nonoverlapning clock periods, At. That
is, .
T=t+ (n-1)at (2)

The remainder of this report describes three state-of-the-art computers
which use combinations of the above types of processors.
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| SECTION II
ADVANCED SCIENTIFIC COMPUTER*

1. OVERVIEW

Texas Instruments' Advanced Scientific Computer (ASC) shown in figure 9 is
constructed of several asynchronous modules to provide multiprogrammed operation
on job streams which include local batch, remote batch, and interactive terminals.
The ASC incorporates into its architectural design (1) a pipeline Central Processor
with separate vector and scalar instructions, (2) up to four Memory Buffer Unit--
Arithmetic Unit pairs operating from a single instruction, (3) a Peripheral
Processor with eight independent hardware augmented Virtual Processors, and
(4) a Memory Control Unit providing up to eight way memory interleaving.

The ASC is a large scale machine capable of high processing speeds. In
order to achieve these high speeds, the Central Processor utilizes an 80 ns
clock period and an instruction pipeline for the classical scalar instructions.
In addition, the ASC vector instruction capability makes use of the pipeline
technique within the arithmetic unit, decreasing significantly the processing
time for sets of well-ordered data. The Central Processor is available in three
versions for different vector computational speeds. The basic ASC 1x (one-pipe)
machine provides one vector result per central processor clock period, while the
ASC-2x, ASC-3x and ASC-4x versions provide two, three, and four results per clock
period, respectively.

The ASC Peripheral Processor is primarily designed for executing the operating
system and serves as the master of the Central Processor. The Peripheral Processor
consists of eight independent virtual processors through which the computational
load is scheduled for the system resources. System input and output, other than
magnetic tape and disk activity, are also handled directly by the Peripheral
Processor.

* Reprinted (except where otherwise noted) from A Description of the Advanced
Scientific Computer System, copyrighted 1973; The ASC Eystem - Central

rocessor, copyrighted 1973; and The ASC System Peripheral Processor
copyrighted 1974 with permission of Texas ‘nsfrumenfs Incorporated.

16
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The ASC Central Memory System can accommodate up to 1% million (M) 32-bit
words of directly addressable storage. This storage can be made up from any
combination of high speed bipnlar semiconductor memory and lower performance
memory through the use of nine memory ports. The main memory has as access time
of 140 ns and is interleaved eight ways, while the lower performance memory is
nonleaved with an access time of about 1 us. High speed block transfers, however,
are possible between these two memories via the Memory Control Unit. The Memory -
Control Unit acts as a crossbar switch tying all memory modules to various proces-
sing elements of the system. The memory system also includes memory mapping and
protection features.

The ASC digital communications system provides an interface with the common
carriers for handling remote terminals.
Remote 1inks are presently implemented with non-switched,
full duplex common carrier data transmission facilities.
Data is transferred over these links synchronously at rates
determined by the modems and common carrier bandwidths. The

data communication system supports transfer rates up to a
maximum of 240,000 bits per second.

See reference 2.
2. CENTRAL MEMORY

The Central Memory (CM) of the ASC System shown in figure 10 consists of
a Memory Control Unit (MCU) and appropriately sized modules of high-speed bipolar
semiconductor memory. An optional medium speed Central Memory Extension (CME)
can be used in conjunction with the high-speed memory to take advantage of slower
and more inexpensive memory technology.

The MCU is organized as a two-way 256-bit/channel (8 word) parallel access
traffic net between eight independent processor ports and nine memory buses, with
each processor port having full accessibility to all memory modules. The nine
memory buses are organized to provide eight-way interleaving for the first eight
buses with the ninth bus used for CME. The MCU provides the facilities for con-
trolling access from the eight processor ports to a CM having a 24-bit address
space (16 M words).

2. Watson, W.J. and Carr, H.M., "Operational Experiences with the TI Advanced
Scientific Computer," AFIPS - Conference Proceedings, Vol 43, pp. 389-397.

18
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The MCU is designed to operate asynchronously, independent of cable
delays, processor clock rates, and memory unit access and cycle times, and
will therefore support multiple data transfer rate requirements. This capability
allows for flexibility to accommodate improvements in memory and processor tech-
nologies which develop in the future. The MCU is capable of handling a maximum
data transfer rate of 80 M words/sec/port giving a total transfer capacity of
640 M words/sec.

The MCU also contains the necessary hardware for controlling access to
memory. This memory protection is accomplished by mapping and bounds registers.
The mapping registers prevent different programs from interfering with each
other's memory areas and allow the use of discontiguous memory pages without
execution time penalty. The bounds registers permit or protect various classi-
fications of access (e.g., read only) to mapped memory by an individual program.
A more detailed discussion of memory protection is given in appendix A.

The high-speed bipolar semiconductor CM is an Active Element Memory having
a cycle time of 160 ns and a read time of 140 ns. A1l memory transfers are
256 bits (eight words) with a Hamming Code providing single bit error detection
and correction, and double bit error detection (SECDED). CM is typically divided
into eight equal sized modules which allow for eight-way interleaving; however,
a patch board within the MCU controls the memory address decoding and less than
eight-way interleaving is allowable should circumstances warrant. The eight
interleaved memory modules, each connected to its own MCU port, can maintain a
total data rate of 400 M words/sec, which is below the total capacity of the MCU;
however, it is twice that required in support of a CP with four arithmetic units
when processing vector instructions. Memory access time is not a limiting factor
in the computational speed of the machine.

In some ASC systems, more processors and control units require access to
memory than there are individual memory ports. In these cases, Memory Port
Expanders are utilized to provide additional ports and are utilized to service
the devices not requiring the bandwidth of a memory port. Each Memory Access
Port Expander provides a 1:4 expansion with a maximum bandwidth degradation of
10 percent, i.e., from rate of a 80M 32-bit words/sec to approximately 72M 32-bit
words/sec with an Expander. Memory Access Port Expanders may be treed upon one
another with priorities resolved on either a fixed or distributed basis.

20
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The CME, available as an option, provides for large amounts of medium-speed

Tow-cost memory to be utilized in support of high-speed CM. This type of memory

is an Active Element Memory with a cycle time of 1 us. and, 1ike CM, it is accessed
in eight word increments, utilizing a Hamming Code for SECDED. CME is a part of
the directly addressable memory; therefore, it may be addressed by any processor
or channel controller for instructions or operands. It is also possible to effect
block transfers of information between CM and CME. This is made possible because
CME has both a normal memory bus and a Memory Access Port to the MCU. The block
transfer, initiated by the Peripheral Processor, specifies the two memory addresses
and the number of words to be transferred. The CME transfers the data autonomously
at 40 M words/sec and informs the Peripheral Processor when the transfer is com-
plete.

3. PERIPHERAL PROCESSOR

The Peripheral Processor (PP) shown in figure 11 is a multiprocessor designed
to perform the control and data management functions of the ASC. Its principle
function is to serve as the processor for executing the operating system which
provides the control facility for the entire ASC system--all peripheral devices,
direct access storage, and the CP. It also provides communication with input/
output (1/0) devices, functions as the system monitor, and fulfills those job
requests which do not require a rich arithmetic instruction repertoire.

Because the PP is intended to perform control functions rather than execute
mathematical algorithms, the instruction set is oriented toward control operations
and does not require multiplication, division, or floating point operations. The
instruction format is similar to that of the CP using a 32-bit word for each
instruction. Instructions are provided for bit (1 bit), byte (8 bits), half word
(16 bits), and full word (32 bits) operations. The typical PP instruction requires
two 85 ns cycles for completion.

The PP is time shared by up to eight programs, each of which is executed by
one of eight Virtual Processors. Each Virtual Processor (VP) acts as a stand-
alone computer having its own instruction and control capabilities. A Single
Word Buffer (SWB) with associated control is utilized to allow overlapped memory
access among VPs. Each VP also has its own program counter along with arithmetic,
index, base, and instruction registers, and shares a Read Only Memory, an
Arithmetic Unit, an Instruction Processing Unit, a Central Memory Buffer and
64 Communications Registers. Use of the common units is distributed among the
VPs using 16 single 85 ns cycles. When an equally distributed sequence of time

21
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units are used, eachrof the eight VPs'reqejves_two'85ns cycles every 1.4 us.
otherwise, the distribution of available time units can be varied to suit partic-
ular processing requirements.

The Read Only Memory (ROM) within the PP is utilized for program storage and
execution of those short operating system routines which are highly utilized by
the VPs. The ROM consists of 4K 32-bit words of nonvolatile memory elements
with a cycle time of less than 85 ns.

The Communications Register (CR) file serves as the principal storage medium
for control information necessary for the coordination of all parts of the ASC

System. It contains sixty-four 32-bit word registers which are program addressable

by the VPs. Synchronization of communications is achieved between all processors
(CP, VPs, channel controllers, and peripheral unit controllers) from interpreta-
tion of status bits received from all devices into the CR file. A more detailed
description of the SWB, ROM, VP and CR is given in appendix B.

4. CENTRAL PROCESSOR

The Central Processor (CP) is primarily designed to execute program instruc-
tions in a single instruction pipeline stream. This stream contains a mixture
of 32-bit scalar (single operand) and vector (array) instructions with 16-, 32-,
or 64-bit operands. The CP has an adjustable primary clock period (cycle) of
80 ns and contains forty eight 32-bit program-addressable registers. Register
functions and designations are indicated in table 2.

Table 2
ASC REGISTER FUNCTIONS AND DESIGNATIONS

Function Designation
16 Base Address Registers A and B
16 Arithmetic Registers Cand D
8 Index Registers I
8 Vector Parameter Registers v

The V group is used to extend the instruction format for the complete specifica-
tion of vector instructions.

The pipeline concept, described in the Introduction, is applied by Texas
Instruments throughout the CP. The CP is designed so that a single execution
unit can have up to 12 scalar instructions in progress at one time.
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The basic structure of the CPs in figure 12 contains three major components:
The Instruction Processing Unit (IPU) for nonarithmetic stages of instruction
processing for the CP instruction stream; the Memory Buffer Unit (MBU) to provide
operand interfacing with the Central Memory; and a corresponding Arithmetic Unit
(AU) to perform the specified arithmetic or logical operations. Each two and
four pipeline CP consists of a corresponding number of MBU-AU pairs. The figure
shows that a multipipe CP provides for paralliel execution below the IPU; thus,
the ASC takes advantage of not one, but two types of processor architectures;
pipeline and parallel.

Up to 36 instructions in various stages of execution can be overlapped within
a four pipe CP. Eight instructions can be located in each of four pipes and one
in each level of the IPU. This means that there are 20 positions for instructions
in the two pipe CP and 12 positions for instructions in the one pipe CP. In the
IPU any mixture of scalar or vector instructions may be in execution simultaneously
since, in any of the CP configurations, the interaction between an IPU, MBU,
and AU is equivalent to that of a single pipeline. The IPU performs all decisions
pertaining to the routing of instructions to various pipes; thus, any MBU-AU
pair is not aware of other MBU-AU pairs that may comprise the system.

The flow of data in the CP is from the IPU to the MBU, from the MBU to the
AU, and then from the AU back to the MBU for stores to memory or back to the IPU
for arithmetic results to the register file. In order to ensure a continuous
flow of instructions from memory, the IPU has two 8-word buffers. One buffer
contains the current set of instructions while the other receives the next set
of eight instructions from memory. A1l instruction processing, except that part
performed by the arithmetic unit, is accomplished in the four-level IPU. Each
MBU contains three pairs of 8-word buffer registers; one pair for each of two
input operands and a third pair for an output operand. The buffers serve to allow
overlapped, interleaved memory access for each of the vector operands.

One significant feature of the CP hardware is an operand look-ahead capability
which causes memory references to be requested prior to the time of actual need.
Double buffering in multiple 8-word (octet) buffers for each pipeline provides
a smooth data flow to and from each AU. The eight-level pipelined AU achieves
its highest sustained flow rate in the vector mode. Typically, a result is
produced every 80 ns per AU, or an average of 20 ns per result for an ASC-4X CP.
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The CP can be time sliced among many programs through the use of a feature
called Automatic Context Switching. The operating system can invoke an interrupt
at any time, even during the execution of a vector instruction, causing the CP
to switch automatically from executing the current program to executing the next
program. This featu.e supports both multiprogramming and real time process
control. Automatic Context Switching can also be invoked by CP programs when
they cannot correctly continue until the completion of services performed by the
PP resident operating system.

a. Instruction Processing Unit

The primary function of the IPU is to supply a continuous stream of
instructions for execution by the other parts of the CP. One Central Memory
port is required to provide the instruction stream to two 8-word (octet) buffers
in the IPU. Instructions are transferred from memory for fetching or storing
of information.

The Instruction Processing Unit contains four pipelined levels which
(1) decodes instructions, (2) selects base and index registers, (3) develops
addresses, and (4) selects register operands. The IPU uses these four levels
to perform the following basic functions.

Instruction fetch
Instruction decode
Register operand selection
Effective address development through indexing and/or
indirect addressing
\ Immediate operand development
| Branch address development
- Determination of branch condition
i Storage of AU results into the register file
L Scalar hazard and register conflict resolution
v Generation of vector starting addresses
Transmittal of vector parameters to the MBU during vector
initialization

: Vector processing in the IPU is uniquely altered by software in order
k to distribute segments of the vector to the two and four pipe MBU-AU pairs.

For example, in the case of long, single loop vectors, the vector is split into
halves or fourths; and each part is given to one MBU-AU pair.

Several features are provided to alleviate the potential problems of
branches and instruction dependencies in the instruction pipeline. The Load-
Look-Ahead instruction, used extensively by the FORTRAN compiler, increases
execution speed of closed loop instructions. This instruction provides the IPU
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control hardware with advance address information to facilitate uninterrupted
instruction processing. Instruction dependencies are recognized by the hardware.
The IPU scans the instruction stream and distributes the independent instructions
across MBU-AU pairs to insure proper, yet efficient execution sequences.

b. Memory Buffer Unit

The Memory Buffer Unit (MBU) provides an interface between the CM and the
AU. 1Its primary function is to supply the AU with a continuous stream of
operands from memory and to provide for the storing of the results back to
memory. All references to memory, whether for fetching or storing, are made
in octets.

