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Preface

The T9000 Transputer Hardware Reference Manual provides information on the latest member of the
transputer range of microprocessors, the IMS T9000. Transputers are designed to provide extremely high
performance in single processor applications and are also designed with hardware and software features
for the construction of multiprocessing systems.

Other transputer products include the IMS T225, a 16 bit microprocessor, the 32 bit IMS T4xx series and
the IMS T8xx series, which are 32 bit microprocessors with an on-chip 64 bit floating point processor.
Details of these and their support devices can be found in The Transputer Databook, which is available
as a separate publication. Other transputer related documents, including various application and technical
notes, are also available from INMOS.

This manual consists of three parts. Part 1, an overview section, introduces the transputer architecture
and then the features and benefits of the IMS T9000 family. Part 2, the IMS T9000 transputer preliminary
datasheet, contains more detailed information on the IMS T9000 transputer. Part 3 contains information
on the communications support devices and includes the IMS C100 system protocol converter preliminary
datasheet, IMS C104 packet routing switch product preview and the IMS C101 parallel DS-link adaptor
product preview.

More detailed information on the IMS T9000 family communications devices is in preparation, and will be
issued as a separate document, titled the Transputer Networks Manual. It will contain datasheets on the
IMS C104 packet routing switch, the IMS C100 system protocol converter and the IMS C101 parallel DS-
Link adaptor.

For full details of the IMS T9000 instructions refer to the T9000 Transputer Instruction Set Manual.

Software and hardware examples given in this databook are outline design studies and are included to
illustrate various ways in which transputers can be used. The examples are not intended to provide accu-
rate application designs.

In addition to transputer products the INMOS product range also includes development systems and
systems products. For further information regarding INMOS products please contact your local SGS-
THOMSON sales outlet.
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Notation and nomenclature

The nomenclature and notation in general use throughout this databook is described below.

Significance

The bits in a byte are numbered 0 to 7, with bit 0 least significant. The bytes in words are numbered from 0,
with byte 0 least significant. In general, wherever a value is treated as a number of component values,
the components are numbered in order of increasing numerical significance, with the least significant com-
ponent numbered 0. Where values are stored in memory, the least significant component value is stored
at the lowest (most negative) address.

Similarly, components of arrays are numbered starting from 0 and stored in memory with component 0
at the lowest address.

Transputer memory is byte addressed, with words aligned on eight-byte boundaries on 64 bit devices,
four-byte boundaries for 32 bit devices and on two-byte boundaries for 16 bit devices.

Hexadecimal values are prefixed with #, as in #1DF.

Where a byte is transmitted serially, it is always transmitted least significant bit (0) first. In general, wherev-
er a value is transmitted as a number of component values, the least significant component is transmitted
first. Where an array is transmitted serially, component 0 is transmitted first. Consequently, block transfers
to and from memory are performed starting with the lowest (most negative) address and ending with the
highest (most positive) one.

In diagrams, the least significant component of a value is to the right hand side of the diagram. Compo-
nent O of an array is at the bottom of a diagram, as are the most negative memory locations.

Signal naming conventions

Signal names identifying individual pins of a transputer chip have been chosen to avoid being cryptic, giv-
ing as much information as possible. The majority of transputer signals are active high. Those which are
active low have names commencing with not. Capitals are used to introduce new components of a name,
as in ProcClockOut.

Composite signal names are given for names which refer to a number of pins, with the number of the pins

given atthe end ofthe signal name. For example, MemData0-63 refers to the 64 data pins. Note that Mem-
Data0 represents the least significant bit.

Timing diagram conventions
Cross hatch shading on a waveform diagram indicates that the signal can be high or low.
A minimum timing value with a negative value indicates that the transition of the second signal can occur

before the first signal. For example the minimum timing specification for address setup to strobe valid is
—6 ns, i.e. the strobe can be valid 6 ns before address setup.

Font conventions

The following font conventions are used throughout this databook.
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References

Parameter Font Example
Signal / pin names bold ProcClockOut
Register names bold Areg

Bit names bold SpeedMultiply
Flag names bold FPErrorFlag
Errors italic FPError
Workspace special values italic Notprocess.p
Workspace offsets bold Link.s

Queue pointers bold eh.wptr
Memory locations bold MemStart
Instruction codes italic stopch
Command messages italic CPoke
occam program notation typewriter ChanOut

Table 1.1

Font conventions

This book is divided into three parts with each part having a number of chapters, sections and subsections.
Figures and tables have reference numbers tied to relevant chapters of a particular part of the manual.

Unless otherwise stated, all references refer to those within the current part of the manual.



Transputer product numbers
Product numbers take the following form:
IMS abc-xyyz
IMS = INMOS company identifier
a = Product group

T = Transputer

C = Communications peripheral
S = general software

D = Development software

F = Application software

B = Motherboards and TRAMs

b = Unique 3 or 4 digit product identifier
e.g. 9000 = 32 bit transputer with on-chip floating point unit.
¢ = Revision code

This is not present on all products.
Product traceability is guaranteed by a separate lot number found elsewhere on the package.

x = Package type

G =PGA

P = Plastic DIL

S = Ceramic DIL
J=PLCC

F = Ceramic QFP
X = Plastic QFP
N = Ceramic LCC
E = Plastic SOJ

yy = Speed variant
z = Specification

S = Commercial 0°C to +70°C

E = Extended —55°C to +125°C

| = Industrial 40°C to +85°C

M = Mil Std 883C —55°C to +125°C

(Note: x, yy and z apply to product groups T and C oniy.)
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1 Introducing the IMS T9000

The IMS T9000 is the latest member of the transputer family and is designed for embedded systems and
high performance computing applications.

INMOS has used advanced CMOS technology to integrate a 32-bit integer processor, a 64-bit floating
point processor, 16 Kbytes of cache memory, a communications processor and four high bandwidth serial
communications links on a single IMS T9000 chip.

The IMS T9000 transputer excels in real-time embedded applications, dellverlng exceptional single pro-
cessor performance and scaleable multiprocessor capability.

There is extensive, industry standard software support for all members of the transputer family; this in-
cludes high-level language compilers, systems software (such as real-time operating systems) as well as
an extensive range of development tools.

1.1 Performance

Itis essential that any microprocessor family designed for the embedded system market provides the re-
quired performance at low cost.

The transputer family includes a 16 bit processor, a range of 32 bit fast integer and |IEEE floating point
processors and now, the highest performance member of the family, the IMS T9000. These are all de-
signed to make it easy to design low cost, high performance systems.

* Single processor performance: the IMS T9000 transputer boasts exceptional single proces-
sor performance; the new superscalar pipelined CPU is capable of a peak performance of 200
MIPS and 25 MFLOPS.

¢ Real-time performance: the IMS T9000 offers sub-microsecond interrupt response and con-
text switch times, making it ideal for high performance real-time systems.

« Communications performance: the four IMS T9000 communication links provide a total of
80 Mbytes/second bidirectional bandwidth.

¢ Multiprocessor performance: the interprocessor communications architecture and multipro-
cessing architecture gives scaleable performance — the ability to increase the performance of
a system by adding more processors.

« Usable performance: the IMS T9000 implementation makes it easy for compilers to fully exploit
the superscalar performance using a range of industry standard programming languages.

¢ Price/performance: the IMS T9000 offers supercomputer performance at an embedded sys-
tems price.

1.2 Multiprocessing

For applications that demand performance that single processors cannot provide, the IMS T9000 has
complete on-chip support for multiprocessing:

« Hardware scheduler: the transputer architecture includes instruction level support for the cre-
ation and scheduling of any number of concurrent processes

« Inter-process communication: the transputer instruction set includes instructions for commu-
nicating between concurrent processes. The same instructions are used to communicate be-
tween processes running on a single transputer and between processes running on separate
transputers.
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« Inter-processor communication subsystem: the presence of a dedicated communications
processor which operates concurrently with the main processor, makes interprocessor commu-
nications flexible and efficient. The integration of the communications system on-chip makes it
easy to write programs for multiprocessor systems and eliminates the need for communications
hardware such as shared memory or bus arbitration.

¢ System control and monitoring: all the IMS T9000 transputers in a system can be initialized,
loaded with code and monitored for errors through a completely independent control communica-
tions system.

1.3 Communications support devices

The IMS T9000 transputer is complemented by a range of communications peripherals that extend the
communications capabilities of the IMS T9000. The IMS C1XX family ensures that any size of IMS T9000
system can be constructed, connecting first generation and second generation transputers and providing
an interface to the outside world.

« IMS C104 packet routing switch: the IMS C104 is a complete routing switch on a single chip.
The IMS C104 connects 32 links to each other via a 32 by 32 way, non-blocking crossbar switch
with sub-microsecond latency. This allows simple, fast communication between IMS T9000
transputers that are not directly connected. Muitiple IMS C104s can be connected together to
make larger and more complex networks, linking any number of IMS T9000 transputers, or any
other devices that use the link protocol.

« |IMS C100 system protocol convertor: the IMS C100 system protocol convertor converts be-
tween the first generation transputer links and control signals and the new IMS T9000 protocol.
The IMS C100 provides an inter-networking solution for transputer systems, allowing networks
to be constructed using the optimum mix of transputers to satisfy processing power, communica-
tion bandwidth and system cost.

e IMS C101 link adaptor: the IMS C101 link adaptor interfaces between IMS T9000 links and ex-
ternal systems such as buses, peripheral devices and even other microprocessors.

1.4 Software

The success of any microprocessor is determined as much by the quality of its software development tools
as by any other feature.

INMOS has over a decade of experience in developing software tools for transputers and for multiproces-
sing systems. The range of compilers and powerful development tools support all the requirements of soft-
ware developers.

« Compilertoolsets: for fast time to market, and to satisfy the diverse programming requirements
of different application areas, the transputer can be programmed in one, or a mixture of the fol-
lowing languages:

= ANSI C, an IMS T9000 optimized version of the INMOS externally validated ANSI C tool-
set.

= C++

= 0ccam 2, a language designed by INMOS for efficient implementation of highly parallel
systems.

Each compiler is packaged as a separate Toolset product containing a complete set of develop-
ment tools for programming transputer systems. Designed to exploit the architectural features/
optimizations of the transputer, the toolsets offer a leading development environment for em-
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bedded systems developers whether working on single or multiprocessor target systems.
Toolsets are available for industry standard Sun 4 and IBM PC compatibles (DOS 5, 386 mini-
mum spegcification).

INQUEST: targeting customer requirements for debugging and performance maximization, [N-
QUEST provides an advanced software development environment supplementing language
toolsets. INQUEST contains debugging and profiling tools using windowing graphical user
interfaces. .

System software: the transputer incorporates in hardware many of the features normally
offered by real-time executives. The efficient hardware operation offers significant performance
gains over equivalent microprocessor plus real-time executive combinations. Real-time execu-
tives are available for the transputer, such as products from CHORUS Systems including distrib-
uted Unix SVR3.2.

This impressive array of development tools, industry standard compilers and system software satisfies
the demands of the embedded systems market. It also ensures that the user can benefit from a significant
improvement in the critical time to market.

1.5

Applications

The transputer family provides unprecedented price/performance solutions for a wide range of embedded
systems applications.

The IMS T9000 transputer has been specifically developed to satisfy the requirements of three segments
of the embedded systems market:

Imaging: the imaging market comprises applications that involve the generatlon mampulatlon
and transmission of image data. Such applications include:

= Laser printers

= Graphics systems

= |mage processing systems

* |ndustrial inspection systems
= Robotics

= Scanners

Embedded computing: the embedded computing market comprises applications that are run
within a computer environment and add overall performarice and functionality to the computer
system. Such applications include:

= Application accelerators: (graphics, numerical, scientific, DTP)
= Disk arrays and high performance file servers

= Databases

= Xterminals

= Factory automation

Supercomputers: the supercomputers market targets heavy numerical algorithms to run with
considerable compute resource. The IMS T9000 and IMS C104 form an environment with scal-
able high performance distributed computing power. Applications include:

= Geophysical data analysis
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= Simulation and modelling
= CAD
= High performance graphics

« Communications: the embedded communications market can be segmented into two main ar-
eas that require high performance microprocessors. These are:

= Networking: low cost LAN interfacing — FDDI, Ethernet; inter-networking systems —
bridges, gateways and routers.

» Packet switching systems.

The IMS T9000 transputer is highly applicable to the communications market due to its inte-
grated architecture combining high performance CPU and communication links with a packet
based protocol. The IMS C104 packet routing switch has been designed to support the
IMS T9000, and is useful in a range of telecommunications switching applications.

The transputer family provides a range of price/performance solutions for all the above applications.
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2 The IMS T9000 transputer

The IMS T9000 is part of a broad range of 16 and 32 bit microprocessors. As well as providing high per-
formance processing, they are designed to be simple to use and enable the construction of low cost sys-
tems. Transputers include functions to enable multitasking on a single processor and the building of multi-

processor systems.

2.1 Overview

The IMS T9000 integrates a high performance central processing unit (CPU), a 16 Kbyte cache, commu-
nications system and other support functions on a single chip. The main functional blocks of the
IMS T9000 are shown in figure 2.1. The function of each of these is outlined below, more details will be

found in the following sections.

Central Processing Unit

32 bit Integer Unit

5 Stage Pipeline

64 bit Floating Point Unit

16Kbyte
Cache/
Internal
Memory

Programmable
Memory
Interface

Control Link

[/

Control Link

Virtual
Channel
Processor

DS Link
DS Link

DS Link
DS Link

Figure 2.1 Block diagram of IMS T9000

2141 Processor

The IMS T9000 CPU contains a 32 bit arithmetic and logic unit (ALU) and a 64 bit floating point unit ( FPU).
The FPU operates on 32 and 64 bit floating point numbers as specified by the IEEE 754 standard. The
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CPU also includes instructions for byte and half word operations. The CPU uses 32 bit linear addressing
and can address up to 4 Gbytes of memory.

The instruction set is designed for efficient execution of compiled code and there is a wide range of lan-
guage compilers available for the transputer including a Plum-Hall validated ANSt C compiler, 0ccam
and C++ compilers. These are complemented by a full set of software tools for developing and debugging
programs for single transputers and networks of transputers. In addition there are a number of system
level software products, such as real-time kernels and distributed operating systems.

The transputer includes hardware support for scheduling processes and performing communications.
These operations are directly supported in the instruction set.

The IMS T9000 can run code in protected mode. In this mode all memory accesses are made through
a memory management unit which checks and translates addresses before using them to address the
memory system. Further, a restricted subset of the full instruction set may be executed, preventing pro-
tected code from executing privileged instructions.

There is improved support for error handling over earlier transputers; errors can be trapped and handled
independently for each process in addition to the global error handling provided previously.

2.1.2 Hierarchical memory system

The IMS T9000 includes a 16 Kbyte unified cache to provide single cycle access to instructions and data.
The cache provides a peak bandwidth of 200 Mwords/s. The CPU also includes another small cache for
the most frequently used local variables of a program which provides an additional 150 Mwords/s of
memory bandwidth.

The external memory interface is highly programmable, allowing large memory systems, containing differ-
ent types of devices, to be built with little or no external logic. There are four independent sets of memory
control signals simplifying the use of different device types in the same system. The memory interface
operates with 8, 16, 32 or 64 bit wide devices. The maximum data transfer rate across the memory inter-
face is 50 Mwords/s.

2.1.3 Communications system

An important issue in multiprocessor system design is the communications architecture. To achieve effi-
ciency and ease of use, communications must be properly integrated into the entire processor architec-
ture.

The transputer hardware and instruction set provides simple and efficient communications between pro-
cesses and between processors. Both internal and external communications are handled identically, us-
ing the same source code and machine instructions.

To support interprocessor communications, there is a complete communications subsystem on chip. This
includes four 100 Mbits/s full-duplex, serial communication links each with its own pair of direct memory
access (DMA) channels. The links can be directly connected between transputers with no external buffer-
ing or other glue logic. The use of serial links simplifies routing of links on circuit boards and the intercon-
nection of boards in a system. A communications processor, which manages all link communications, op-
erates concurrently with the main CPU so that data transfers do not adversely affect CPU operation.

The communications subsystem also includes four ‘Event’ channels. As well as acting as interrupt inputs,
these can be used, as inputs or outputs, for more general synchronization and signalling.

2.1.4  Multiple internal buses

To support the high degree of concurrent operation on the IMS T9000, and to maintain the high internal
data rates required, there are four sets of 32 bit address and data buses internally. These provide
multi-port access to the on-chip cache from the various functional units of the IMS T9000.



2 The IMS T9000 transputer ~ ] 9

2.1.5 Control system

The control system handles most of the general facilities necessary for the operation of the IMS T9000
transputer including: initialization and configuration; reporting of errors; and resetting.

The control system comprises a control unit and a pair of control links. The control links are in addition
to the four communication links, and are provided for system control and monitoring independent from
program execution. Initialization and booting of the processor can optionally be done through these links.
The control links are connected in a chain which allows a control master at the head of the chain to commu-
nicate with, control and monitor, any device in the network through this fully independent communications
system.

The IMS T9000 transputers which do not boot from ROM are generally connected to a control processor,
possibly another IMS T9000. A high-level protocol is defined for the controlling network to allow the con-
trolling process to issue commands to, and receive responses from, devices in the control network. The
control unit handles commands and issues responses to the controlling processor.

There is also a reset input—however, as the IMS T9000 includes on-chip power-on reset circuitry, external
reset logic may not be required in an embedded control application.