The MBU has three double buffers, one octet per buffer, called the
X and Y buffers for input and the Z buffers for output. This double buffering
is provided so that pipeline processing can be sustained at a high rate with
minimal memory access conflicts. In fact, the Z buffer can be transferred
directly to the X or Y buffers so that memory references are not necessary for
scalar operands which reside in the Z buffer.

The MBU performs the following functions:

Accepting the initial vector starting addresses and parameter
information from the IPU.

A Fetching the memory operands requested by scalar instructions.

Retention of 16 words in temporary X and Y buffer registers
for possible “scratch pad" operations involving data contained
in the two most recently referenced memory octets. This
temporary storage capability increases by a factor of 1, 2,

3, or 4 depending upon whether an ASC-1x, ASC-2x, ASC-3x, or
ASC-4x configuration is installed.

Storage of register operands into central memory as a result
of scalar store instructions.

Temporary retention of 8 words in the Z-buffer register for
data destined for one CM octet address. Data stored by this
means is released to CM when the octet address of write data
at the Arithmetic Unit output is different than the octet
address of the data contained in the Z-buffer registers.

This temporary storage capability increases by a factor of

1, 2, 3 or 4 depending upon whether an ASC-1x, ASC-2x, ASC-3x,
or ASC-4x configuration is installed.

Update capability from the Z-buffer registers to the X or Y
buffer registers for keeping the X and Y registers current
when they are being used for "scratch pad" operations.

27

R




e — —

AFWL-TR-77-190

During scalar operations, effective addresses developed by the index
unit in the IPU are routed to the MBU. The MBU then obtains one operand from
the CM location specified by the effective address and one operand from the IPU
Register File. The MBU presents these operands to the AU for processing. The
AU places its results into the register file of the IPU. When AU results are
to be stored into CM, the MBU receives the effective address into which the data
are to be stored. After AU processing, the MBU stores the data into memory.

For the scalar operations, buffers X and Y are alternated for memory
read operations, and buffer Z is used for memory write eperations. In either
case, the strategy is to invoke a memory cycle only when one is needed. For
example, a read request for data within an octet currently residing in a buffer
is terminated at the buffer. A write operation into a previously defined write
octet is Tikewise terminated at the buffer. An actual read cycle occurs only
when the required data are not within a current octet. An actual write operation
occurs only when a new write octet is defined.

For most vector operations, two operand data strings are fetched, while
a result data string is stored. Addresses for sustaining the vector operations
are computed in the MBU using parameters initially specified by the vector
parameter file. Buffers X and Y supply strings of numbers to be processed, and
buffer Z accepts the resultant string of numbers. Triple buffering is provided
so that vector processing can be sustained at a high rate with a minimum of
memory 1imiting. The MBU supplies the consecutive operands to be processed and
stores the results in CM.

c. Arithmetic Unit

The primary function of the CP AU is to perform the arithmetic operations
specified by the operation code of the instruction currently at the AU level.
There is one AU per pipeline in the CP, each having an 80 ns basic cycle time.

A distinguishing feature of the AU is its eight section pipeline structure.

These eight sections are shown in figure 13, which also demonstrates how different
sections of the AU are utilized for execution of particular instructions, i.e.,
floating point addition and fixed point multiplication.

Four sections in figure 13 comprise the basic structure of a floating
point add instruction. Each of the sections performs parts of other instructions;
however, they are primarily partitioned in this way to improve the floating point
add time. Each of these sections is capable of operating on double length
operands so that vector double length instructions can proceed at the clock rate.
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The align secfibn is used to perform right shifts in addition to the floating
point alignment for add. The normalize section is used for all normalization
requirements and will also perform left shifts for fixed point operands. The
add section employs second level look-ahead techniques to perform both fixed and
floating point additions.

The multiply unit is able to perform a 32 by 32 bit multiplication in one
clock period. The multiplier is also the basic operator for the divide instruc-
tion, and double length operations for both of these instructions require several
iterations through the multiply unit to obtain the result. Fixed point multi-
plications and single length floating point multiplications are available after
only one pass through the multiplier. The output of the multiply unit is two
words of 64 bits each (the pseudo-sum and pseudo-carry), which must be added in
the accumulate section to obtain the proper solution. The accumulate section is
similar to the add unit and is also used for any instruction which needs to form
a running total. Double length multiplication is such a case, as three separate
32 by 32 bit multiplications will be performed and the results then added in the
accumulator in the proper bit positions. A double length multiplication would
therefore require six clock periods to yield an output, while single length would
require only four. A double length multiplication implies that two 64-bit
floating point numbers (56 bits of fraction) are multiplied to yield a 64-bit
result with the low order bits truncated after postnormalization. This multi-
plication ignores a possible round-off which is obtained by making a fourth pass
with the two least significant halves of the operands. A fixed point multiplica-
tion will perform a 32 by 32 bit multiplication and yield a 64-bit result.

As would be expected, division is the most complex operation to be performed
by the AU in the ASC. The method used takes advantage of the fast multiplication
capabilities and employs an iteration technique which, upon a specified number of
multiplications, will form the quotient to the desired accuracy. This method
does not form a remainder. However, a remainder can be obtained under program
control.

The output section is used to gather outputs from all other sections
and also to do simple transfers, Booleans, etc. that require only one clock period
for execution in the AU.

The AU is used for both fixed and floating point instructions. Fixed
point negative numbers are represented in two's complement notation, while
hexidecimal floating point numbers are in sign and magnitude along with an exponent

represented by an excess 64 number.
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A1l floating point operands must be normalized. A guard digit consisting
of four least significant bits is provided to avoid loss of one hexadecimal digit
of accuracy which would result from truncation of results from prior double length
additions or subtractions. The addition of these bits is sufficient because the
only times that normalization with a possibility of loss of accuracy would be
required involves a shift of only one hexadecimal digit. Normalized operands
are required for the guard digit to be of maximum use. For example, in the case
of addition, if the exponents are equal, no alignment is required; therefore,
the guard 1ight is not necessary. If the exponents differ by one, the guard
digit will retain significant information. Finally, if the exponents differ by
more than one, it can be shown that the result to be normalized will require at
most a shift of one hexadecimal digit. Thus, the guard digit contains information
that can be retrieved.

A more detailed description of each AU section is given in appendix C.
5. INSTRUCTIONS
a. Scalar Instructions

The scalar instruction group includes an extensive set of load and store
instructions: Halfword, fullword, and doubleword instructions, with immediate
magnitude, and negative operand capabilities. Ability to load and store register
files and to load effective addresses is also available. Arithmetic scalars
include various adds, subtracts, multiplies, and divides for halfword (16-bit)
and fullword (32-bit) fixed point numbers and fullword and doubleword (64-bit)
floating point numbers. Scalar logical instructions include variations of AND,
OR, and EXCLUSIVE OR. Shift capabilities for arithmetic and logical operands
are provided together with circular shifts. Various comparison instructions and
combination comparison-logical instructions are provided for halfwords, fullwords,

and doublewords. Many combinations of test and branching instructions with incre-
menting or decrementing capabilities are also available. Stacking and modifying

arithmetic registers can be done with single instructions. Subroutine linkage is :
accomplished through branch and load instructions. Format conversion for single
and double words, as well as normalize instructions, is available.

The scalar instruction word of the Central Processor contains 32 bits and is
divided into five fields.
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b. Vector Instructions

The vector repertoire of instructions includes such arithmetic operations
as add, subtract, multiply, divide, vector dot product, matrix multiplication
and others for both fixed point and floating point representation. Vector
instructions are also available for shifting, logical operations, comparisons,
format conversions, normalization, and special operations such as Merge, Gider,
Search, Peak Pick, Select and Replace, among others.

Vector operations can operate on both dimensioned and discontiguous data
structures. Up to three dimensions can be defined allowing operations, such as
matrix multiplication, to be performed with a single instruction.

A vector instruction word of the CP contains 32 bits and is divided into

five fields.
c. Instruction Timing

The maximum number of clock periods required to execute a scalar instruc-
tion is 30; however, the majority of these instructions produces a result in five
or less clock periods. The maximum number of clock periods required to produce a
vector result is 19; however, the majority of these instructions produces a result
in two or less not counting vector setup time. Table 3 gives the typical number
of clock periods required to produce a result from the indicated scalar or vector
instruction using directly addressed register to register operands to produce a
64 bit result.

Table 3
ASC TYPICAL INSTRUCTION TIMES (CYCLES)a
Vectorb
Setup Time/Execution Rate
Operation Scalar (cycle/result)
Floating Add 5 31+7(N/4)/1.75
Floating Subtract 5 31+47(N/4)/1.75
Floating Multiply 6 32+3N/3
Floating Divide 26 52+19N/19

- cycle = 80 ns.

bVector setup time, with no memory conflicts, is 26 cycles
+ AU scalar time. N is the vector length.

Factors affecting scalar and vector instruction timing are given in
appendix D.
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SECTION III
CRAY-1*

1. OVERVIEW ’

The Cray Research Corporation CRAY-1 Computer incorporates into its design
(1) a Central Processor with separate vector and scalar instructions, (2) up to {
1 million 64-bit words of bipolar Central Memory, and (3) an Arithmetic Unit 3
éomposed of 12 separate functional units.

The configuration shown in figure 14 depicts how the memory and input/output
interface to the various CRAY-1 registers, instruction buffers, and functional
units. ’

The primary operating registers of the CRAY-1 are the scalar and vector
registers, called S and V registers, respectively. Each of the eight V 4
registers has 64 elements. A scalar instruction may perform some function, such i
as addition, obtaining operands from two S registers and entering the result ;
into another S register. The analogous vector instruction performs the same 3
function, obtaining at each clock period (12.5 ns) a new pair of operands from
two V registers. Results are entered into elements of another V register. The
contents of the vector length (VL) register determines the number of operations
performed by the vector instruction. Eight 24-bit address (A) registers are
used for memory references and as index registers. The A and S registers are
each supported by 64 rapid-access temporary storage registers, called B and T
registers, respectively. Data can be transferred between the A, B, S, T, or V
registers and memory.

A11 instructions, which may be 16 or 32 bits, are executed from four instruc- |
tion buffers, each consisting of sixty-four 16-bit registers. Associated with §
each instruction buffer is a base address register that is used to determine if {‘
the current instruction resides in a buffer. Since the four instruction buffers |
are large, substantial program segments may reside in the buffers. Forward and
backward branching within the buffers is possible and the program segments may be
contiguous. When the current instruction does not reside in a buffer, one of the

*Reprinted from The CRAY-1 Computer Preliminary Reference Manual and An Introduc-
tion to the CRAY-T Computer, copyrighted 1975, with permission of Cray Research.
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instruction buffers is filled from memory. Four memory words are read per clock
period to the least recently filled instruction buffer. To allow the current
instruction to issue as soon as possible, the memory word containing the current
instruction is among the first to be read.

The CRAY-1 Central Memory is constructed of bipolar 1024 bit-Large Scale
Integration (LSI) chips. Up to 1 million 64-bit words are arranged in 16 banks
with a bank cycle time of four clock periods or 50 ns. The short cycle time
provides an extremely efficient random-access memory. One parity bit per word
is maintained in 16 modules of the CPU. There is no inherent memory degradation
for machines with less than 1 million words of memory.

There are 24 I/0 channels, 12 of which are input and 12 output. Any number
of channels may be active at a given time. Each channel has a maximum transfer
rate of 640 M bits/sec. At most, one 64-bit word per clock period can be trans-
ferred to or from memory, and this is attained when four input channels and four
output channels are simultaneously operating at their maximum rate. In practice,
this theoretical transfer rate is limited by the speed of peripheral devices
and by memory reference activity of the CP.

2. CENTRAL PROCESSOR

The Central Processing Unit (CPU) is designed primarily for the execution
(issuing) of program instructions in a single instruction pipeline stream. The
stream consists of a mixture of 16- and 32-bit scalar (single operands) and
vector (array operands) instructions. The CPU has a primary clock period of
12.5 ns and contains 155 principal operating registers. Register functions
and designations are listed in table 4 and described below in paragraph 2a.

Table 4
CRAY-1 REGISTER FUNCTIONS AND DESIGNATIONS
Register Function Register Designation

8 Base Address Registers A
64 Temporary Storage Registers B
8 Scalar Arithmetic S
64 S Temporary Storage Registers T
8 64 Element Vector Arithmetic v
1 Vector Length

1 Vector Mask
1 Parcel Address




~ - ; . -
AFWL-TR-77-190

a. Registers

(1) Principal Operating Registers
A registers--The eight 24-bit A registers are primarily used as
address registers for memory references and as index registers. They are
individually designated by the symbols A0 to A7. Data flow between these
registers and the B, S, and VL registers. Data may be directly transferred
between the A registers and memory.

B registers--The sixty-four 24-bit B registers provide rapid-access
temporary storage for the A registers. They are individually designated by the
symbols BO to B77. Data may be directly transferred between the B registers and
memory. :

S registers--The eight 64-bit S registers are the principal scalar
registers for the CPU. They are individually designated by the symbols SO to S7.
These registers serve as source and designation registers in scalar arithmetic
and logical instructions. Data flow between these registers and the A, T, V, and
VM registers. Data may be directly transferred between the S registers and
memory.

T registers--The sixty-four 64-bit T registers provide rapid-access
temporary storage for the S registers. They are individually designated by the
symbols TO to T77. Data may be directly transferred between the T registers
and nmemory.