2.1.6 Clocks

Two on-chip phase locked loops (PLL) generate all the internal high frequency clocks from a single clock
input (5 MHz), simplifying system design and avoiding problems of distributing high speed clocks external-
ly. The PLL’s require a decoupled power supply for satisfactory operation. The decoupling is performed
externally by connecting a 1uF ceramic capacitor.

The processor internal clock rate is variable in discrete steps. The clock rate at which the IMS T9000 runs
is determined by the logic levels applied on the three processor speed select lines.

2.2  The transputer architecture

An important design decision was that transputers should be programmed in a high-level language. The
instruction set has, therefore, been designed for simple and efficient compilation. The instruction format
eliminates redundancy ensuring maximum performance through fast internal datapaths. Variable length
instructions are chosen to give a compact representation of the operations most frequently occurring in
programs.

The CPU of the IMS T9000 contains three registers (Areg, Breg and Creg) used for expression evalua-
tion, which form a hardware stack. Loading a value into the stack pushes Breg into Creg, and
Areg into Breg, before loading Areg. Storing a value from Areg pops Breg into Areg, and Creg
into Breg. Similarly, the FPU includes a three register floating-point evaluation stack. When values are
loaded onto, or stored from, the stack the floating-point registers push and pop in the same way as
the Areg, Breg and Creg registers. Analysis of a large number of programs, shows that 3 registers pro-
vides an effective balance between code compactness and implementation complexity.

A separate floating point evaluation stack is provided, consisting of FPAreg, FPBreg, and FPCreg. The
floating point evaluation stack behaves in a similar way to the integer evaluation stack.
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Registers Locals Program

Areg

Breg

Creg

Workspace pointer »~

Next Instruction pointer

Figure 2.2 Processor registers and memory
The transputer has two other registers used when executing code. These are:
¢ The instruction pbinter which points to the next instruction to be executed.

¢ The workspace pointer which points to an area of store where local variables are kept. This area
is also used as a stack for procedure calls, etc.

The addresses of floating-point values are formed on the CPU register stack, and values are transferred
between the addressed memory locations and the FPU register stack under the control of the CPU.

Most transputer functions use the contents of these stacks, and most instructions reference the stacks
implicitly. For example the add instruction adds the top two values in the CPU stack, leaving the result on
the top of the stack. The use of a stack reduces the need for instructions to specify the location of their
operands, which reduces the size of instructions and hence of compiled code. Transputer object code is
typically 70% of the size of equivalent CISC code.

2.3  Support for concurrent processes

Most computers have the ability to effectively run several user tasks or processes concurrently. These
processes are created and scheduled by the host operating system. The operating system kernel provides
the ability for processes to communicate with the operating system and with each other.

Every transputer includes a hardware scheduler with the ability to execute many software processes at
the same time, to create new processes rapidly, and to perform communication between processes within
a transputer and between processes on different transputers. All of these operations are integrated into
the hardware and instruction set of the transputer and are very efficient. Further details of the transputer’s
scheduling mechanism will be found in section 5.

24 Pipelined, superscalar implementation

To increase the execution rate of the transputer instruction set, the IMS T9000 is able to issue several
instructions per cycle. A superscalar pipelined architecture was designed which implements the same
high-level architecture as the IMS T805 but with much higher performance.

Some recent implementations of pipelined and superscalar microprocessors have required very careful
programming to obtain the claimed performance. They require that instructions are presented to the pipe-
line in a sequence that will keep the processor busy. This makes developing effective compilers very diffi-
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cult, often forcing programmers to resort to assembly code to achieve the required performance. This puts
the burden of arranging the correct sequencing of instructions on the programmer, adding to the develop-
ment time and hence costs of a product.

The IMS T9000 incorporates an instruction grouping mechanism which scans the instruction stream,
collating groups of instructions, to achieve optimum loading of the CPU pipeline. This hardware grouper
relaxes the requirement on compilers or users, presenting instructions in particular sequences to obtain
peak performance.

Instruction
fetch

U

Instruction
grouping

V.

)
Workspace Non-local Main ALY/ :> Store/ |,
cache address cache :> FPU conditional

jump

Figure 2.3 Block diagram of grouper and pipeline

The details of the IMS T9000 pipeline are transparent to the programmer. The processor appears to be
the simple transputer architecture described above and straightforward code written for that programming
model will get nearly the best performance out of the processor. INMOS’ optimizing compilers for the
IMS T9000 take account of the internal architecture to generate even more efficient code.

2.4.1  The pipeline

Instructions are executed in a five stage pipeline: the first stage can fetch two local variables; the second
stage can perform two address calculations, for accessing non-local or subscripted variables; the third
stage can load two non-local variables; the next can perform an ALU or FPU operation; and the final stage
can do a conditional jump or write.

A conventional pipeline is designed to allow several instructions to be executed simultaneously; different

. parts of each instruction being handled in different stages of the pipeline. In order to allow multiple instruc-
tions to be issued per cycle (as well as multiple instructions being executed in each cycle) the IMS T9000
does not simply send a sequence of instructions through the pipeline but has hardware which assembles
groups of instructions from the instruction stream. These groups are chosen to make the best use of the
available hardware and one group can be sent through the pipeline every cycle. Instructions are put into
groups in the order that they arrive at the CPU; dependencies within the group are handled automatically
by the pipeline.
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The grouper can be thought of as a hardware optimizer; it recognizes commonly occurring code se-
quences that the processor can execute efficiently. The design of the grouping mechanism and the pipe-
line is based on analysis of the code typically generated by high-level language compilers.

2.5 Hierarchical memory system

(-

CPU VCP € 4 full-duplex
(with internal registers) Scheduler Link engine | 3 serial links
>
| A A A A
~ |Instruction 32 bit data
buffer Workspace cache 32 bit address
(32 bytes)
|
\ [ I Y ¥
Crossbar switch L Main cache
64 bit data

32 bit address

[

External memory

Figure 2.4 IMS T9000 hierarchical memory system

The IMS T9000 has a complete, hierarchical memory system providing fast and efficient access to data
and instructions. There are two separate caches on chip, a general purpose unified (code and data) cache
and a small cache for local variables.

These caches can provide fast, multi-ported access to data because they are on chip. They also reduce
the number and frequency of accesses to external memory, allowing lower cost, external components to
be used without degrading performance. Finally, because the majority of external memory accesses will
be cache refills (and therefore muitiple word reads and writes) fast memory access methods, such as page
mode, can be used.
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CPU
Read Local read Write
| . Workspace cache
(write-through cache)
uncacheable read uncacheable write
Main cache

(write-back cache)

cache read cache write

Main memory

Figure 2.5 Levels of caching

25.1 Main cache

The main cache consists of four independent banks, each containing 256 lines. Each line holds data from
four consecutive words (16 bytes) in memory. An access can be made to every bank on every cycle which,
with the multiple internal buses, means there is a very high bandwidth between the cache and different
functional units within the IMS T9000.
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CPU VCP PMI Scheduler

TOng g 8

Crossbar switch and arbiter

4 x 32 bit address buses
4 x 32 bit data buses

Four banks of cache

Figure 2.6 Diagram of four banks of cache

The four cache banks are accessed by a number of different functional units in the IMS T9000, some of
these units have multiple ports into the cache. To allow four simultaneous reads and writes to take place
in each cycle, there are four sets of address and data buses. An arbiter controls access from the various
functional units to the cache banks.

Cache operation

Each of the four banks is addressed by a quarter of the memory space. This division of the address space
is done using bits 4 and 5 of the address, the bottom four bits are used to select a byte within a line. Each
line consists of: 16 bytes of RAM for the data; 26 bits of associative memory which holds the address of this
line of data; and two control bits to indicate if the line is valid and if it has been modified since it was read in
(is ‘dirty’). When a memory access is made, the address is checked against the contents of the appropriate
bank. If the address is present (and the line is valid) then the access can go ahead, reading or writing the
data in a single cycle.

A cacherefill engine ensures that there is always one empty line available. Then, if a requested address is
not in the cache (a ‘cache miss’), the four words containing the data are read from memory into the empty
line. The refill engine then has to ensure that a new empty line is created. It does this by choosing a line at
random and, if the data has been modified since it was read into the cache, writing it out to memory. The
line is then marked as invalid, i.e. empty and available for use. This is known as ‘early write—back’ as it
writes the chosen line out to memory before a cache miss occurs.

The reading and writing of cache lines takes advantage of any fast memory access methods that are avail-
able (e.g. 64 bit wide accesses or page mode DRAM).
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Use as on-chip RAM

At reset, the cache behaves as 16 Kbytes of on-chip RAM, enabling the IMS T9000 to be used with no
external memory. There may be many applications where a number of transputers are used, each requir-
ing little or no external memory — used in this way the IMS T9000 provides extremely high performance
(single cycle memory reads and writes) combined with extremely low cost (possibly no external compo-
nents except a clock). Starting up in this mode provides compatibility with earlier transputers which have a
fixed amount of on-chip RAM. It also makes it possible to test the hardware of a new transputer system as it
is known that there is 16 Kbytes of working RAM which can be used by test software.