V registers--The eight 64-element V registers are the operating
registers for vector computations. Each element is 64 bits. The V registers
are individually designated by the symbols VO to V7. These registers serve as
source and destination registers in vector arithmetic and logical instructions.
Data flow between these registers and the S registers. Data may be directly trans-
ferred between the V registers and memory.

VL registers--The 7-bit VL register specifies the vector length.
Vector computations are performed on vectors of the length specified by the
contents of VL.

VM register--The 64 bit VM register contains a vector mask to control
register selection in the vector merge instructions. Each bit of the VM register
corresponds to a vector element.

P ragister--The 24-bit P register specifies the parcel address of the
current program instruction. The high order 22 bits specify a memory address and
the Tow order 2 bits specify the parcel number.
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(2) Supporting registers

The CPU contains a number of registers which support the operating
registers in the execution of programs. These registers are loaded with new
information during the execution of an exchange sequence. The information is not
altered during the execution interval for an exchange package. These registers
are listed below with the description of the individuail function performed.

BA register--This 18-bit register holds the base address during the
execution interval for each exchange package. The contents of this register are
interpreted as the upper 18 bits of a 22-bit memory address. The lower 4 bits
of the address are assumed zero. Absolute memory addresses are formed by adding
(BA)* 16 to the relative address specified by the CPU instructions.

LA register--This 18-bit register holds the 1imit address during
the execution interval for each exchange package. The contents of this register
are interpreted as the upper 18 bits of a 22-bit memory address. The lower 4
bits of the address are assumed zero. The BA and LA registers together provide
memory protection. No memory references may be made below BA nor at or above
LA. Such a reference will cause the program or operand range flag to be set and
the execution interval of the exchange package will be terminated.

XA register--This 8-bit register holds the upper 8 bits of a 12-bit
exchange address during the execution interval for each exchange package. The
low order 4 bits of the exchange address are assumed zero.

When the execution interval terminates, the exchange operation
exchanges the contents of the registers with the contents of the exchange package
at (XA)*16 in memory. The exchange operation saves the contents of the A, S, P,
and VL registers and the supporting registers BA, LA, XA, M, and F.

F register--This 9-bit register contains flags which are set to
indicate the conditions causing an exchange operation.

M register--This 3-bit register specifies the modes for generation
of interrupts. A1l interrupts are inhibited when the monitor mode bit is set.
Interrupts on storage parity errors are enabled when the storage parity mode
bit is set. Interrupts on scalar floating point overflow are enabled when the
floating point mode bit 1s set.
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b. ‘Instruction Buffers

There are four instruction buffers, each consisting of sixty-four 16-bit
registers. All instructions are executed from the instruction buffers. An instruc-
tion buffer supplies instructions to the next instruction parcel (NIP) and the
current instruction parcel (CIP) registers. Associated with each instruction
buffer is a base address register that specifies the high order 18 bits of the
parcel addresses contained in the instruction buffer. The base address registers
are scanned each clock period. If the high order 18 bits of the P register
matches one of the base addresses, the proper instruction is selected from the
instruction buffer and sent to the NIP register. The instruction is moved to
the CIP register for execution. The second parcel of a two-parcel instruction
resides in the NIP register when the instruction issues.

When the high order 18 bits of the P register do not match any instruction
buffer base address, an "out of buffer" condition exists and instructions are
read to an instruction buffer from memory. When an out of buffer condition occurs,
the instruction buffer that receives the instruction is determined by the 2-bit
counter. Each occurrence of an out of buffer condition causes the counter to be
incremented. The first four instruction parcels in an instruction buffer are
always from bank 0; however, the first parcels read into an instruction buffer
always include the parcel specified by the contents of the P register.

c. Functional Units

There are 12 functional units in the CPU. Each is a specialized unit
impiementing algorithms for a portion of the instructions. Each unit is
independent of the other units and a number of functional units may be in
operation at the same time. A functional unit receives operands from registers
and delivers the result to a register when the function has been performed. No
information is retained in a functional unit for reference in subsequent instruc-
tions. These units operate essentially in three-address mode with 1imited
source and destination addressing. :

Three functional units provide the following 24-bit results to the
A registers only:

Integer add
Integer multiply
Population count
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Three functional units provide the following 64-bit results to the S
registers only:
Integer add
Shift
Logical
Three functional units provide the following 64-bit results to the V
registers only:
Integer add
Shift
Logical
Three functional units provide the following 64-bit results to either
the S or V registers:
Floating add
Floating multiply
Reciprocal approximation
Integer arithmetic is performed in two's complement mode. Floating
point quantities have signed magnitude representation.

A11 functional units are fully segmented or pipelined. This means that
the information arriving at each unit, or moving within a unit, is captured and
held in a new set of registers at the end of every clock period. It is therefore |
possible to start a new set of operands for unrelated computation into a functional ?
unit each clock period even though the unit may require more than one clock period
to complete the calculation. A1l functional units perform their algorithms in
a fixed amount of time. No delays are possible once the operands have been
delivered to the unit. Functional units servicing the vector instructions
produce one result per clock period. In general, the number of operations which
can be performed simultaneously by a functional unit is equal to the functional
k unit time in clock periods.

d. Functional Unit and Operand Register Reservations

When a vector instruction issues, the required functional unit and
the operand registers are reserved for the number of clock periods determined
by the vector length. A subsequent vector instruction which requires the same
functional unit or operand register cannot issue until the reservations are
released. When two vector instructions use different functional units and vector
registers, they are independent and may issue in neighboring clock periods.
Example (1) shows two independent instructions. Both execute concurrently with
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a one clock period difference in their issue times. Examples (2) through (4)
illustrate the effect of functional unit and operand register reservation when
two instructions are not independent. Example (2) shows two add instructions.
When the first instruction issues, the floating add functional unit and operand
registers V1 and V2 are reserved. Issue of a second add instruction is delayed
until the functional unit is free. Example (3) shows an add instruction followed
by a multiply instruction. As in the previous example, the floating add func-
tional unit and operand registers V1 and V2 are reserved when the first instruc-
tion issues. Issue of the second instruction is delayed until the operand
register V1 is free. The second instruction in example (4) is delayed because
of both functional unit and operand register reservations.

Examples:
VO «— V1 + V2 V3i<«+— V1 + V2
V3 «— V4 * y5 V6 «— V4 + V5
(1) Independent (2) Functional unit
Instructions reservation
V3 «— VI + y2 VO «—V1 + V2
V6 «— VI * y5 V3<+—V1 + V5
(3) Operand register (4) Functional unit and
reservation operand register

reservation
3. INPUT/OUTPUT

There are 24 I/0 channels. The channels are assigned the numbers 2 through
25. Each input channel consists of a data channel (16 data bits and 3 control
bits), a 64-bit assembly register, a current address (CA) register, and a channel
1imit address (CL) register. Each input channel can cause a CPU interrupt
condition when the current address equals the limit address register value or
when the input device sends a disconnect.

Each output channel consists of a data channel (16 data bits and 3 control
bits), a 64-bit disassembly register, a CA register, and a CL register. Each
output channel can cause a CPU interrupt condition when the current address
equals the 1imit address register value. A disconnect is sent on the output
channel after the last word of a record is sent and acknowledged.
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4. INSTRUCTIONS
a. Scalar Instructions

Scalar instructions apply a function to one or two operands in registers
and enter the result into a register. The addition of two integers in S1 and S2,
entering the sum into S3, is an example of a scalar instruction.

Four conditions must be satisfied for issue of a scalar instruction:

The functional unit must be free. No conflicts can

arise with other scalar instructions; however, vector
floating point instructions reserve the floating point
units. Memory references may be delayed due to conflicts.

The result register must be free.
The operand registers must be free.

The result register group input path must be free at execution
~time - 1 cycles. One input path exists for each of the four
register groups (A,B,S, and T).
Scalar instructions place reservations only on result registers. A
result register is reserved for the execution time of the instruction. No

reservations are placed on the functional unit or operand registers.

The scalar instruction set includes load and store instructions and
interregister transmissions. Also available are A register integer sum,
difference, and product, and S register integer/floating point sum and difference,
and floating point product. Several branch-on-conditions of register S as well
as varifous shifts and complements are provided.

b. Vector Instructions

The vector instruction set is comprised of logical sum, difference, and
product between various combinations of S and V registers. In addition, shifts
and double shifts; integer sum and difference; and floating point sum, difference,
and product also exist in the vector instruction 1ist.

Vector instructions may be classified into four types. One type of vector
instruction obtains operands from one or two V registers and enters results into
another V register (figure 15). Successive operand pairs are transmitted from
Vj and Vk to the segmented functional unit each clock period, and the corresponding
results emerge from the functional unit n clock periods later (n is constant for
a given functional unit and is called the functional unit time). Results are
entered into result register Vi. The contents of the VL register determine the
number of operand pairs processed by the functional unit.
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Figure 15. CRAY-1 VECTOR INSTRUCTION TYPES
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The second type of vector instruction obtains one operand from an S

register and one from a V register (figure 15). A copy of the S register is
transmitted to the functional unit with each V-register operand.

The last two types of vector instruction transmit data between memory
and the V registers (figure 15). A path between memory and the V registers may
be considered a functional unit for timing considerations. Four conditions must
be satisfied for issue of a vector instruction:

The functional unit must be free.
The result register must be free.
The operand registers must be free or at chain slot time.
Memory must be quiet if the instruction references memory.

Vector instructions place reservations on functional units and registers
for the duration of execution as described below:

Functional units are reserved for VL+2 clock
periods except for two special cases:
-Memory is reserved for VL+4 clock periods.
-A sharéd functional unit is reserved for VL+4

\ clock periods if a subsequent scalar instruction
requires the unit

The result register is reserved for the functional
unit time + (VL+2) clock periods. The result
register is reserved for the functional unit

time +7 clock periods if the vector length is

less than 5. At functional unit time +2 [
(called chain slot time) a subsequent instruc- |
tion, which uses the reserved result register

as an operand register and which has met all
other issue conditions, may issue. This process
is called "chaining." Several instructions using
different functional units may be chained in this
manner to attain a significant enhancement of
processing speed.

Vector operand registers are reserved for VL+1
clock periods. Vector operand registers are
reserved for 6 clock periods if the vector

length is less than 5. The vector register

used in a block store to memory is reserved

for VL+5 clock periods. Scalar operand registers
are not reserved.

It is important to understand functional unit segmentation, or pipelining
in the CRAY-1, especially as it relates to execution of vector instructions. Let
a particular element of a V register be specified by adding the element number
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as a subscript to the register name. For example, the first three elements of
register V1 are Vl,, V1,;, and V1., respectively. Since a vector register has

64 elements, the last element of V1 is Vlgs. Figure 16 shows a timing chart
for execution of a floating point addition instruction. This instruction is
type 1 since operands are obtained from two vector registers. When the instruc-
tion issues at clock period t,, the first pair of elements (V1, and V2,) is
transmitted to the add functional unit where it arrives at clock period t,. The
dashed lines indicate transit to and from the functional unit. The functional
unit time for this unit is 6 clock periods, so the first result, which is the
sum of V1, and V2,, exits from the functional unit at clock period t;. The sum
is transmitted to the first element of result register VO arriving at clock
period ts. Because the functional unit is fully segmented, the second pair of
elements (V1, and V2,) is transmitted to the add functional unit at clock period
ti. At clock period t, the functional unit is in the process of performing two
additions simultaneously, since the addition of V1, and V2, was begun in the
previous clock period. The second result which is the sum of V1, and V2,, is
entered into the second element of result register VO at clock period ts. Con-
tinuing in this manner, a new pair of elements enters the functional unit each
clock period and the corresponding sum emerges from the unit 6 clock periods
later and is transmitted to the result register. Since a new addition is begun
each clock period, six additions may be in progress at one time.

The vector length determines the total number of operations performed
by a functional unit. Although each vector register has 64 elements, only the
number of elements specified by the vector length register is processed by a
vector instruction. Vectors which have more than 64 elements are processed
under program control, in groups of 64 (with a possible residue). The program
construct created to process long vectors is called a vector loop. Each pass

through the loop processes a 64-element (or smaller) segment of the long vectors.

The general procedure is to compute the loop count based on the vector length

before entering the loop. Inside the loop the program takes full advantage of the

12 independent functional units and chaining (described below) to read the
current vector segments from memory, execute the required functions, and return
the results to memory. Loop control is performed in the scalar registers con-
currently with vector processing. Loop branch time is hidden by the vector
operations because it is done in parallel with the segment store operation.
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c. Chaining

When a vector instruction issues, the result register is reserved for
the number of clock periods determined by the vector length and functional
unit time. This reservation allows the final operand pair to be processed
by the functional unit and the corresponding result to be transmitted to the
result register before a subsequent vector instruction can use any of the
results. Computer designers have not yet implemented what Cray Research labels
as chaining to overcome this waiting problem.

The concept of chaining and the use of register-to-register vector in-
structions are unique to the CRAY-1. The design minimizes the problem of speed
degradation associated with memory-to-memory vector instructions. In the process
called chaining, the succeeding vector instruction issues as soon as the first
‘result arrives for use as an operand. This clock period is termed chain slot
time and it occurs only once for each vector instruction. If the succeeding
instruction cannot issue at chain slot time because of a prior functional unit
or operand register reservation, then it must wait until the result register
reservation is released. Figure 17 shows a chain of four instructions which
read a vector of integers from memory, add that vector to another, shifting
the sum, and finally forming the logical product of the shifted sum and a mask
vector. The result of the four instructions is in vector register V5. Figure
18 graphically depicts the passage of information through the functional units.
The diagram illustrates that the functional units may be considered links in a
chain which works as a whole to produce the final result.

VO e=———memory (memory read) V3 <«— V2 < V3 (left shift)
V2<+— V0 + V1  (integer add) V5 <— V3 & V4 (logical product)

Figure 17. Chaining Example.

Y

The timing diagram in figure 19 will help clarify the concept of chaining.
Gradations along the horizontal axis represent clock periods.