During the initialization of the IMS T9000 the cache may be programmed to behave as 16 Kbytes of cache,
as 16 Kbytes of RAM, or as half cache and half RAM. This can be very useful when certain data or code,
e.g. aninterrupt handler, must be accessed quickly and in a more deterministic way than a cache provides.
The remaining 8 Kbytes of cache will be large enough to achieve high performance.

2,52 Workspace cache

The workspace cache holds a copy of the first 32 words of procedure stack and workspace. It is triple
ported, allowing two reads and a write in every cycle. The workspace cache allows local data to be ac-
cessed without going outside the CPU, effectively giving zero cycle access and reducing the load on the
main cache and external memory. It also means that the pipeline can do four data reads (as well as an
instruction fetch) in each cycle: 2 from the local cache and 2 from the main cache.

Because local variables can be accessed quickly, they can be read in the first stage of the pipeline and
can then be used for non-local address calculations in the next stage. The workspace cache is
write-through; whenever data is written into the local cache it is also written to the main cache. This means
there is no overhead for flushing the cache on interrupt or context switch.

The workspace cache is part of the processor pipeline and, in many ways, it is equivalent to the general
purpose register set found on other microprocessors, providing fast access to frequently used data. To
make use of this architecture, the INMOS ANSI C compiler recognizes the ‘register’ keyword and
places those variables lower in the function’s workspace so they are more likely to be cached.
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3 Simplicity of system design

Many features of the IMS T9000, as with the original transputer range, exist to simplify the user’s design
task and to reduce the amount of support hardware and software that is required. This means that design-
ers can spend more time working on their application and less time worrying about details. Using
transputers results in smaller, simpler designs, easier system debugging, faster time to market and lower
system cost. Some of these features and their benefits are outlined below.

3.1 Single 5 MHz clock input

All transputers, no matter what the processor speed, and all support devices require only a single 5SMHz
clock input; on-chip phase locked loops generate all the high frequency internal clocks required for the
processor and links. Transputer link operation is independent of clock phase, thus differences in the clock
phase between devices is notimportant. This means that each processor can have alocal clock or a single
system clock may be used for multiple devices.

This simplifies system clock generation and distribution, especially where multiple transputers are used.
The use of low frequency signals around a system can be particularly important in electrically noisy envi-
ronments such as industrial control systems.

3.2 Programmable memory interface

The first generation of 32 bit transputers have a memory interface which can be programmed to generate
all the timing signals required by a memory system, meaning that little external logic is required to build
a complete system.

The IMS T9000 takes this idea further by providing greater functionality and flexibility. The IMS T9000 pro-
grammable memory interface (PMI) provides complete support for DRAM including multiplexing of row/
column addresses, refresh, and page mode accesses. It is possible to connect many Megabytes of exter-
nal DRAM with no external logic. The amount of memory which can be connected directly is limited only
by capacitive loading; larger amounts of memory will require only the addition of buffering on the address
and data lines.

The IMS T9000 memory interface automatically exploits any fast access modes for the memory system.
For example if 64 bit wide DRAM is used then an entire cache line can be read in two memory operations.
If page mode DRAM is available, then reads or writes with the same row address will be done using page
mode, greatly reducing the cycle time. This will always be used for cache line reads and writes, where
four consecutive words will be transferred, but it will also work for any set of reads and writes from the
same page.

In addition to supporting fast DRAM, the IMS T9000 will also efficiently interface to other devices, such
as SRAM, ROM or memory mapped peripherals. The PMI on the IMS T9000 divides the address space
into four banks (not to be confused with the four banks in the main cache). Each bank provides separate
decoding and timing control, generating all the signals needed for the device types in that bank. The ad-
dress range, timing, memory type and bus width can be programmed independently for each bank. There
is an additional preset bank for slow, byte-wide ROM. This is intended for systems where the processor
is booted from ROM. Only memory reads can be done from this bank.

The parameters for the memory interface are programmed into a number of configuration registers. A soft-
ware tool is provided in the development toolsets to simplify the task of designing with the PMI. This tool
can be used interactively to describe the parameters for each memory bank. It then produces an output
file which can be used by other parts of the development system for initializing and loading transputers.
The program also produces timing diagrams and descriptions which can be used in documenting the sys-
tem design.

3.3  Control links and configuration

The IMS T9000 has a pair of control links. One is used by the IMS T9000 for receiving commands and
sending status information, the other provides a cascade connection so that some or all devices in a
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system can be daisy-chained together. The control links use the same link protocol as the IMS T9000 data
links and provide a control network which is completely independent of the normal data communication
network.

The control links have through routing hardware so that the controlling processor (possibly an IMS T9000)
appears to have a direct connection to every device in the system.

The control links are kept totally separate from the links used for program communication in a system.
A program running on the IMS T9000 cannot send messages down the control links. The separation of
control and data links ensures that the control links are reliable and secure. For extra reliability, they can
be run at a lower bit rate.

CLinkO CLink1 CLink0 CLink1 CLinkO CLink1
— T9000 —— — T9000 |—— — T9000 —

Figure 3.1 Network of control links

The control links provide an independent communication network which can be used to load code, do
hardware debugging, monitor a running system for errors and perform diagnostic functions, both for a
single IMS T9000 and a network.

Because of the great flexibility of the memory interface and the communications system of the IMS T9000
there are a number of configuration registers that need to be programmed. For all of these, the develop-
ment tools will program the registers using high-level descriptions of the system. For example, as noted
above, there is an interactive tool for developing configuration data for the PMI. Similarly, the communica-
tion system is set up using high-level language descriptions of the software and hardware networks.

There are two ways of programming the configuration registers: by writing to them from a program running
on the IMS T9000 itself; or via a control link from the host system. The first method is used when the sys-
tem is booted from ROM, for example in an embedded system. The second method can be used in a de-
velopment environment or, in a multi-transputer system, where only one processor is initialized (or ‘confi-
gured’) from ROM and all the others are configured via their control links from that root processor. In both
cases the IMS T9000 development tools will generate the data to be programmed into ROM or sent to
the control link of a processor.

There are a number of stages of initializing and loading code onto the IMS T9000 after it has been reset.
These are known as ‘reset levels’ and during the initialization process, every IMS T9000 must go through
each level from complete reset, to having application code running. This can be done from ROM or through
a control link. The toolsets allow ROM systems to be built with a single system ROM or multiple local
ROM’s.

3.4 Loading and bootstrapping

The transputer can also be bootstrapped in two ways: from code received down a link or from ROM. All
INMOS development tools generate programs to be loaded by either method as required during develiop-
ment or in a production system.

There are a number of advantages to the ability to load code from a link. It greatly simplifies the develop-
ment cycle — there is no need to keep programming new EPROMs with new versions of code (or use an
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EPROM emulator); it can simply be loaded down a link. It simplifies testing of hardware — a transputer
provided with the minimal essential external signals (5 volts, clock, etc) will be guaranteed to work; there
is then16 Kbytes of on-chip RAM in which to load test code. In a multiprocessor system, only the root pro-
cessor needs to be booted from ROM — the others can be booted down a link with code contained in that
system ROM. It is even possible to switch between ROM and link booting, in order to do field testing and
diagnose faults in an installed system.

3.5 Examples

To show how simple it is to build systems using the IMS T9000, a few example block diagrams are given
here. In the simplest cases these are almost complete circuit diagrams.

The first example (figure 3.2) is a complete working system using the IMS T9000s internal RAM as the
system memory. The processor boots from ROM which contains the application software. This processor
can communicate with other transputers or peripherals through its data links. It can be set to boot from
ROM or from link for development and test purposes. The full16 Kbytes of on-chip RAM is available for
program workspace.

1]
+5V 1T ’ ‘ I
L VDD CapPlus CapMinus
StartFromROM
Q7 IMS T9000
EPROM
4 CLinko
18 Link0-3 J‘ OE
notMemBootCE CE
Reset MemAdd2-31 Address
Circuit Reset 8
MemData0-7 Data
5MHz Clockin
Clock
GND
Al other inputs tied to ground

Figure 3.2 Complete IMS T9000 system with EPROM

Figure 3.3 shows how a low cost system can be built using a small amount of SRAM. This could be com-
bined with ROM and peripherals for a low cost embedded application.
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The third example in figure 3.4 shows how a large amount of DRAM can be connected to the IMS T9000

Figure 3.3 Low cost system with 64 Kbyte of SRAM

with no external logic for decoding, control signal generation or buffering.