The vector read instruction issues at clock period t,. The first word
arrives in element 0 of register VO at clock period tg, and is immediately
transmitted along with element 0 of register V,, as an operand to the integer
add functional unit. When the two operands arrive at the integer add functional
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Figure 18.

-<27°="1T
L

CRAY-1 Pictorial Representation
of Chaining Example
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unit. at clock period tq, the computation of the sum of VO, and V1, is begun.
Three clock periods later (t,,) the sum is sent from the functional unit to
element zero of V2. It arrives at clock period t,; and is immediately trans-
mitted as an operand to the shift functional unit. At clock period t;, the

operind arrives at the shift functional unit and the shift operation is begun.
The operation is completed four clock periods later (t,s) and the shifted sum is
sent from the functional unit to element zero of V3, arriving the next clock
period. It is immediately transmitted, along with element zero of V4, as an
operand to the logical functional unit. When the two operands arrive at the
logical functional unit at clock period t2o, the computatien of the logical
product of V3, and V4, is begun. Two clock periods later (t,,) the final

result is sent from the functional unit to element zero of V5, arriving at

clock period t,y. While all this has been going on, preduction of the second
element of V5 has been tracing the same path through the vector registers and
functional units with a one clock period lag. Production of the third element
of V5 lags one more clock period behind, and so on. A new result arrives at the
V5 result register each clock period.

d. Instruction Formats

There are five instruction formats for the CRAY-1. Each instruction is
either a one-parcel (16-bit) instruction or a two-parcel (32-bit) instruction.
Two-parcel instructions may begin in the fourth and last parcel position within
a word and end in the first parcel position of the next word. The assembler
lists a parcel address as a word address followed by a one-character alphabetic
(a-d) parcel identifier.

g e. Instruction Timing

| When instruction issue conditions are satisfied, an instruction completes

, in a fixed amount of time. Instruction issue may cause reservations to be placed

: on a functional unit or registers. Knowledge of the issue conditions, instruction
[ execution times and reservations permit accurate timing of code sequences.

Memory bank conflicts due to I/0 activity are the only element of unpredictability.

The maximum number of clock periods required to execute a scalar instruc-
i 7 tion yielding a 24-bit result is 10 cycles; however, 90 percent of these instruction
types produce a result in six or less clock periods. To produce a 64-bit scalar
result, a maximum of 14 cycles is required; however, 90 percent of these instruction
types produce a result in seven or less clock periods.
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The maximum aumber of clock periods required to produce a 64-bit vector result
is 14; however, the majority of these instructions produces a result in seven or
less clock periods. Table 5 gives the typical number of clock periods required
to produce a 64-bit result from the indicated scalar and vector instructions.

Table 5
CRAY-1 TYPICAL INSTRUCTION TIMES (CYCLES)a

Vectorb
Set-up Time/Execution Rate
Operation Scalar (Cycle/Result)
Floating Add 6 16 + N/1
Floating Multiply 7 17 + N/1
Floating Divide® 29 39 + N/1
Reciprocal Approximation 14 24 + N1

% cycle = 12.5 ns

bVector length is N

No single instruction can perform the divide function. Oivide is made up of
the Reciprocal Approximation and three Multiply Instructions.
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SECTION IV
STAR-100*

1. OVERVIEW

The Control Data Corporation STAR-100 (STring ARray) computer is a high-speed,
logical, and arithmetic computer providing multiprogrammed operation on batch and
interactive job streams. The STAR-100 contairs stream arithmetic and functional
units especially designed for sequential and parallel operations on single bits,
8-bit bytes, and 32-bit or 64-bit floating point operands and vectors. The STAR-
100 has a clock period of 40 ns and uses the concepts of virtual memory operation
and distributive and string array processing.

The basic STAR-100 Computer consists of the Central Processor Unit (CPU),
524,288 64-bit words of memory, four input/output channels, and a Maintenance
Control Unit (MCU). The number of input/output channels can be expanded to 12,

in increments of four. An additional 524,288 words of memory may be added for a
maximum memory size of 1,048, 576 words. Figure 20 shows the basic computer
configuration.

The CPU contains functions of storage access control (SAC), stream, string,
and floating point. The SAC unit controls I/0 channels, data transmission to
and from memory, memory parity checking and virtual addressing comparison and
translation. The stream unit performs all streaming and instruction control,
operand alignment, buffering, and addressing. This unit contains a 64-bit by
256-1ocation register file which is used for instruction and operand addressing,

*Reprinted from "Control Data STAR-100 Computer Hardware Reference Manual," Pub
No. 6025600, copyright 1970, 1971, 1973, 1974, 1975 by Control Data Corporation;
“Control Data STAR Peripheral Stations Hardware Reference Manual," Pub No.
60405000, copyright 1973, 1974, 1975 by Control Data Corporation; "Control Data
STAR Computer System Operating System Reference Manual," Pub No. 60384400,
copyright 1973, 1974, 1975, 1976 Control Data Corporation; "Control Data STAR
Computer System STAR Assembler Reference Manual," Pub No. 19980200, copyright
1973, 1974, 1976 Control Data Corporation; "Control Data STAR-100 Computer
Features Manual," Pub No. 60425500, copyright 1973, 1974, 1975 by Control Data
Corporation. Timing information and pipe operation reprinted from "Control
Data STAR-100 Computer Abbreviated Operand Processing and Basic Instruction
Timing Information" with permission of Control Data Corporation.
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indexing, field length counts, and source and destination points for register
instruction operands and results. A microcode memory in the stream unit controls
setup, interrupt, and termination of vector-like instructions. The string and
floating point units perform the majority of the computer arithmetic operations.

The I/0 channels consist of control units for 16-bit data communications
between the SAC and the MCU and between the SAC and peripheral stations. Any
one of the I/0 channels connects to the MCU, and the other channels connect to
the peripheral stations. These stations consist of a buffer controller and
related control circuitry connected to the corresponding peripheral equipment.

The virtual memory and associated paging scheme of the STAR manages allocation
of storage between main memory and auxiliary memory, moves information from
auxiliary to main memory as needed, and translates virtual memory addresses to
physical addresses in main memory. Every program is considered to be executable
only in virtual memory. Data files may be defined either by a set of virtual
addresses or by physical mass storage addresses, and will be translated to
appropriate virtual addresses.

The internal structure and organization of the operating system fosters
efficient processing of string array and vector instructions. In floating
point operations, vector concepts and the streaming of vector information
through STAR's two parallel pipeline processors allow several programs to be
in various stages of execution at the same time. The two pipeline units operate
on strings of operands, 64- or 32-bit arrays, byte strings, and bit strings.
Information to specify the addresses of source and destination streams usually
is held in the stream unit register file. Core storage system design accommodates
two input operand streams and one output stream simultaneously.

The STAR-100 string instructions can operate on a maximum of 65,536 operands
in one pass. Although the function is executed serially in a pipeline, it may
be considered as being carried out in parallel on the data. Processing facilities
allow for efficient computing in the conventional sense and also provide a
fundamentally different approach to programming through string and array process-
ing.

The computation unit of the STAR-100 1s an autonomous central processor
with input/output channel connections. Stations, consisting of a minicomputer,
display/keybeard unit, small drum and buffer memory, handle peripheral processing
functions and are linked to the STAR central processor. Slow speed input/output
devices, terminals, magnetic tapes, etc., are grouped and connected to stations
to comprise a distributed system. 53
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2. CENTRAL MEMORY
a. Main Memory

The Central Memory (CM) of the STAR-100 is composed of magnetic core
storage. Magnetic Core Storage (MCS) consists of 524,288 66-bit words (64 data
bits and 2 parity bits), physically arranged as 65,536 528-bit words. For
convenience, the MCS is referred to as a 525K memory (for 66-bit words) and a
65K memory (for 528-bit words). Each 528-bit word is called a super word or
sword and is contained in two 264-bit planes. The MCS is divided into 32 banks,
physically located in eight sections. For addressing considerations, one bank
contains 2048 addresses of 528 bits each. Two planes are referenced simultaneously
to read or write one 528-bit sword. An MCS option for another 524K memory may be
added to the computer. The MCS option requires an additional eight sections of
MCS.

A storage word in CM is considered as one sword (figure 21). One sword
contains four quarter-swords. Each quarter-sword in turn contains two 66-bit
words which are addressed from left to right within the sword. Each 64-bit word
can be further broken down into an upper and lower portion each consisting of
32-bits.

The 528 bits of one sword transfer to/from MCS during each write/read
operation, although only part of the sword may actually be stored or used.
When the SAC performs a write/read operation, it addresses each of the eight
MCS sections. In addition, SAC sends a bank request signal that selects only
one of the 32 memory banks. A storage word transfer then takes place between
SAC and the selected MCS memory bank. The transfer occurs in four quarter-sword
transmissions. The transmissions go through a 132-bit data trunk to the MCS
section that contains the selected memory bank. The transfer requires a period
of four cycles, one quarter-sword per cycle. During a write operation, SAC
sends a write enable signal for each half-word (32-bits). Depending on how the
enables are set, any or all of the half-words within the sword may be written
into storage. The SAC unit sends the enable signals in two 8-bit groups. Similarly,
SAC may select and use any or all of the half-words of a sword that it receives
in a read operation. Data parity checking and generating are accomplished in
SAC.

54
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b. Virtual Memory

Through the virtual memory system of the STAR-100, an apparently unlimited
memory structure may be viewed as if it were entirely main memory. The STAR-100
hardware mechanisms manage system information in 65,536-word blocks (large pages)
or in 512-word blocks (small pages). System software determines the block size
to use in allocating main memory. A software mechanism ensures that the most
frequently accessed pages exist in main memory, while unused pages are sent to
slower backup media as necessary.

Virtual addresses are contained in a 48-bit format. When 512-word pages
are addressed, the virtual page identifier is contained in 33 of the 48 bits; for
large pages, the virtual page identifier requires only 26 of the 48 bits. Be-
cause unused virtual space imposes no burden on the system, the user may organize
program addresses in almost any convenient manner.

Virtual addresses comprise the set assumed to exist by the programmer.
Virtual addresses are translated into physical memory addresses by system soft-
ware as needed when code is brought into the CPU. The system keeps track of the
relationship between physical memory addresses and virtual memory addresses
through a translator, called a page table. Each entry in the page table contains
the virtual page address and the corresponding physical memory address, together
with an access mode Tock and other control information. A successful association
between a virtual address and an entry in the page table causes that entry to
be moved to the head of the table; all entries in between are moved down by one
place. In the STAR-100 the first 16 entries in the table are kept in high speed
registers; the registers are examined in parallel with a simultaneous associative
compare. An unsuccessful compare results in a sequential search through the
remainder of the table held in main memory. Addresses of infrequently used pages
automatically float to the end of the table. If an address has no entry in
the page table, various hardware sequences are initiated, and the program
requesting the address is interrupted. Normally, the program monitor provides
the space addressed by requesting the desired block be moved to main memory
either from a storage station or from the paging station. The program is re-
started, to continue processing from the point of interruption.

3. CENTRAL PROCESSOR

The CPU shown in figure 20 consists of the following functional areas:
storage access control (SAC); stream unit; string unit; and floating-point unit.
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&. Storage Access Control

The SAC unit controls the transmission of data to/from MCS and performs
virtual address comparison and translation. The SAC unit also generates parity
bits for write data and checks parity for read data. Thus, SAC provides access
to MCS for stream and the input/output (I/0) channels.

The SAC unit shown in figure 22 connects to memory via eight read and
write data sets. In this case a data set is defined as a physical grouping of
cables and associated circuits used to carry data. There is one data set to
each memory section. If the optional MCS is connected to the system, a total of
16 data sets is available for data transmission to/from MCS. For each reference,
the data transmission to/from MCS are in the form of four 132-bit portions of
the 528-bit superword (sword) contained in MCS. Each 132-bit portion is referred
to as a quarter-sword and consists of 128 data bits and four parity bits (figure
21). One parity bit is associated with each half-word of data. The SAC unit
references memory on a sword basis. In a write operation, write enables
determine the number of half-words written into memory. Therefore, less than
one sword may be written into memory, even though the time allocation is for a
full sword.

A more detailed description of the read/write operations and parity
checks performed by the SAC is contained in appendix E.

(1) Virtual Address Mechanism

The SAC unit contains 16 associative registers (appendix H) and
corresponding control circuits. When the CPU is in job mode (appendix F),
all addresses sent from the stream unit are virtual addresses. The SAC unit
compares a virtual address with the virtual address identifier of the associative
registers. If a match is found and one of four keys compares with the lock of
the associated word, the virtual address control circuits convert the virtual
address into the corresponding absolqte memory address from which the reference
is made (appendix H). If no match is found in the associative registers, the
virtual address control circuits read additional associative words from a
restricted portion of MCS, termed the space table. The associative registers
and the space table make up the page table (appendix I). All1 of the associative
registers are compared in 40 ns. Should the compare tests not be met in the
registers, the search continues in the space table portion of central memory at
the rate of 20 ns per entry.
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(2) Storage Protect Features

The SAC unit contains the storage protection circuits for the computer
system. The storage protection features consist of a lock and key arrangement.
Each associative word in the page table contains a 12-bit lock code. The lock
code is associated with a page of MCS. Each job is assigned four 12-bit keys
by the monitor program. If a virtual address matches the corresponding portion
of the associative word, the four keys associated with the current job are com-
pared with the lock code in the matching associative word. One of the four keys
must match the lock code before the storage reference can be completed. Thus,
the monitor program can restrict MCS page access to only the specified jobs by
assigning the lock and key codes accordingly.

In addition to the lock/key protection feature, each of the four
keys is associated with a 4-bit usage lockout code. This code can lock out CPU
write operations, CPU read operations, and/or CPU instruction references. If a
key matches the lock of an associative word, but the r -uested type of reference
is inhibited by the usage lockout code, an access interrupt takes place to the
monitor program. Thus, the monitor program can restrict MCS page access for a
job to a particular type of reference.

Since during monitor mode (appendix F) all CPU references are
absolute addresses, the storage protection features are disabled for these
references. In the same manner, I/0 channel references are absolute addresses
and are unrestricted by the storage protection features.

(3) Input/Output Channels
There may be up to 12 channels in the CDC STAR-100 SAC unit.
Channels 1 through 4 are required in the minimum system and channels 5 through

8 and 9 through 12 may be added as options. One channel must be reserved for
the MCU.

A typical 1/0 channel connects to a peripheral station. The periph-
eral station may, in turn, be connected to various peripheral devices or be
connected to another second-level peripheral station.

Data are transmitted to/from the I/0 channel in 16-bit transmissions.
In I/0 write operations, two successive 16-bit data transmissions from the
peripheral station are assembled into one 32-bit half-word. The half-words are
temporarily stored in the I/0 buffer. When sufficient data have been assembled
and stored in the I/0 buffer, they are transmitted through the SAC data circuits
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to central storage. In I/0 read operations, the SAC data circuits transmit one
complete sword from central storage into the I/0 buffer. The I/0 control circuit
then reads 32-bit half-words from the I/0 buffer into the data registers. The
data are disassembled into 16-bit transmissions which are sent to the peripheral
station.

At the beginning of an I/0 read or write operation, a starting
address is sent to the I/0 channel in the form of two successive 16-bit trans-
missions (only 21 of the 32 bits are used). Of the total, 11 bits are used as
the MCS sword address and 6 bits are used as the bank address. The remaining
bits define the quarter-sword and the half-word addresses for the I/0 buffer
assembly/disassembly operation. A description of I/0 assembly is given in
appendix G.

b. Stream Unit

The stream unit provides basic control for the computer. It contains the
register file, instruction control unit, input/output stream units, stream
buffers, and microcode memory. A1l memory requests from the central processor
as well as many control signals originate in this unit. The stream unit performs
the following functions:

Initiates all central storage reference requests for instructions
and operands. '

Translates these instructions and transmits control signals to the
arithmetic units.

Provides addressing for all source operands and arithmetic results.

Buffers and positions all operands and arithmetic results between
central storage and the arithmetic units.

Performs logical instructions such as exclusive OR, AND, inclusive
OR, and shift on operands from the register file.

Performs binary and decimal arithmetic operations on byte strings.
It also performs other bit or byte string type operations such as
edit, pack, unpack, compare, merge, modulo arithmetic, logical,
and search with or without delimiter.
The following paragraphs describe the main functional areas of the stream

unit.
(1) Instruction Control

Instruction control receives all instructions from central storage
via a read bus. The rate of instruction issue is increased through use of
60
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buffering in instruction control. The buffer is a high density logic (HDL)
storage instruction stack which holds four swords of instructions arranged in

16 addresses of 128 bits (quarter-sword) each (figure 23). Each request to
central storage transfers one sword of instructions into the instruction stack.
This sword of instructions arrives in the stack at a rate of one quarter-sword
each minor cycle. The read next sword (RNS) lookahead mechanism makes a request
for the next sword of instructions when instructions issue from the most recently
acquired sword of instructions. The program may branch forward in the instruc-
tion stack to any location in the same sword of instructions (or to the next
sword after it is loaded into the stack). It may branch back in the stack to
any executed instruction remaining in the stack which was loaded after the last
branch out of the stack. The instruction stack is effectively cleared upon
branching out of the stack.

Each sword of instructions obtained from central storage is
accompanied by 16 parity bits. The hardware checks parity on each 32 bits of
instruction at the time the instruction is read out of the instruction stack.
A parity error will stop the CPU prior to execution of that instruction.

(2) Operand Control

The stream unit interfaces with the SAC, floating point pipe 1
and floating point pipe 2.

In scalar operations, many of the operand processing units may be
performing their specific tasks at the same time. Each may be involved with a
different instruction. In vector operations, the activities of the operand
processing units complement each other. Conflicts between operand processing
units in vector operations do not normally occur because of the order that the
microcode imposes on the processing units. The effect of conflicts between
processing units, or of conflicts within a single processing unit, is felt
primarily by the scalar, register-to-register, instructions. Conflicts between
processing units arise primarily from the storing of results into the register
file. Instruction control obtains operands during the issue time, and the
operands are issued to an appropriate processing unit at the end of this period
of time. At a certain time after issue, a result operand is available at the ;
output of the processing unit; and a data path must be available to transfer :
the result to the register file. Operands are not issued to a processing unit
until it has been ascertained that the result will not arrive at the register
file in the same cycle as the result from a previous instruction.
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The pipeline characteristics of each processing unit are such
that it is unnecessary to wait for a result before entering the next pair of
operands. In other words, operands may be presented to the unit at a rate
greater than one pair per unit propagation time. It is possible, for example,
to have pipe 1 processing an add and a multiply at the same time. This pipeline
capability is not without restriction. Although pipe 2 is used by vector and
string instructions in a true pipeline fashion, control of the pipe for scalar
instructions is restricted in such a way that only one pair of operands can be
processed at a time. As an example, two sequential square root operations in
pipe 2 would take almost twice as long as one. By contrast, two sequential
multiply operations in pipe 1 require only two more minor cycles than would one.

(3) Addressing

The computer system uses two modes of addressing central storage:
Virtual addressing '

Absolute addressing

Virtual addressing provides an efficient, dynamic method of
alloting portions of central storage to each job program by the monitor program.
Virtual addressing is used exclusively when the CPU is in the job mode. The
switching of the CPU to the monitor mode automatically disables virtual addressing.
However, central storage recognizes all addresses as being absolute. Thus, the
virtual addressing control circuits convert virtual addresses to the corresponding
absolute addresses.

The absolute address is the combination of the absolute page
address from the associative word in the page table and the word, half-word,
byte, and bit identifier portions of the virtual address. However, before an
absolute address is formed, the virtual page address portions of the virtual
address and an associative word from the page table must be equal.

A detailed description of addressing operations and formats is
given in appendix H.

(4) Register File

The stream unit contains a register file composed of two 64-word
by 128-bit semiconductor memories. The computer uses the register file for in-
struction and operand addressing, indexing, field length counts, and as a source
or destination for register-type instruction operands and results. The 8-bit
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designators, in the instructions, address the register file as 256 64-bit
registers or address the first (lower) half of the register file as 256 32-bit
registers. The register file is subdivided into six major areas:

Machine Registers
Temporary Registers
Global Registers
Environment Registers
Regiéter Save Area
Parameter Registers

A functional description of the registers can be found in
appendix I.

(5) Operand Shift Network

The operand shift network performs the final .pairing of the
operands before they enter the floating point pipes. The A and B stream buses
(128 bits wide) enter the operand shift network from either the register file
or the stream input network. The operand shift network is capable of any
shifting on 32-bit boundaries. After pairing, the operands are sent to the
floating point pipes via two 64-bit trunks to each pipe.

This network also contains circuits which may select either the
A stream, B stream, upper registgr file, or lower register file for transmission
to the data interchange.

(6) Microcode Memory 3

-

semiconductor microcode memory of 1536 (224-bit) words is
used as part of stream control. The control signals and enable conditions
produced by the microcode are used together with hardwired control to manage
certain instructions and to process interrupts. During system operation, the
microcode memory is used exclusively as a read only memory. The memory must
be loaded from the MCU, which also is used to read the microcode status and
set certain conditions.

c. String Unit

The string unit processes strings of decimal and binary numbers input
through the X stream and Y stream. Processing can take the form of character

64




AFWL-TR-77-190

editing which is performed by the Edit Control hardware and logical operations
which are performed by the Logical Instruction Control hardware. This logical
control performs the exclusive OR, AND, inclusive OR, and other instructions

on input data fields. The string unit also performs move, compare, merge, pack,
and unpack operations.

(1) Binary Arithmetic Control

This control performs the binary add, subtract, multiply, and
divide operations on operand strings. The add, subtract, and divide operations
are executed in one 16-bit adder. The multiply operation uses four consecutive
16~bit half adders and 20-bit full adder to generate partial products. The
partial product from one pass is added to the partial product of the previous
pass in the 16-bit adder used for binary add, subtract, and divide.

(2) Decimal Arithmetic Control

This control performs the decimal add, subtract, multiply and divide
operations through the use of two 16-bit decimal adders, a divide table, and a
4-digit multiply table. The add and subtract operations are performed in the
second adder, which also combines the partial results of the successive passes
on multiply and divide operations.

d. Floating Point Unit

Calculations are performed in the STAR-100 computer using two's
complement arithmetic. Floating point numbers in the computer are two lengths,
32 bits and 64 bits (figure 24). The 32-bit format has an 8-bit exponent and
a 24-bit coefficient. The 64-bit format has a 16-bit exponent and a 48-bit
coefficient. The leftmost bit of each exponent and coefficient is the sign bit.

The floating point arithmetic hardware is divided into two units or
pipes. Pipe 1 (figure 25) performs register add, register subtract, register
multiply, and all vector arithmetic instructions except divide and sauare root.
Pipe 2 (figure 26) performs register divide, register square root, and all vector
instructions. This organization of hardware allows optimum performance for both
register and vector divide operations. For vector operations common to both
pipe 1 and pipe 2, the data are divided in half with every odd pair of 64-bit
operands going to pipe 2 (that is, first pair, third pair, etc.) and every
even pair (that is, second pair, fourth pair, etc.) to pipe 1. In 32 bit
mode, each pipe divides in half to become two 32-bit pipes. Therefore, two
pairs of operands go alternately to each pipe.
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(1) Pipe 1

Floating point pipe 1 receives operands from the stream unit, performs
the instructed operation, and returns the results to the stream unit. Pipe 1
performs arithmetic operations on operands in floating point format and address
operations on nonfloating point numbers. Arithmetic operations include such
operations as add, subtract, multiply, truncate, adjust exponent, contract,
extend, and compare. Address-type operations are those which manipulate
various parts of instructions and registers for addressing and indexing purposes.
These include operations where the rightmost 16 bits of the instruction transfer
to the leftmost 16 bits of register R. The rightmost 48 bits of register R
remain unchanged.

For addition and subtraction operations, the input exponents are
compared in the exponent compare circuit. The difference in the two exponents
is used as a shift count. This shift count determines the amount the coefficient
with the smaller exponent is right shifted in the coefficient alignment section.
The coefficients are added in the add section. If the operation being performed
specifies normalization, the result of the add operation is fed to the normalize
count. This circuit produces a shift count which controls the normalize shift
network and modifies the result exponent. The transmit circuit returns the

shifted result to the stream unit.
If normalization is not specified, the result of the add operation 1is

the desired result and is transmitted to stream.

If the instruction is a multiply, the opefands are multiplied in the
high-speed multiply unit. The result of the multiply is either returned directly
to the transmit section or to the normalize count logic for normalization. The
normalize count functions only for the multiply significant instructions.

Any result from pipe 1 may be returned directly to either of the
inputs of pipe 1 if the result is needed as an input operand. This process is
called shortstopping and eliminates the time necessary to store the result in
the register file and then to read it out. ;

(2) Pipe 2

Floating point pipe 2 (figure 26) receives operands from the stream,
unit, performs the instructed operation, and returns the results to the stream
unit. Pipe 2 performs only two address type operations. These are the vector
add and subtract address instructions. Pipe 1 and pipe 2 are similar except pipe
2 has a high-speed register divide and a multipurpose unit.
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Within pipe 2 the register divide unit performs all register divide
operations and binary to binary coded decimal (BCD) and BCD to binary conversions.
This is a single segment unit and the operands loop within the unit until the
result is reached.

The multipurpose unit performs the square root, vector divide, and
vector multiply instructions. The multipurpose unit contains 24 segments. Each
segment performs an add type operation. The segments are arranged in four groups
of six segments per group. In 64-bit mode, the operands loop on each group,
going through each group twice. In 32-bit mode, the operands proceed from
segment to segment going through all of them only once. The multipurpose unit
delivers its results to the normalize or transmit portions of pipe 2.

4. INSTRUCTIONS

The STAR-100 Computer has 10 types of instructions grouped according to
the operations they perform. These instruction types are as follows:
Index - indexing using full and half-words
Register - full and half-word floating point
full and half-word normalized
add, subtract, multiply, divide,
square root, truncate, and shift
Branch - logical branch tests on full and half-word arguments.
Vector - upper, lower, and normalized
add, subtract, multiply, divide
truncate and absolute value

Sparse Vector - upper, lower and normalized
add, subtract, multiply, and divide

Vector Macro - ©.9., average, dot product, polynomial evaluation
scalar-vector product, sum

. String - binary and decimal
] add, subtract, multiply and divide

' Logical String - AND, AND not, inclusive and exclusive OR,
, NAND, NOR, OR not

Monitor - idle, load, and store associative registers

Nontypical - load, compress, vector compare, etc

A more detailed description of these instruction types is given in appendix J.
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a. Instruction Format

The 32-bit and 64-bit instruction words have 12 types of formats. The
formats have hexadecimal numbers, 1 through C. The bits in the instruction
word formats number from left to right, O through 31 or 0 through 63. Each
instruction word format is divided into bit groups that have assigned instruction
designators.

b. Instruction Timing

Table 6 shows some basic information on the execution times for a small
subset of STAR-100 instructions. The instruction times given here are for 64-bit
normalized register to register operations for both scalar and vector operations.
As a basis for understanding, we have assumed that the hardware is running at
optimal speed with no register, memory, or functional unit conflicts. The execu-
tion time for scalar instruction is the sum of the issue time and the result-to-—
register file time.