——— 8Mbytes of IMx4 DRAM ————

notMemPS0 OE OE | ___. ___I0OE
notMemRAS RAS RAS | ___. —_IRAS
notMemCAS CAS CAS | _._. __lcAas
MemAdd2-31 AO-n AO-n  be-a- AO-n
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notMemWrB0 o
notMemWrB1 o
notMemWrB2 .
notMemWrB3 o
4 4 4
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The memory in each bank is enabled by separate strobe signals so all of the above memory types could

Figure 3.4 High performance system with 8 Mbytes of DRAM.

be combined on a single IMS T9000.




4 Protection and error handling 21

4 Protection and error handling

The IMS T9000 extends the error handling of earlier transputers to allow error conditions to be easily
trapped and handled in software. It can run code in a protected mode where all memory accesses are
checked and certain, privileged, instructions cannot be executed.

4.1 Error handling

The first transputers have only a global mechanism for trapping errors; stopping the entire processor when
an error is detected. The IMS T9000 extends this to allow a trap handler to be associated with a process
to provide more localized error handling (hence these processes are known as L-processes for local error
handling). When an error occurs, control is transferred to the trap handler with information about the nature
of the error and where it occurred.

The action of a trap handler will, in general, be dependent on the language or operating system being used
and will be invisible to the applications programmer. Some languages may include support for user written
error handlers. After taking the appropriate action, for example to report or correct the error, the trap han-
dler can return control to the process which caused the error which can then continue execution. Each
process can have its own trap handler, or one trap handler can be shared by several (or all) of the pro-
cesses on the transputer. :

4.2 Protected mode

The IMS T9000 can run code in protected mode. This is designed to allow run-time checking of programs
written in ‘unsafe’ languages such as C and also to provide memory management. For example, C allows
pointers to data or functions. Without checks for valid pointers, these could contain an illegal memory ad-
dress such as: another process’s data or code; a non word aligned address; or a function pointer which
does not point to valid code. As no checks are defined in the language it is important to be able to check
such accesses at run time, if needed.

The protection mechanism is intended to support software development and debugging, and program-
ming secure systems. It protects the user’s processes or tasks from each other and also protects an oper-
ating system kernel, or other run time support, from user code. Although code run in this mode is frequently
referred to as a ‘protected process’, it is not the process which is protected but the rest of the world that
is protected from errors in the process.

421 Protected mode processes

Any L-process can run a piece of code as a protected mode process (or P-process); the processor saves
the state of the L-process and starts executing the P-process. The P-process is executed until control is
returned to the L-process because of an error, protection violation or some other reason. It is important
to realize that P-processes are not scheduled by the transputer’s own scheduler — they only run under
the control of a supervisor L-process. Any of the instructions or other events that might cause a P-process
to be descheduled, will cause control to be returned to the supervisor. The relationship between a P-pro-
cess and its supervisor is analogous to that between an L-process and its trap-handler. In both cases the
processor can be thought of as swapping between the two pieces of code.

4,2,2 Executing illegal instructions

Because control is returned to the supervisor when a P-process attempts to execute a privileged or illegal
instruction, it is possible to provide communication and other facilities to a P-process in a controlled way,
but one which is invisible to the programmer. For example, the input and output instructions are privileged,
so if a P-process attempts a communication then it will trap to the supervisor L-process. This L-process
can examine the state of the P-process and, if the attempted communication is ‘legal’, perform the commu-
nication and return control to the P-process. The P-process will continue as if a normal communication
had occurred.
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There is also a syscall (system call) instruction which can be used by a P-process to explicitly request
some action by the supervisor.

4.2.3 Memory management

When running in protected mode, all memory accesses are checked and translated. Each P-process can
access four regions of memory. The size and base address of each region can be set, and each can have
different protections. Each area can be given permission for code to be executed from it and for data to
be read or written. For example an area of memory containing code would normally be marked with ex-
ecute permission but write protected.

All addresses generated when the processor is running in protected mode are logical addresses. These
are translated to physical addresses by combining the low order bits of the logical address with the high
order bits from the control register for that region. The translation and checking is done in parallel with other
address generation operations and so imposes no overhead on memory access time.

The IMS T9000’s memory management can be used to implement swapping of memory to and from disk
and relocation (although it does not support page-based virtual memory). This can be used to implement
operating system kernels. It can also be used for ‘stack extension’. All the instructions which move the
workspace pointer are checked for a valid address after the operation. If it is found that the workspace
address is no longer valid then a trap occurs, the supervisor process can then allocate more memory for
the processes stack and restart it.
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5 Support for multiprocessing

The requirement for processing performance in embedded systems is continuously increasing as control
algorithms become more sophisticated and as systems become more complex. In the long term, the only
solution to these ever increasing demands for performance is the use of multiple processors to perform
independent co-operating system functions.

Transputers are the only microprocessors specifically designed to tackle the problems of building multipro-
cessor systems.There are advantages other than just performance to using multiple transputers in a sys-
tem: it allows ease of system partitioning; it allows scaleable systems to be built, where more processors
can be added as demand increases, or to provide the optimum balance of price versus performance. The
communications facilities of the transputer family can also be used to build distributed systems where,
for example, the processors are located near the equipment or components they control and use links to
communicate with other processors in the system. In addition, transputers can be used to build high reli-
ability, fault tolerant systems.

Fast interrupt response and process switch

In most embedded applications, there is a need for fast real-time response (both to external interrupts and
for context switching in multitasking systems). The design of the IMS T9000 processor exploits the pres-
ence of the two on-chip caches by having only a small number of registers in the CPU. This means that
there is little state to be saved when an interrupt or task switch occurs, so these operations are extremely
fast. These types of operations are very efficient on the transputer because of the hardware scheduler.

The register stacks are duplicated so that, when a process running on the IMS T9000 is interrupted, the
contents of the stacks do not need to be written to memory. This results in a sub-microsecond interrupt
response. Furthermore, the duplication of the register stacks enables floating-point arithmetic to be used
in an interrupt routine without any performance penalty.

5.1 The transputer model of concurrency

The model of concurrency and communication implemented by the transputer hardware is based on the
ideas of communicating sequential processes. All the features for creating processes and communicating
between them are accessible from any high-level language for the transputer and are implemented direct-
ly by the occam programming language, see the occam 2 reference manual.

5.1.1 Processes and channels

Each process can be regarded as a black box with internal state, which can communicate with other pro-
cesses using communication channels. Each channel is a point to point connection between two pro-
cesses. One process always inputs from the channel and the other always outputs to it. Communication
is synchronized: the first process ready to communicate waits until the second is also ready, then the data
is copied from the outputting process to the inputting process and both processes continue.

Each process starts, performs a number of actions and then terminates. An action may be a set of sequen-
tial processes performed one after another, as in a conventional programming language, or a set of parallel
processes to be performed at the same time as one another. Since a process is itself composed of pro-
cesses, some of which may be executed in parallel, a process may contain any amount of internal concur-
rency, and this may change with time as processes start and terminate. Ultimately, all processes are con-
structed from three primitive processes: assignment; input and output.

Within the context of C programming, transputer processes with different semantics may also be used,
these are known as threads. A thread is a special case of a transputer process. Whereas processes have
a purely message based interface, threads of a process share code, static data and heap space. This
allows communication through techniques using shared memory objects such as semaphores, shared
memory areas and shared variables.

5.1.2 Program structure

Figure 5.1 shows an example of a system constructed from three communicating processes. In this case
there are separate processes to handle the external hardware (the screen and keyboard) and to execute
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the main, application, process. This is a modular design — only the hardware handling processes have
to be changed if the software is moved to a new environment, the same interface (the data sent and re-
ceived on channels or ‘protocol’) can be presented to the application process. The keyboard handler can
be interrupt driven, only being scheduled when a character is typed, the interrupts appearing as communi-
cations. The input and output processes can provide buffering and other filtering of the data, all of which
is invisible to the main application process, which could even be placed on a separate processor. This use
of separate processors need not just be for performance reasons but might be done, for instance, if there
are a large number of peripheral devices which could be better handled by a low cost 16 bit transputer.
One or more high performance transputers could then be used for the main computing processes.

Keyboard Keyboard o
handler to application
Application
from application
Screen |-« Screen ppl

handler

Figure 5.1 Processes and channels
Example

The code for creating parallel processes in C is very simple. For example, if the three processes in the
example above are external functions, then the following code is all that is needed to run them in parallel:

#include <stdlib.h>
#include <channel.h>
#include <process.h>

/*
declare externally defined functions
*/
extern keyboard handler (Process *p, Channel *to_app, Channel
*echo);
extern screen_handler (Process *p, Channel *echo, Channel
*from_app);
extern application (Process *p, Channel *to_app, Channel *from app);

/*
declare pointers to process and channel data structures
*/
Process *kbd p, *scrn_p, *appn_p;
Channel *to_app, *from_app, *echo;
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/*

allocate and initialize channel data structures
*/
to_app = ChanAlloc();

from app = ChanAlloc();

echo = ChanAlloc();
/*
allocate and initialize the process data structures
*/
kbd p = ProcAlloc (keyboard handler, 0, 2, to_app, echo);
scrn_p = ProcAlloc (screen_handler, 0, 2, echo, from_app);
appn_p = ProcAlloc (application, 0, 2, to_app, from app);
/*
now run the three processes in parallel, this call
will return when all three processes have terminated
*/

ProcPar (kbd_p, scrn_p, appn p, NULL);

A more complete explanation of how parallel programs can be written for the transputer can be found in
INMOS Technical Note 68, “Developing parallel C programs for transputers”, which is included in The

Transputer Development and iq Systems Databook (2nd edition).