Table 6
STAR-100 TYPICAL INSTRUCTION TIMES (CYCLES)a

Vector
Set-up Time/Execution Rate

Operation Scalar (cycle/result)
Floating Add 11 71 + 4 (N/8)/0.5
Floating Subtract 11 71 + 4 (N/8)/0.5
Floating Multiply 15 : 159 + 8 (N/8)/1
Floating Divide 43 167 + 16 (N/8)/2
Floating SQRT 71 155 + 16 (N/8)/2

1 cycle = 40 ns

Issue time is the period of time for which instruction control gathers
the required input operands and, if required, ensures that there is a place to
put the result operand for one particular instruction. At the end of this period
of time, the operands and any necessary control information are issued to an oper-
and processing unit. After issue, the selected operand processing unit generates
the actual, functional relationship required between the input operands and when
completed, sends the result operands to the desired destination. At the same
time, instruction control begins acquiring operands for the next instruction.

n
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The resuit-to-register file time is the number of cycles after issue that
elapses before the result operand produced by the instruction has been returned
to the register file and is available for use by a subsequent instruction. Instruc-
tions that must use an operand produced by a preceding instruction and that must
obtain this operand fraom the register file cannot be issued before the resuylt-to-
register file time for the instruction producing the operand has elapsed. |

Execution time, as it applies to vector instructions, is the time period
when instruction control begins to obtain operands and to prepare the necessary
hardware sections for processing information until the time that the operation
has progressed far enough to permit instruction control to begin acting on the
next instruction, i.e., the time from the issue of the previous instruction to
the issue of the current instruction. This time includes all of the operand
processing time, but it does not necessarily include the time required to return
the last operand to its destination, usually in the memory.
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APPENDIX A
ASC/CENTRAL MEMORY

Central Memory management and access control by devices (processors and
control units) on memory ports is achieved through the use of two facilities:
Map Registers and Protect Registers.

Each user program has its own unique page address map. Page addresses not
required by the program are mapped into absolute page zero which is not accessible
to the CP. When a program is loaded into memory, it will, in all probability,
be loaded into discontiguous memory pages. During program execution, program
developed page addresses are converted, without execution time penalty, to the
actual page addresses by the Map Registers. Because a reference to page zero is
denied and the relevant processor notified, the Map Registers provide for inter-
user memory protection. Figure Al is a schematic of Memory Mapping. The ability
to segment memory by pages among many programs in a discontiguous manner allows
for efficient memory utilization. Page size is a function of the size of Central
Memory and the problem mix of a particular installation. Four different page
sizes may be specified for an ASC system, varying from 4K to 256K words. A
program may utilize any one of the page sizes available.

The Protect Registers allow for intra-user protection. These registers
consist of three pairs of bounds registers for defining the upper and lower
addresses of access for read, write, or execute areas. The five combinations of
protection presently used by the system software with the bounds registers are:
execute only; read only; execute, read, no write; read, write, no execute; read,
write, execute.

An attempt to reference an area out of bounds for a particular control state
is denied and the processor notified of the attempted violation.

73




AFWL-TR-77-190

bupddey Adowdy oSy Ly 24nby4 “

("013 'HoNy3 |
*153ND3¥ O1TVANI) NOILNT0S3Y ¥4

W3LSAS NILVY3dO0 3HL 01 03¥Y343Y
‘9 SI 0 39Vd VNLIV 404 1SINDIY Vs .
: 0 (€9)
4 le S (1+N)
: : . J
01 le— 01 (N) "
6 — : m M
- v ( L
" L)
€ : :
4 le 6 (2) 4
_ 2 (1 |
D v
i - -
$39vd AYONIN TVNLIV 43151938 dVA SUIEANIN 33vd %

SSIYAQY WVYD0Hd |




Wmm re—

bt o 53

AFWL-TR-77-190

APPENDIX B
ASC/PERIPHERAL PROCESSOR

1. SINGLE WORD BUFFER (SWB)

The SWB provides VP access to CM. The SWB consists of eight 32-bit data
registers, eight 24-bit address registers, and controls. Each of the eight
register sets has a fixed association with one of the eight VPs. Viewed by
a single VP, the SWB appears to be a memory data register and a memory address
register.

At any given time the SWB may contain up to eight memory requests, one for
each VP. These requests are processed on a combinational priority/first in,
first out basis. There are two priority levels; and if two or more requests
of equal priority are unprocessed an any time, they are handled first in, first
out.

When a request arrives at the SWB, it automatically has a priority assignment
determined by the CM priority file maintained in one of the CRs. The file is
arranged by VP number, and all requests from a particular VP receive the priority
encoded in 2 bits of the priority file. The contents of the file are programmed
by the monitor, and the priority code assignment For each VP is a function of the
program to be executed by the VP.

2. READ-ONLY MEMORY (ROM)

The ROM contains a pool of systems programs and is not accessed except by
reference from the program counter. The pool includes a skeletal monitor program
and at least one control program for each I/0 device connected to the system.

The ROM has an access time of 25 ns and provides 32-bit instructions to the VP
units. Total program space in ROM is expandable to 4K words. The memory is
organized into 256 word modules so that portions of programs can be modified
without complete refabrication of the memory.

The I/0 device programs can include control functions for the storage media
as well as data transfer functions. Thus, motion of mechanical devices can be
controlled directly by the program rather than by highly special-purpose hardware
for each device type. Variations of a basic program are provided by parameters
supplied by the monitor. Such parameters are carried in CM or in the accumulator

registers of the VP executing the program.
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3. VIRTUAL PROCESSORS (VP)

The eight VPs share PP elements. To implement this sharing, time is divided
into cycles with each cycle containing 16 time slots. Each time slot is one
bit period (85 ns) in duration. These time slots are assigned to VPs on the
basis of time slot availability and program requirements. A VP is operative
whenever a time slot assigned to that VP occurs. Thus, if a VP has been assigned
no time slots, it is not executing a program. If a VP has been assigned one of
the 16 time slots, it is executing a program 1/16 of the time. More than
one time slot can be assigned to a single VP. The monitor VP turns the slave
VPs on and off by manipulation of the time slot assignments.

The major components of each VP include: program counter (PC); next instruc-
tion register (NIR); instruction register (IR); and four accumulator registers
addressable to the byte level. Associated with the IR in each VP is a three-
state controller, used to provide a broad definition of the execution state of a
given instruction, and a bit counter which provides a finer definition of the
instruction step within the state class. When the time slot assigned to a
particular VP occurs, the IR and the associated state class controller and
bit counter provide control of the shared portions of the PP.

The source of PP instructions may be either ROM or CM. The memory being
addressed from the PC is controlled by the addressing mode, which can be modified
by the branch instructions or by clearing the system. Each VP is placed in the
ROM mode and each PC points to location O when the system is cleared.

When the program sequence is obtained from CM, it is acquired via the SWB.
Since this is the same buffer used for data transfers to or from CM, and since
CM access is slower than ROM access, execution time is more favorable when the
program is obtained from ROM.

4. COMMUNICATION REGISTERS (CR)

The PP includes up to 64 CRs each of which contains 32 cells. Each CR cell
has two sets of inputs. One set is connected into the PP, and the other set is
available for use by the peripheral device. Each CR is addressable from the VPs
and by the device to which it connects. The CRs provide the control and data
links to all peripheral equipment including the system console. Some parameters
which control system functioning are also stored in the CRs from where the
control is exercised. These assignments are unique to a particular ASC system.
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The contents of the first 16 CRs can be protected from modification by indi-
vidual VPs. The protection is controlled by software via CR bits assigned
specifically for that purpose. The VP selected by the VP SELECT switch on the
maintenance panel is insensitive to the CR protection scheme, and can always
modify the contents of protected CRs.
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APPENDIX C
ASC/ARITHMETIC UNIT

The Arithmetic Unit (AU) is comprised of seven sections plus the AU receiver
register. The following paragraphs describe each of these seven sections.

1. EXPONENT SUBTRACT

The exponent subtract section is primarily responsible for determining the
propbr inputs to the add section for use in floating add instructions. It is
used for both scalar and vector operations and is also responsible for suppiying

proper input to the accumulator section for floating vector-dot product instruc-
tions.

This section determines the difference in the exponents of floating point
operands or in the case of equal exponents, which mantissa is larger. Upon
determining the larger number, the true or complement of the operands is gated
into registers according to the operation to be performed such as Add, Subtract,
Add Magnitude, etc. Also, at this time a 7 bit subtracter determines the
exponent difference which is used in the align section to properly align the
floating point operands.

Since logic is required in this section to determine relative magnitude
of the mantissa, the test instructions for greater than, less than, or equal
to are also performed in this section to avoid repetition of hardware.

2. ALIGN

The align section is in operation for all floating add instructions or for
any right shift instruction. Floating point instructions are performed after
one pass through the align section while fixed point shifts require two cycles.

The shift logic has provisions to allow any shift length which is a multiple
of four to be performed in one cycle. Since floating point numbers are represented
in hexadecimal digits, this will facilitate the very fast floatina point additions.
The length of right shift can be obtained from the instruction word for a shift
instruction or from the exponent difference information as supplied by the
exponent subtract section.
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Fixed point right shifts are performed by first shifting in one cycle the
largest multiple of 4 bits contained within the shift value. Then, the residue
of 0, 1, 2, or 3 bits is shifted on the next cycle. This results in a minimum
of shift paths into each latch since the 4-bit paths already exist.

3. ADD

The add section is shared for many instructions depending only upon which
paths are selected into the section. Floating add instructions are entered
by way of the align section. Fixed point add operands enter the arithmetic
unit at the add section.

The adder is 64 bits in length and contains second level look-ahead logic.
The floating point numbers are in the proper format when entering the add section;
however, the fixed point operands are modified to reflect either add, subtract,
or add magnitude type instructions.

4. NORMALIZE

The normalize section is employed for both floating add instructions and
fixed point left shift instructions. Divisiors are routed through this section
to guarantee bit normalized inputs for divide instructions.

This section closely resembles the align section in that floating point
operations require only one cycle while fixed point shifts require two. The
major difference in the two sections is that the align section is given the
information concerning length of shift for hexadecimal digits in floating
point. The normalize section has to compute the length of shift required to
normalize a floating point number by examining to determine which 4-bit group
contains the most significant logical one. An adder is also required to update
the exponent when a normalization takes place.

\'

Fixed point left shift instructions are supplied with the length of left
shift from the instruction word.

5. MULTIPLY

The mu)tiply section is required to operate on both floating and fixed point
sperands. The floating point numbers are represented in sign and magnitude, the
umd puint ausbers are ‘n twds complement form. The method of multiplying is
somd u twe v complement operands with the floating point multiplication per-

S S et teart Ty asstgning positive signs during multiplication and then
e ormmee tige when nylitiplication is complete.
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The multiplier is capable of multiplying any two numbers up to 32 bits in only
one pass through the multiply section. The result is in the form of a pseudo-
sum and carry which must be added to obtain the result. The sum and carry are
added in the accumulator section.

The multiply section is also used to perform division by a sequence of multi-
plication operations.

6. ACCUMULATOR

The accumulator totals the pseudo-sum and pseudo-carry from the multiplier
section to form the product of a multiplication. This section also performs
running totals for vector operations such as a Vector-Dot-Product instruction.

Like the add section which was previously described, the accumulator performs
a second-level look-ahead to facilitate a fast addition.

7. OUTPUT

A1l results to be sent to the CP must be gated through the output section.
Information could have originated in any one of the other sections of the AU
with the exception of the multiply section.

Simple instructions such as Booleans, transfers, masks, etc., are performed
in this section and gated out in one pass through the section.
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APPENDIX D
ASC/INSTRUCTION TIMING

1. SCALAR INSTRUCTIONS

Scalar instruction processing time in the Central Processor (CP) can be
predicted with a fair degree of accuracy by considering the following factors:

Arithmetic Unit clock time
Operand fetching time

Register conflict delay
Multiple store instruction delay
Read after write delay

Indirect address generation time

Execute instruction fetching time
Instruction fetching time after a branch instruction without look ahead

Instruction hazard refetch time
Short Circuit Path

a. Arithmetic Unit (AU) Clock Times

The AU clock times are defined as the number of clock periods required to
propagate input arguments through the AU, to the AU output registers. Certain
instructions can be executed in sequence by the AU without creating periods of
inactivity or delays in pipeline flow.

b. Operand Fetching Time
Operand fetching time refers

to CM access time for obtaining memory

operands. This time is measured from the clock period at which the effective
address of the operand is at the address output register of the IPU to the clock
period at which the requested operand resides in the output register of the MBU.
This time is normally 10 periods if there are no memory conflicts at the MCU or
priority delays at the MBU memory controller.

The X and Y buffer registers, used for streaming vector operands into
the AU, can be used during scalar operations to retain the most recently used
operand octets from CM. If a request for a word in CM is not contained in either
the X or Y buffers, the octet of words containing the requested word replaces the

81




AFWL-TR-77-190

contents of the X-buffer if Y was last used or replaces the contents of the Y-
buffer if X was last used. An effective address request for a word in an octet
which is presently contained in either the X or Y buffers is terminated at the
buffer (the address is not sent to CM) and the intended operand is read from
the buffer in which it is resident. There is no pipe delay when the required
operand is resident in either the X or Y buffer registers.

If two successive instructions request CM operands from different octets
and neither one is resident in the X or Y buffers, then it is possible for both
requests to be issued to CM before the IPU needs to be stopped to wait for CM
access. This provides overlap of CM requests, rather than having to wait the
entire memory cycle time for each memory octet fetch. The second octet request
can be placed on the CM address bus two cycles after the first octet request.

The second octet of data will be available in the second buffer two cycles after
the first arrives providing that no memory conflicts occurred and that the second
read was from an alternate memory module than the first. If the two read requests
were to the same stack, then an additional two cycles will elapse before the
second read data is available at the buffer register due to memory stack conflict.