The equivalent program in 0CCam would be:

CHAN OF BYTE to.app, from.app, echo
PAR
keyboard.handler (to.app, echo)
screen.handler (echo, from.app)
application (to.app, from.app)

5.1.3 Multiprocessor programs

\
/

Figure 5.2 Transputers and links

Every transputer implements these concepts of concurrency and communication. As a result, the same
model can be used to program an individual transputer or to program a network of transputers. Figure 5.2
shows a typical network of transputers connected by serial links. When a number of processes run on an
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Figure 3.4 Timer registers

3.7 Block move

The block move instruction (move) on the transputer moves any number of bytes from any byte boundary
in memory, to any other byte boundary, using the smallest possible number of word reads, and word or
part-word writes. move is interruptible, to guarantee low latency.

3.8 Semaphores

The IMS T9000 transputer provides an efficient implementation of an n-valued semaphore for processes
on the same processor. signal and wait instructions are provided which operate on a data structure which
may be located at any address in memory. A semaphore is implemented by a three word data structure.
The word slots in the data structure are shown in figure 3.5. For further details refer to the 79000
Transputer Instruction Set Manual.

Slot name | Purpose

s.Count Number of extra processes that the semaphore will allow to continue running after a wait
on the semaphore.

s.Front Pointer to workspace of first process waiting on the semaphore queue.

s.Back Pointer to workspace of last process waiting on the semaphore gqueue.

Table 3.5 Contents of a semaphore data structure

3.9 Pipeline

The CPU of the IMS T9000 performs its computation on a processor pipeline. This pipeline consists of
5 stages and, where possible, multiple instructions are combined into a group and passed down the pipe-
line together. This allows more than one instruction to be executed on each processor cycle. The details
of the pipeline are transparent to the programmer. The processor appears to be the simple transputer ar-
chitecture described above and code can be generated for the IMS T9000 transputer without considering
the details of the pipeline. However, optimizing compilers can produce more efficient code if these details
are taken into consideration.

Instructions are executed in a 5 stage pipeline: the first stage can fetch two local variables; the second
can perform two address calculations, for accessing non-local or subscripted variables; the third stage
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can load two non-local variables; the fourth can perform an ALU or FPU operation; and the final stage can
do a conditional jump or write.

The IMS T9000 incorporates hardware to assemble groups of instructions from the instruction stream,
enabling multiple instructions to be issued per cycle (as well as multiple instructions being executed in
each cycle). These groups are chosen to make the best use of the available hardware and one group can
be sent through the pipeline every cycle. Instructions are put into groups in the order that they arrive at
the CPU; dependencies within the group are handled automatically by the pipeline.

Fetch ~ Decode Local Address Cache ALU/FPU Write
1word/ Groupupto8 2 reads from 2non-local  2reads/cycle 1 integer or 1 write/
cycle bytes/cycle tri-ported addresses/ from 4 cache floating point  cycle
workspace cycle banks operation
cache

Figure 3.5 Pipeline operation

The grouper can be thought of as a hardware optimizer; it recognizes commonly occurring code se-
quences that the processor can execute effectively. The design of the grouping mechanism and the pipe-
line is based on analysis of the code typically generated by high-level language compilers.

3.9.1 Grouping of instructions

The grouping of instructions takes advantage of the high degree of concurrency and multiple buses in the
processor. For example, both caches are multi-ported and can each support two reads by the CPU simul-
taneously. This allows two /d/ (load local) instructions to go into one group, and the group could also contain
two sets of instructions to calculate addresses and fetch non-local variables. These could all be combined
with an arithmetic operation such as add.
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As an example of how the grouper works, consider the assignment and expression evaluation shown be-
low. The code produced is shown along with the number of the pipeline stages in which it is executed.

a[i+l] = b[j+15] + c[k+7];

1d1 j load local variable j

1dl b load base address of array b
wsub calculate address of b[7j]
ldnl 15 load value of element b[j+15]
1d1  k

1d1 o}

wsub

1dnl 7 load value of c[k+7]

add add two values on top of stack
1d1 i

1d1 a

wsub

stnl 1 storeinto a[i+1]

This code sequence will be executed as three groups as shown below (i.e. in 3 cycles achieving 217 MIPS
at a processor speed of 50 MHz). The exact contents of each group will depend on the code which pre-
cedes and follows this. The first group might contain other instructions from earlier in the instruction
stream.

firstgroup | 1d1, 1dl, wsub, ldnl
second group | 1d1, 1dl, wsub, ldnl, add
third group | 1d1, 1dl, wsub, stnl

Since the processor can fetch one word, containing four bytes of instructions and data, in each cycle it
is possible to achieve a continuous execution rate of four instructions per cycle (200 MIPS). However, if
any of the instructions require more than one cycle to execute, then the instruction fetch mechanism can
continue to fetch instructions so that larger groups can be built up. Up to 8 instructions can be put into one
group and there may be five groups in the pipeline at any time.
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3.10 CPU configuration registers

The CPU (in common with a number of other sub—systems of the IMS T9000) is controlled via registers
in the configuration space. The registers are accessed via the /dconf and stconf instructions, or via CPeek
and CPoke command messages received along control link CLinkO0.

Three of the CPU configuration registers are described below. In addition to these three registers there
are a number of CPU configuration registers which are shared between the VCP and also the scheduler,
details of these are given in the Communication chapter 11. For the complete list of registers refer to chap-
ter 15, Register Reference Guide.

Reason

The Reason register contains a reason code if the IMS T9000 is halted for any reason. The reason code
is either a trap reason code, indicating that an L-process with a null trap handler caused an unmasked
error, or one of ‘stopped’, ‘halted’ or ‘external memory error’. Further details on the reason code can be
found in the T9000 Transputer Instruction Set Manual.

EmiBadAddress

The address of the memory error is stored in the EmiBadAddress register if the reason code is ‘external
memory error’.

A reason code of ‘external memory error’ is returned if a memory error other than an access error is re-
turned by the memory interface and if it is detected by the processor. Memory errors not detected by the
processor, for example VCP memory accesses, cause a ‘halted’ reason code.

The Reason and EmiBadAddress registers must be read after resetting but before rebooting the IMS
T9000, by the control link CPeek command, as the values of these registers become undefined after re-
booting.

Initiallptr and InitialWptr

After reset the processor is initially inactive. A Wptr and Iptr are written into the Initiallptr and InitialWptr
configuration registers by the control unit over the configuration bus, which the processor uses when it
starts executing.
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4 Floating point unit

The IMS T9000 has an on-chip scalar floating point unit (FPU) which performs floating point operations
sustaining a rate of 15 Mflops and a peak of 25 Mflops at a processor speed of 50 MHz.

The FPU has been designed to operate on both single precision (REAL32) and double precision (REAL6 4)
floating point numbers, and returns results which fully conform to the IEEE 754-1985 floating point.arith-
metic standard. The FPU incorporates hardware to perform divide and square root. Denormalized num-
bers are fully supported in hardware. All rounding modes defined by the standard are implemented, with
the default being round to nearest.

4.1 Floating point registers

The FPU consists of a computing engine with a three deep floating point evaluation stack for manipulation
of floating point numbers and a status register.

4.1.1 Floating-point stack
The FPU contains a three deep stack of floating-point registers:

FPAreg floating-point stack register A
FPBreg floating-point stack register B
FPCreg floating-point stack register C

Each floating-point register can hold a value in either single precision or double precision floating-point
format and has a tag associated with it (stored in the floating-point status register) to signify the precision
of the data it contains. The floating-point stack behaves in a similar manner to the integer stack. When
avalue is loaded in FPAreg the values in FPAreg and FPBreg are pushed down into FPBreg and FPCreg
respectively. When a value is stored from FPAreg, FPBreg is popped into FPAreg and FPCreg into
FPBreg.

The addresses of floating point values are formed on the integer stack, and values are transferred be-
tween the addressed memory locations and the floating point stack.

The representation of single precision and double precision floating point numbers in memory is as set
out in the |IEEE standard.

« Single precision format floating-point values are represented in memory within a single machine
word (32-bit).

« Double precision format floating-point values are represented in memory by two contiguous ma-
chine words. The word which contains the sign bit is held at the memory location with the higher
address of the two.