An instruction can proceed to the AU without memory delay if the required
operand is presently residing in either the X or Y buffer registers.

c. Register Conflict Delay (RCD)

| : An RCD occurs whenever an instruction requires the contents of a register
} (base, 1ndex;$genera1 arithmetic, or vector parameter) and that register is pres-
' ently in the process of being modified by a previous instruction which has not
yet passed through the AU output level. Register conflicts occur because of

the pipeline nature of the CP. An RCD can occur at any of the first three levels
| of the IPU; the Instruction Register (IR) level 1, the Preindex (XR) level 2, or
E the Index (AR) level 3.

d. Multiple Store Instruction Delay

] A multiple store instruction delay is caused when two or more store
instructions, all with different octet addresses, occur consecutively or with
only one instruction separation in an instruction stream. The MBU and AU pipe
sections are provided with one address register to retain the octet address of
one store instruction. A second store instruction occurring in a rapid sequence
will be delayed at level 3 of the IPU until the first store instruction of the
sequence has passed to the AU output level.

82

B e I




AFWL-TR-77-190

A delay due to CM write conflicts may also occur for any two or more
store instructions which are too closely spaced, but that is a different type
of delay from the multiple store instruction delay being considered here. The
multiple store delay has a tendency to ease the memory write conflict problem,
since the pipeline operates at a reduced speed when the multiple stores are
detected.

There is no such multiple store delay for a series of two or more
consecutive store instructions which all address the same octet or which write
consecutively into monotonically increasing or decreasing address locations.

e. Read After Write Delay (Same Octet)

This delay is caused by attempting to read from a CM location while
a previous write instruction is still in the process of writing into the
same location or into the same memory octet. A write instruction is in the
process of writing into memory if it is anywhere below the IPU, but not yet
in CM.

It is possible to acquire a modified operand over the Z and X update
path providing no other stores into different memory octets exist between the
store instruction whose octet address agrees with the operand read octet
address of the instruction presently at level 3 of the IPU. The update from
Z to X occurs after all stores into the agreeing octet (which are in either
the MBU or AU) have been entered into the Z-buffer. The update may occur
simultaneously with the arrival of the read data from CM. In this case, the
read data must be merged with the update information from Z.

f. Indirect Address Generation Time

Each level of indirect addressing requires 10 clock periods assuming
no memory conflicts.

g. Execute Instruction Fetching

Each Execute instruction fetch requires 10 clock periods assuming
no memory conflicts. The only difference between Executes and Indirects is
that an Execute instruction is fetching an instruction to be executed whereas
an Indirect reference is fetching the address of an operand or the address of
the address of an operand, etc.

h. Instruction Fetching After Branching

A delay equivalent to that of Indirect or Execute occurs when fetching

instructions following a branch without look-ahead.
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i. Instruction Hazard Condition

An instruction hazard condition exists when a store instruction is in the
process of modifying a word in a CM octet from which instructions previously
read are currently residing in the IPU. These instructions are then the "old"
commands and hence, the CP must prevent their being executed.

Prevention of execution is accomplished simply by cancelling the instruc-
tions above the point in the IPU where instruction addresses agree with store
addresses. In order to restart the program, the CP must wait until the culprit
store instruction has completed writing into CM, then the IPU must recall the .
instructions which were cancelled.

j. Short Circuit (SC) Path

An SC path exists from the AU output register to the AU receiver
register. This path is used whenever an instruction in an instruction stream
requires the same register of the CP register file as the immediately preceding
instruction. In this instance the preceding instruction must be one which will
store into the same register that the succeeding instruction requires as its
register operand. When this condition arises, the succeeding instruction will
not wait for the normal register conflict delay, but instead will proceed down
the CP pipeline without its register operand and will acquire the operand via
the AU SC path upon the arrival of the succeeding instruction at the AU.

Short circuit conditions can only occur for adjacent pairs of instruc-
tions of the same word size (double with double, single with single, etc.).
Short circuit can occur for an unlimited number of instructions in a chain
as long as they all use the same register and have the same word size. Any
single instruction which does not use the same register will break the chain.
Also, two successive branch instructions which use the branch test level to
determine the outcome of the branch condition cannot use the SC path to achieve
a faster branch decision for the second of the two branches because the branch
test level does not have a path equivalent to the AU SC path. The branch test
level does not solve for the value of the argument in an Increment Test and
Branch Instruction but rather determines only whether the branch test passes
or fails.

The timing for the SC path can be determined by following the first
of the pair of instructions down the pipeline to the AU output level. The time
at which the result of the first instruction arrives at the AU output can be
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determined. The second instruction will advance to the MBU output level and wait
there, if it has arrived before the first instruction's result is available from
the AU output. One cycle is used to route the AU result back to the AU receiver
level. The second instruction advances through the AU when all of its required
arguments are supplied at the AU input.

2. VECTOR INSTRUCTIONS

Vector priming is divided into five distinct processes: Vector parameter file
fetch; MBU initialization; Memory operand fetch; AU fill; and AU empty.

When a vector instruction terminates, a process of AU emptying occurs. This
process involves only the depletion of operand arguments from the AU.

a. Vector Parameter File (VPF) Fetch

The VPF fetching occurs as a result of specifying a vector instruction
for which a new VPF is requested from CM. The new VPF is requested when the
effective address of the vector instruction has been developed by the normal IPU
indexing hardware. This hardware does the preindexing and index addition required
for generating the effective address.

The VPF fetching begins after the vector instruction has reached the index
addition level (level 3) and the VPF address has been developed. The VPF fetching
requires 8 clock periods. However, this CM request is overlapped in time with
the previous scalar instructions presently being processed downstream by the AU.

Loading of a new VPF appears no different to the IPU than if the IPU had encountered

a scalar Load Register File instruction. The fetching of data for these files is
carried out entirely by the IPU, and the MBU has not been involved until now with
the vector instruction. Also, the memory fet:ching time for the VPF will be less
than the time required for memory operand fetching because the register files have
a simpler interface with memory than the interface that exists at the MBU.

Overlapping memory cycles between the IPU and MBU during VPF fetch will
exist if the scalar instruction immediately prior to the vector instruction
requests a central memory operand from a new octet and all previous scalar memory
requests have been granted (data received from memory). If this condition exists,
the scalar instruction requesting the new octet is allowed to advance beyond
level 3 (index addition level), providing that "path ahead" is clear, and level
3 is filled with the developed address for the VPR request of the vector instruc-
tion. Thus, the time required to fetch the VPF is completely overlapped by the
time required for fetching an operand of a prior scalar instruction. The VPF

fetching is essentially free in this case.
85

‘‘‘‘‘

——————y
IR IS, R—

e ————————]



AFWL-TR-77-190

The vector instruction could be one which specifies the use of the
vector parameter data currently residing in the VPF registers. In this case,
no VPF retch cycle is required, and the vector priming operation proceeds imme-
diately to the MBU initialization process.

The MBU initialization begins upon detection of a vector instruction at
level 4 of the IPU. This MBU initialization is then overlapped with previous
scalar instruction processing going on downstream in the AU.

b. MBU Initialization

Initialization of the MBU involves the transferring of vector paramater
data from the VPF registers in the IPU to the vector working registers of the
MBU. This process begins immediately after new data have been entered into
the VPF registers, if a VPF fetch is specified, or immediately upon detection
of a vector instruction in level 4 of the IPU if a request for the current
VPF data is specified.

The MBU initialization requires 10 clock periods. This time begins with
the starting address development in the IPU for vectors A, B and C (in that
order). Development utilizes the preindex and index addition levels (levels 2
and 3) of the IPU. Then the remaining five words of the vector parameter data
are transmitted one word at a time to the MBU for distribution to its working
registers that control the vector operation.

No advantage would be gained by transmitting the remaining inner and
outer loop increment information to the MBU at a faster rate, since the memory
operand fetch operation is overlapped with the transmission of the remaining
data. The transmission of VPF data complete seven cycles before the first
operand arguments are available as inputs to the AU receiver register, even
though the VPF data are sent only one word at a time.

c. Memory Operand Fetch

This cycle begins five cycles after MBU initialization starts. It is
considered to start at the time the first address reaches the central memory
address requestor in the MBU.

Memory operand fetching of the first octet of data for vector A and B
is completed when the first two operand arguments are placed in the MBU output
registers and are available as inputs to the AU. The process of first operand
octet fetch requires 12 clock periods. Subsequent octet fetches are requested
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at 8 clock intervals during the self=loop, and the pipeline flow of operands to
the AU is maiqtained throughout the vector operation. The initial operand fetch
is an overhead penalty which occurs only once during the vector priming procedure.

d. AU File

The AU can proceed to fill its internal pipe sections as soon as the
operand stream is presented to its input registers from the MBU. An AU receiver
register accepts the operands from the MBU, which have been transmitted between
physical cabinets containing the MBU and the AU. The receiver register, therefore,
adds 1 clock period to the AU operation times given for scalar instructions in
the timing section for scalars. This figure (scalar AU time plus 1) gives the
number of clock intervals before the first result appears at the AU output.

Scalar AU times vary from instruction to instruction, but once the AU has been
filled in a vector mode, AU results are produced every clock period for most
single length vector instructions with a few exceptions.

e. AU Empty

At the termination of a vector instruction, the AU will exhaust the
final results into the Z-buffer registers, and a Z-write operation is forced
to purge the output buffers of the vector results so that scalar hazard detection
can begin fresh.

However, when a scalar instruction follows a vector, overlapping occurs
again. Two general constraints need to be listed: (1) .If the subsequent scalar
instruction uses indirect addressing, it will wait in level 1 until the vector
operation is completely terminated. This prevents an erroneous indirect linkage
through an area of CM which is being modified by a vector instruction. (2) If
the vector instruction is of the class requiring the storage of an item count
at the completion of each self-loop, then a subsequent scalar instruction must

wait at level 1. Vectors which store item counts use the 2nd and 3rd levels of
the IPU to restart the vector in case a context switch operation prematurely
terminate the vector.

Overlapping of the subsequent scalar begins after the MBU has determined
that all self, inner, and outer loops are completed and that the ZB register
has initiated its last write cycle for the vector instruction. At this time
the subsequent scalar may use the facilities of the MBU to request a memory
operand required for scalar instruction execution. Thus, the requesting of a
next scalar octet is overlapped with the termination (AU empty) of the present
vector instruction in the AU.
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APPENDIX E
STAR-100/STORAGE ACCESS CONTROL

1. SAC READ OPERATIONS

The SAC unit contains three read accesses (figure 22). An access is defined
as a grouping of one or more buses which share a selection network for accessing
MCS. Four banks in a memory section share a common read data path. One 132-bit
data bus carries data from each MCS section to SAC. This requires four quarter-
sword transfers to read one 528-bit sword. The first quarter-sword leaves MCS
five minor cycles after the request is received, and the remaining quarter-swords
are transmitted on the next three minor cycles.

On read operations, SAC performs an odd parity check on each half-word of
data. If a parity fault is detected, the parity fault condition is set. The
resulting operation depends on the access input that requested the data contain-
ing the parity fault as described in a subsequent subparagraph. If no parity
fault is detected, the data are transmitted to the input that made the request.
Since instruction words are transmitted over a read bus, the SAC unit first
checks the parity in the normal manner and then transmits the 128 data bits
with the corresponding parity bits to the stream unit for further checking.

2. SAC WRITE OPERATIONS

The SAC unit contains two write accesses (figure 22). Write buses provide
two inputs for the stream unit access to MCS. These two write buses transmit
result operands and other output data from the stream unit to SAC for storage
in MCS. The SAC unit assembles the 16-bit bytes transmitted from the I/0
channels into quarter-swords and transmits these to MCS. Four banks in a section
share a common write data bus. One 132-bit data bus carries data from SAC to
each section; therefore, each sword transfers as four quarter-sword bytes. The
first quarter-sword arrives at MCS one minor cycle after the request. The re-
maining quarter-swords are transmitted on the next three minor cycles. The I/0
channels share the other write access with the stream unit. The stream unit uses
this write access for exchange operations only. In write operations, the SAC
unit generates the four parity bits for each quarter-sword. The format of the
write data, as transmitted to MCS, is identical to the read data.
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APPENDIX F
STAR-100/CENTRAL PROCESSOR MODES

The CPU operates in one of two programming modes: Monitor mode; Job mode.

The CPU automatically exchanges from the job mode to the monitor mode when it
receives an interrupt or when a job program executes an exit force instruction.
The monitor mode disables all interrupts and virtual addressing and permits
absolute addressing to central storage. Any interrupts that occur during the
monitor mode temporarily store until the monitor program executes an idle or an
exit force instruction. The idle instruction causes the CPU to wait until an
interrupt occurs. The exit force instruction switches the CPU to the job mode
and starts executing the selected job program. Switching to the job mode enables
the interrupts and virtual addressing.

The purpose of the exchange is to change the prime role of the CPU. In
Jjob mode, job tasks are performed. In monitor mode, the system decisions are
made and the page table is altered.
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APPENDIX G
STAR-100/1/0 ASSEMBLY AND DISASSEMBLY

Each 1I/0 channel contains a 32-bit assembly/disassembly register and address
register circuits. In addition, a 32-word-by-128-bit high density logic memory
is shared by the I/0 channels as the I/0 buffer. The I/0 buffer is used for
assembly, disassembly, and buffer operations. An I/0 channel can be allocated
a quarter, half, or whole sword in the I/0 buffer.

The data trunk between the assembly/disassembly buffer (ADB) and central
memory is 128 bits wide. The data trunk between the ADB and the channel assembly/
disassembly registers is 32 bits wide. The data trunks between the peripheral
stations and the assembly/disassembly registers are 16 bits wide.

In I/0 write operations, each 32-bit half-word consists of two successive
16-bit transmissions from the peripheral station. The two 16-bit portions are
assembled in the assembly/disassembly register for transmission to the I/0 buffer.

The starting address for an I/0 read or write operation is sent from the
peripheral station as two 16-bit transmissions. The first 16 bits contain the :
upper or lower 500K MCS selection bit and the high-order 4 bits of the sword
address. The second 16 bits contain the low-order 7 sword bits, the 5 bank
selection bits, the quarter-sword address, and the half-word address. The 11
sword address and 6 bank address bits are transmitted to the channel address
register where they are incremented, as sword boundaries are crossed during
central storage references. The quarter-sword address bits are sent to I/0
control where they determine the quarter-sword that is loaded into or trans-
mitted from the I/0 buffer. The half-word address bits determine the 32-bit
half-word that is loaded into or transmitted from the I/0 buffer.
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APPENDIX H
STAR-100/VIRTUAL ADDRESSING MECHANISM

1. ASSOCIATIVE WORDS

The associative words contain the information necessary to convert a
virtual page address into an absolute address. The monitor program must
assemble the associative words into a page table as necessary for a given run.
If a page is altered, a job program has performed a write operation on at least
one bit in the page defined by the associative word. In the monitor mode, the
CPU does not use the associative words in addressing. Thus, alteration or
referencing storage by the monitcr program is not recorded in the associative
words.

2. LOCK

A lock is a 12-bit quantity contained in each associative word. The lock
associates a page of central storage with a job program or several job programs.

3. KEYS

The monitor assigns four 12-bit keys to each job. The keys for a particular
job are read from central storage as part of the job. The monitor program
transfers the keys to the virtual address key register. After the virtual page
address portion of an associative word matches with the corresponding portion
of a virtual address, one of the four keys for the job must match the lock in
the associative word before the storage reference can take place. If a key
matches the lock of an associative word for a particular storage reference,
but the operation is disabled by the lockout code for that type of reference,

a storage access interrupt takes place. A storage access interrupt causes an
exchange to the monitor mode.

4. ASSOCIATIVE REGISTERS

The SAC unit contains sixteen 64-bit associative registers (ARs). Each AR
contains one associative word. The ARs contain the first 16 associative words
in the page table. For example, if the computer system consists of 1,048,576
words of central storage and if only 65K-word pages are selected, the associative
words for all 16 pages would be contained in the ARs. In the monitor mode, the
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contents of the ARs can be stored into, or loaded from, central storage with the
store associative registers or load associative registers instructions, respec-
tively.

5. SPACE TABLE

The space table shown in figure H1 consists of the locations in central
storage that contain the 1ist of associative words. The space table starts
at absolute bit address 4400,¢ (word address 0110,5). The space table extends
into central storage until an end of page table code is found in the usage bits
of the corresponding associative word. Thus, the space table serves as an
extension of the ARs to make up a complete page table.

6. PAGE TABLE

The page table contains the complete 1ist of associative words and includes
both the ARs and space table. The associative words contained in the page table
define the pages currently allotted space in central storage. Figure H1 shows
the format of the page table. Note that if the associative words in the ARs are
stored in central storage with the store ARs instruction, they are stored in
16 consecutive 64-bit storage locations of absolute bit addresses 4000;5 through
43C0,¢.

7. VIRTUAL ADDRESS FORMAT

Figure H2 shows the virtual address formats for the 512-word page and 65K
word-page, respectively. Note that in the 512-word page, the virtual page
identifier consists of 33 bits. In the 65K-word page, on the other hand, the
virtual page identifier is contained in 26 bits of the virtual address. This
difference results from the number of bits needed to locate the word in the
page. In the 65K-word page selection, 16 bits are needed to locate the word in
the page, giving a word-address range of 0000, to FFFF,¢, which is equivalent
to 65,536, storage locations. In the 512-word page, the 9-bit word identifier
gives a word-address range of 000;¢ to 1FF;5 (512 storage locations).

The bit, byte, half-word, and word identifier portions of the virtual address
are absolute. Thus, when the virtual page identifier is converted into an
absclute page identifier, these portions of the virtual address are substituted
directly into the absolute address.
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8. OPERATION OF VIRTUAL ADDRESSING

In the processing of a job program, each virtual address is transmitted
from the stream unit to the SAC unit. The SAC unit compares the virtual page
identifier in the virtual address (figure H2) with the corresponding portion
of each associative word in the page table. If the virtual page identifiers
match and the lock matches one of the four keys, a match condition occurs. If
a match results, the absolute page address associated with the match-producing
entry in the page table is combined with the applicable portion of the word
identifier sent from stream. The upper 17 bits of this combined address references
one sword (eight 64-bit words) from central storage. The remaining word, half-
word, byte, and bit identifiers remain in stream and select the word, half-word,
byte, and/or bit from the words transmitted from SAC. If the end of the page
table is detected with no preceding match condition, or if a match results but
the operation is disabled by the lockout code, a storage access interrupt results.

95




AFWL-TR-77-190

APPENDIX I
STAR-100/REGISTER FILE

The register file shown in figure I1 is subdivided into six major areas con-
taining a total of 256 registers.

l Machine registers

Temporary registers

Global registers

Environment registers

Register save area

Parameter registers (in pairs)
1. MACHINE REGISTERS

These registers include only registers 0, 1, and 2. Register 0, by convention,
contains the number 0. Register 1 contains the data flag branch exit address,
and register 2 contains the data flag branch entry address. In monitor mode,
additional registers are reserved as machine registers.

2. TEMPORARY REGISTERS

A user program may utilize two areas for temporary storage, addresses, or
b data. The two areas are from registers 3 to 13,5, and from 20 to the beginning
of the parameter registers.

The lower area is large enough for execution of short subroutines (such as
SIN, COS, etc.) completely within the temporary space, obviating the need for
saving and restoring any of the caller's permanent registers when short
modules are needed by a program. The upper area, which is large enough to hold
a variety of user procedures, is never saved by the callee.

3. GLOBAL REGISTERS 2

The contents of the global registers are universal to all programs within a
specific execution/language system. The contents can be assumed by all modules
within a given system and are not usually loaded, saved, or restored by called
modules. The valves in these registers are unique to a given operating environ-
ment; thus, if a module from a different environment is to be called, it is the

96




3
AFWL-TR-77-190
REGISTER NUMBER
(IN HEX)
FF
: FE i
3 >) TEwRORARY w0
20 Y YORKING REGISTERS
IF | OATA FLAG TABLE POINTER FOR OFBM
1€ |ORDINAL ADDRESS
REGISTER SAVE AREA LENG¥:;ibDRESS LR LI 2
e < 16l PREvIoUS STACK POINTER 48 > ENY RONNENT
+ WORKING REG.) 1o | LENGTH) ADDRESS ] REGISTERS
' 16'  CURRENT ‘STACK POINTER 48
g [TWOE- | ADDRESS
: FINED o) DYNAMIC STACK POINTER 48
. 1A RETURN ) |
| 19 )
FUNCTION RETURN
| " REGISTER PAIR
? 17 | WowsER ThuoRess
L PARAMETER DESCRIPTOR “ g
| 18 1 sl [ MEBISTERS
15 1) "
1) 20 o
> ) TEMPORARY
- 7 nesistens
2 DATA FLAG BRANCH ENTRY ADDRESS
MACHINE
- | DATA FLAG BRANCH EXIT-ADDRESS ¥ snieren
0 MACHINE ZERO ]

Figure I1. STAR-100 Register File
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caller's responsibility to establish the correct values for the callee in the
proper registers.

Register 17 contains the parameter descriptor used in conjunction with the
parameter register pairs. The number of parameters being passed during a call
is contained in the first 16 bits. The remaining portion is for the address
of the parameter 1ist, if necessary. If the number of parameters is greater
than twice the number of words allocated for parameter registers, the entire
parameter 1ist is passed in main memory outside the register file; and the
address of the parameter 1ist is stored in the remaining 48 bits of register 17.
If the parameter list will fit into the parameter registers, the address portion
contains a zero.

Registers 18 and 19 contain function results obtained from a called subroutine.
For example, the result of a trigonometric or exponential function would be
placed in register 18. Register 19 could be used when a result has two components;
for example, the imaginary part of a complex number whose real part is returned
to register 18.

4. ENVIRONMENT REGISTERS

The environment registers consist of the minimum set needed to support the
sharing of code in a virtual system and the general requirements of recursive,
reentrant execution with dynamic linking. The environment registers include:

1A Return Register

1B Dynamic Stack Pointer
1C Current Stack Pointer
1D Previous Stack Pointer
1E Link Register

1F On Unit

The environment registers are used in two areas of a code block module,
called prologue and epilogue. Instructions in prologue and epilogue are inserted
into the executable code by the assembler or compiler to ensure the caller's
register file is saved when an external routine is called.

5. REGISTER SAVE AREA

These registers include the environment registers and the working registers.
This space is saved and restored by called processors; therefore it is the space
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where permanent variables and addresses should be stored. The length of this

area depends on how much space has been allocated by the caller as working regis-
ters, which will contain other information the user deems necessary to save.
Allocation of environment registers at the beginning of the space ensures that
they will appear at the beginning of every stack, facilitating unstacking or stack
searching procedures needed for block structured languages, as well as nonstandard

FORTRAN call/return usage. The working registers follow the environment registers.

The information in the register save area is used in the following manner:
When a program in process calls an external program, the prologue of the called
program executes code to save the caller's register file in dynamic space. It
then places the current stack pointer in the previous stack pointer, and also
places the dynamic stack pointer in the current stack pointer, and segf the
dynamic stack pointer to the next free location. Finally, the prologue loads
the called program's register file from static space.

When one program calls another, it uses some dynamic space to contain the
status of the register file at the time the next program was called, together
with linking information required to return to the calling program. In the
normal sequence, dynamic space use increases until the lowest level called program
has been executed; then, as the returns are encountered, the space is made
available in reverse order to the call.

6. PARAMETER REGISTER PAIRS

These registers permit a varying number of parameters to be passed via the
register file (depending on the execution environment). The parameters are
assigned from register FF backward toward the beginning of the register file
area. (Thus, if there are five register pairs, the Parameter Register Area
will begin at F6.)

A11 parameters are either passed in the parameter section of the register
file, or they are in main memory outside the register file area and are noted
in the Parameter Descriptor register (register 17). This register convention
allows paired parameter passing of the following form:

Passing base addresses and corresponding offsets
Passing pointer pairs for sparse vectors

Passing double or complex parameters
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APPENDIX J
STAR-100/INSTRUCTION TYPES

1. REGISTER INSTRUCTIONS

The STAR register file consists of 32- and 64-bit registers. To accommodate
the use of both register types, the STAR instruction set includes instructions
which access the register file as half-words (32 bits) or full-words (64 bits).

In the register instructions, all source and result destinations are registers.

Unless specified, in register-to-register operations the source registers are
unchanged and the destination registers are cleared before the result is entered.

2. INDEX INSTRUCTIONS

Index instructions are used primarily for numerical calculations on field
lengths and addresses. The index instructions manipulate either the low order
24 bits of half-word or the Tow order 48 bits of a full word in designated
operational registers. Some index 1nstruct10ns are used for manipll'ﬁng the
high order 8 bits of.a half-word or the high-order 16 bits of a full-word in the
designated operation#l registergs

3. BRANCH INSTRUCTIONS

The bf:;ch instructions can be used to compare or examine single bits, 48-bit
indexes, 32-bit floating-point operands, or 64-bit operands. Results of compari-
son determine whether the program continues with the next sequential instruction
(branch conditior not met) or branches to a different instruction sequence (branch
condition met). The instruction sequence can consist of one or more instructions
beginning at the branch address specified in the branch instruction format. For
instructions which require index operations, all item counts are in half-word
increments.

4. VECTOR INSTRUCTIONS

The vector instructions perform operations on ordered elements (scalars).
These instructions read the scalars, in 32-bit or 64-bit floating-point operand
form, from consecutive storage locations over a specified address range (field).
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Vector instructions perform a designated operation on each set of operands and
store the results in consecutive addresses of a result field, beginning with a

specified address. A vector can contain as many as 65,536 items.
5. SPARSE VECTOR INSTRUCTIONS

Arithmetic operations can reduce the number elements of a vector field to
a zero or near-zero value; therefore, except for positional significance, they
need not be carried along as floating-point numbers. To conserve both storage
and calculation time, a group of sparse vector instructions which permit the |
expansion and compression of vectors can be used. i
6. VECTOR MACRO INSTRUCTIONS g

Vector macro instructions perform operations similar to vector instructions;
however, some vector macro instructions do not form result vector fields. For
these instructions, the control vector contains neither length nor offset;
rather it controls the use of source vector elements. The control vector for
macro instructions which produce result vector fields, performs the same function
as vector instruction. Vector macro instructions with result field(s) extend
short source fields with zeros; they become no-operations, and terminate in an
identical manner as a vector instruction. Vector macros with result field(s)
terminate when either source vector is exhausted; they do not zerc.extend short
source fields.

7. STRING INSTRUCTIONS

String instructions perform arithmetic and logic operations on strings of
data in the form of 8-bit bytes. The byte size allows for handling large 9
alphabets (256 characters) and is compatible with ASCII extended binary code. :
The field length of a data string can be extended beyond one 64-bit word or {
can be less than one data word. Bytes in the field of a data string are in
opposite order of the byte address; the most significant byte is the left-most
byte, but the address of the left-most byte s 0. Unless specified by the
instruction, strings are processed from right to left until the last byte in the
field is processed. Normally, string instructions terminate when the result

- field 1s filled.
8. LOGICAL STRING INSTRUCTIONS

These instructions function in the same general manner as corresponding
string instructions. They operate with index and data fields the same as
string instructions except item counts are expressed in bits instead of bytes;
therefore, these instructions perform bit operations on bit boundaries.
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9. MONITOR INSTRUCTIONS

The monitor instructions function only during monitor mode. When a machine
is in job mode, any attempt to execute a monitor instruction is detected by the
hardware as an attempt to perform an undefined function code.

10. NONTYPICAL INSTRUCTIONS

These instructions perform operations such as register to storage transfers,
formation of repeated mask 1ists, and maximum/minimum determinations that do not
belong in any of the preceding instruction types discussed.

p—
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