4.1.2 Floating-point status register

The currently executing process has a floating-point status word associated with it. This is stored within
the floating-point status register (FPstatusReg). The type information and rounding modes are detailed
in FPstatusReg, see table 4.1, and can be accessed using the fpldall, fpstall, Idshadow and stshadow
instructions.

Bit position | Bit field Function

1:0 Roundmode Rounding mode

3:2 FPA type Type of fioating-point value in FPAreg
5:4 FPB type Type of floating-point value in FPBreg
7:6 FPC type Type of floating-point value in FPCreg

INMOS reserved

Table 4.1 FPstatusReg fields
Note: All INMOS reserved bits must always be written with 0’s.

318
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When an operation yields a floating-point result, this result is by default rounded to the nearest represent-
able value to the exact result (Round-to-nearest). In addition to this defauit, the other three rounding
modes specified in the IEEE standard are provided on the IMS T9000. The rounding mode can be set in
the FPstatusReg to one of the four modes. This is reset as soon as the floating point load, operate or
store is complete. The rounding mode is encoded into a two bit field and the binary value for each mode
is shown in table 4.2.

Code |Rounding mode
00 IEEE round zero
01 IEEE nearest
10 IEEE round + infinity
11 |IEEE round — infinity

Table 4.2 Floating-point rounding mode

The format of the floating-point value stored in any of the floating-point stack registers, can be single preci-
sion or double precision. This information is represented as shown in table 4.3. Note, the effect of loading
any value other than 00 or 01 into these bits is undefined.

Code | Floating-point type
00 single precision — IEEE format 32-bit floating-point number
01 double precision — [EEE format 64-bit floating-point number

Table 4.3 Floating-point type

4.2 Floating point instructions

Instructions are provided to perform floating point arithmetic on the FPU. In the IMS T9000 all basic FPU
operations can be performed by an equivalent single instruction coding, the names of these instructions
begin with fp. These instructions allow floating point values to be transferred from memory to the FPU
evaluation stack and vice versa, and to manipulate values on the FPU evaluation stack.

T9000 running at 40 MHz T9000 running at 50 MHz
Operation Single length | Double length | Single length | Double length
add 50 ns 50 ns 40 ns 40 ns
subtract 50 ns 50 ns 40 ns 40 ns
multiply 50 ns 75 ns 40 ns 60 ns
divide 200 ns 375 ns 160 ns 300 ns
square root 200 ns 375 ns 160 ns 300 ns

Timing is for operations where both operands are normalized floating point numbers

Table 4.4 Typical floating point operation times

Further details on the operation of the FPU and the floating point instructions can be found in the T9000
Transputer Instruction Set Manual.
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5 Memory management

This chapter describes the protection and memory management system of the IMS T9000. The memory
management mechanism in the IMS T9000 transputer is designed to support the development and debug-
ging of programs, to allow the safe execution of programs written in insecure languages, and to support
address translation. It also supports the dynamic extension of a calling stack. The mechanism does not
provide virtual memory, or page-based memory protection.

The memory management mechanism is only invoked for a special type of protected process - known as
a P-process. A P-process is run under the control of a parent L-process, known as the supervisor (or
sometimes the stub). A P-process is created by the supervisor process executing a goprot (go protected)
instruction. This instruction loads the state of the P-process from memory, loads the memory management
registers, and starts to execute the P-process.

The P-process may execute only a subset of the IMS T9000 instruction set, known as privileged instruc-
tions. The addresses of all memory accesses generated by the P-process are treated as logical address-
es; they are checked and translated into physical addresses by hardware. If the P-process attempts to
access an illegal address, execute a privileged instruction, or causes an error, control is returned to the
supervisor process. Control will also be returned to the supervisor process if the P-process exceeds its
timeslice or executes a syscall (system call) instruction. When a trap occurs the P-process’s state is saved
to memory and the supervisor process is restarted.

5.1 Protection, stack extension, and logical to physical address translation

5.1.1 Protection

The memory management mechanism in the IMS T9000 provides for the checking and translation of four
independently sized regions of addresses. The P-process may read from any region, but may only write
to or execute code out of regions which have the appropriate permissions. All read, write and instruction
fetch accesses attempted by the executing P-process are checked. If an illegal access is attempted then
the P-process traps back to the supervisor process. It is not normally possible to continue execution of
a P-process after an illegal access has been attempted.

5.1.2 Stack extension

In addition to checking the validity of memory accesses, the hardware checks that the location pointed
to by the workspace pointer (Wptr) is writable. If a call, ajw (adjust workspace) or gajw (general adjust
workspace) instruction causes the workspace pointer to address a non-writable address then the P-pro-
cess traps. However, in this case, the supervisor process can restart execution of the P-process after ex-
tending the region. In this way it is possible to execute stack extension on demand.

5.1.3 Logical to physical address translation

A region may be of size 2" bytes, with a minimum size of 256 bytes (64 words) and a maximum size of
230 pytes. A region of size 2" bytes may be translated onto any 2" byte boundary in the physical address
space. The physical addresses associated with the four regions must not overlap. The legal logical ad-
dresses within a region either occupy the top 2" addresses within that region or occupy the bottom 2" ad-
dresses within that region. A consequence of this is that, except for when the maximal sized region (230
bytes) is in use, it is possible to ensure that the addresses 0 and #80000000, which are commonly used
as null pointers, do not correspond to legal addresses and so access to such an address is immediately
detected as a violation.
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5.2 Regions

The logical address space of a P-process is divided into four regions. Each region is sized, assigned ac-
cess permissions, and has its address accesses translated independently of the others. The two most
significant bits of a logical address are used to determine to which region reference is being made. The
terms region 0, region 1, region 2, and region 3 are used to refer to the regions having addresses with
the most significant bits set to 00, 01, 10 and 11 respectively.

Associated with each region is a region descriptor which:
« identifies the region as read-only, read-write, read-execute or read-write-execute.
¢ indicates whether valid addresses are located in the bottom or the top of the region.

« specifies the size of the region and the address of the physical region to which the logical region
should be relocated.

¢ indicates whether device access instructions must be used to access the region. (Refer to the
T9000 Transputer Instruction Set Manual for details on the device access instructions).

The legal logical addresses within a region either occupy the top 2" addresses within that region or occupy
the bottom 2N addresses within that region. The following table shows the legal addresses within each
region. The memory mapping for the logical addresses is illustrated in figure 5.1.

Positioned from top of region Positioned from bottom of region
Region | Size Most positive Most negative Most positive Most negative
address address address address
0 2! 230 1 280 _2l ol—1 0
1 ok LI 281 _ ok 2804 2k _ 1 230
2 an —230 14 —230 _2n . —28t4on_A —231
3 am - —2m —280 4 2m 4 230

Table 5.1 Region addresses
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T 2814
non-accessible
231 _ ok
Region 1 : 01XX......... N
) 230 4 ok _1q
non-accessible
—+— 230_14 230
non-accessible
230 _ ol
Region 0 : 00xx......... //\\?
21
non-accessible
S 0
non-accessible
Region 3 : 11xx......... %
—230 4 om _4
non-accessible
_030 | .
non-accessible
Region 2 : 10xx......... N .
_0o31 yon_4q
non-accessible
_ 9231
regions positioned at top regions positioned at bottom

Figure 5.1 Position of region addresses in logical memory space
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5.2.1 Region descriptors

A region descriptor defines the size of a region, the position of the logical region, the address translation,
and the write and instruction fetch permissions (write-permit and execute-permit respectively) associated
with that region.

A region descriptor is a single word. Bit 0 indicates whether writes may be made to the region (1 =
write-permit). Bit 1 indicates whether instructions may be fetched from the region (1 = execute-permit).
Bit 2 indicates the position of the logical region (1 = top, 0 = bottom). Bit 3 indicates the device requirement
(1 = device-only, 0 = any).

The remaining bits specify the size of the region and the address of the physical region to which the logical
region should be relocated. For a region of size 27 bytes, bit n—1 is set to 1. All bits below bit n—7 are set
to 0 (except for the write-permit, execute-permit, position and device requirement bits; bits 0, 1, 2 and 3).
The remaining high-order bits, bits 31 through n, are used to replace the corresponding bits in the logical
address which is being translated.

Note that the minimum region size of 256 bytes implies that bits 4 through 6 of the region descriptor must
be set t0.0.

A region can be set to have zero size by programming its region descriptor with the null descriptor,
#8000000. A number of invalid region descriptors exist, and these should not be used.

An example of a logical to physical address translation which is positioned at the top of region 2 is shown
in the following diagram. This region has execute permission and is read-only.

p p
logical address |10 |1 1.1 1| Isb logical address
2 bits 30 — n bits n bits
32 0
RegionReg2 relocation 1|0/ 0.0 |O]1|1]|0
dpxw
32 — n bits n bits
physical address relocation Isb logical address
32 —n bits n bits
where,
w is write-permit bit
X is execute-permit bit
p is position bit
d is device requirement bit

Figure 5.2 Logical to physical address translation
Note that for the logical address to be valid, bits n through to 29 must be 1’s if the position bit (bit 2) in the
region descriptor is set to 1, and must be 0’s if the position bit is 0.
5.2.2 Non-overlapping regions

The translated regions must not overlap, that is no two distinct logical addresses may translate to the same
physical address. If the regions do overlap the effect is undefined.
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5.3 P-process machine registers

The register state of a P-process is similar to the register state of an L-process but also contains protection
registers. The IMS T9000 transputer has the following registers related to the operation of memory man-
agement for P-processes. The operation of a P-process requires that the supervisor causes its state to
be loaded and then causes the P-process to execute under protection until a trap occurs. When the trap
occurs the P-process’s state must be saved and the supervisor re-started.

The operations of loading and saving P-process state is shared between hardware mechanisms of the
IMS T9000 and the supervisor program. The hardware mechanism provides for the loading and storing
of state contained in Pstate vector, which consists of the StatusReg, watchpoint registers, Wptr, IptrReg,
Areg, Breg, Creg, Ereg and Xreg, and the loading of the protection registers. Other registers, such as
the floating point registers, are loaded and saved by the supervisor executing the appropriate instructions.

Register Description

RegionReg0 Register descriptor for region 0
RegionReg1 Register descriptor for region 1
RegionReg2 Register descriptor for region 2
RegionReg3 Register descriptor for region 3
PstateReg Pointer to the P-process state vector
WdescStubReg | Process descriptor of the supervisor

Table 5.2 Memory management registers

The RegionReg0, RegionReg1, RegionReg2, RegionReg3 registers contain the region descriptors for
region O, region 1, region 2, region 3 respectively. As described above, the region descriptor defines the
size, position, physical address and permissions of a region as a single 32-bit word.

The PstateReg register contains a pointer to a block of memory where the state of the executing P-pro-
cess is to be saved when it traps to its supervisor process.

The WdescStubReg register contains the workspace descriptor of the supervisor process which is con-
trolling the execution of the current P-process.

54 Debugging

The support provided for debugging a running P-process is an extension of that provided for L-processes,
which is described in section 3.5. However, whenever the trap-handler would have been invoked for an
L-process, for a P-process control is returned to its supervisor process. The supervisor process is respon-
sible for taking any necessary action. Thus, the following debug operations will cause control to be re-
turned to the supervisor process.

¢ a o instruction acting as a breakpoint
* execution of a single instruction when single-stepping enabled

* a write access to the watchpoint region
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6 Instruction set

This chapter provides information on the IMS T9000 instruction set. It contains tables listing all the instruc-
tions and where applicable provides details of the number of processor cycles taken by an instruction. For
a more complete description of the instructions and their use refer to the 79000 Transputer Instruction
Set Manual.

The transputer instruction set has been designed for simple and efficient compilation of high-level lan-
guages. All instructions have the same format, designed to give a compact representation of the opera-
tions occurring most frequently in programs.

Each instruction consists of a single byte divided into two 4-bit parts. The four most significant bits of the
byte are a function code and the four least significant bits are a data value.

Function Data
7 4 3 0

Figure 6.1 Instruction format

6.1 Efficiency of encoding

Measurements show that about 70% of executed instructions are encoded in a single byte; that is, without
the use of prefix instructions. Many of these instructions, such as /d/ (load local) and add require just one
processor cycle or less with grouping.

The instruction representation gives a more compact representation of high-level language programs than
more conventional instruction sets. Since a program requires less store to representit, less of the memory
bandwidth is taken up with fetching instructions. Furthermore, as memory is word accessed the processor
will receive four instructions for every fetch.

Short instructions also improve the effectiveness of instruction pre-fetch, which in turn improves processor
performance. There is a pre-fetch buffer which contains several words, so the processor rarely has to wait
for an instruction fetch before proceeding. Since the buffer is transparent on jumps, there is little time pen-
alty when a jump instruction causes the buffer contents to be discarded.

6.2 Interaction of the processor pipeline and the instruction set

The IMS T9000 has a pipelined processor with 5 pipeline stages. Each stage is dedicated to a particular
operation, which in the main correspond to individual instructions, although even some of the simple in-
structions are operated on in more than one pipeline stage.

Stage | Operation Function
0 Local Push constants and locals onto the execution stack.
1 Address Calculate addresses of non-local operands.
2 Read Read non-local variables.
3 ALU Stack-based ALU and FPU operations.
4 Conditional Jump/Store Conditional jump or write results back to memory.

Table 6.1 Pipeline stages

The IMS T9000 treats commonly occurring sequences of instructions as if they were a single ‘grouped’
operation. The pipelined execution unit is able to execute several groups at the same time. Most groups
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execute in one cycle, thus delivering an instruction rate well in excess of one instruction per cycle. An ex-
ample of decoding is shown below:

Program Mnemonic Group
x:=0 Idc 0; stl x 1st group
y = #24 pfix 2; Idc 4, stly 2nd group
Wi=X+Yy ldl x; Idl y; add 3rd group
stlw 4th group
Z:=W+ (X+Y) ldi x; Idl y; add 5th group
Idl w; add; stl z 6th group
e[0] := a[3] + b[4] Idl a; Idnl 3; Idl b; Idnl 4; add 7th group
’ Idl e; stnl 0 8th group
b[j] := a[i] Idl i; ldl a; wsub; Idnl 0 9th group
ldi j; Idl b; wsub; stnl O 10th group

Table 6.2 Expression evaluation

Evaluation of expressions sometimes requires use of temporary variables in the workspace, but the num-
ber of these can be minimized by careful choice of the evaluation order.

Groups commonly take one cycle at each stage in the pipeline, so that as groups are passed continuously
down the pipeline one group is executed per cycle. However, a number of factors may cause a group to
take more than one cycle at a given stage in the pipeline. These are enumerated below:

1 Long ALU/FPU operations: Most ALU/FPU operations take one cycle; those frequently used
instructions which take longer are shown in the table below. The processor cycles column of the
instruction set tables detail all instructions which take longer than one cycle.

Operation Cycles Notes
prod 2-5
mul 2-5
div 5-12
rem 6-13
Imul 3-6
Idiv 15
Ishr 2
Ishl 2
crcbyte
creword
foadd
fosub

-
o

fomul (single)
fomul (double)
fodiv (single)
fodiv (double)

(oo 2NN 7 I \V B \C RN \V)
_ . a

e
8]

table continued overleaf
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table continued from previous page

Operation Cycles Notes
forem (single) 5-74 1
forem (double) 5-529 1
forange (single) 5-11 1
forange (double) 5-18 1
fosqrt (single) 8 1
fosqrt (double) 15 1

Table 6.3 Speed of ALU/FPU operations
Notes:

1 These figures assume normalized values, there is a 2 cycle overhead for each denor-
malized operand or result (except there is no overhead for a denormalized result from
forem).

2 Stack conflicts: There are occasions when a group will produce a value on the integer or floating
point evaluation stack which will then be used by the following group. If the following group re-
quires it in an earlier pipeline stage than it is produced in, then the group will have to wait. This
occurs mainly with the subscript instructions. Table 6.4 below shows the stages in which values
are produced and consumed. If a value is produced and pushed onto the stack in stage nin a
particular group, and is consumed in stage m in the following group, then n —m extra cycles will
have to be allowed for.

Stage
Instruction Consumed Produced
Ide

fal

Idip

mint

Idnip

All subscript instructions

ldnl

load16

b

All ALU and FPU instructions
o

All store instructions

W NN NDDND 22 =2 O 0 0o

A D W 4 4 a a o

Table 6.4 Stages in which instructions operate

3 Load/store conflicts: Stores occur in later pipeline stages than loads, so if the load is to the
same address as the store, the memory is not yet in the state that the group expects it to be in.
When this happens, the second group proceeds until the operand that would have been loaded
is actually used, at which point it waits until the data that is to be written has passed it. All writes
generate their values at stage 4, which are then consumed in either stages 1 or 3. If it is in stage
3, then there will be no penalty, but there will be a 2 cycle penalty when the value is consumed
in stage 1. The load may not occur in the immediately following cycle, but in the subsequent one,
in which case any penalty is one cycle less.
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4 Jumps: A jump causes a pipeline to be (partially) empty while the instruction at the destination
address is fetched and decoded. The number of cycles added to the normal time for a group is
given in the following table:

Instruction Cycles Notes
j 2 1
¢j (taken) 4 1
lend (loop back) 2 1
lend (terminate) 5 1
call 3 1
ret 2 1

Table 6.5 Jumps
Notes:

1 These figures assume cache hits, if cache misses occur it may take longer, dependent
on the PMI speed.

6.3 Instruction characteristics
Tables 6.8 to 6.37 give the complete set of instructions grouped by function.

The Primary Instructions table 6.8 gives the basic function code. Where the operand is less than 16, a
single byte encodes the complete instruction. If the operand is greater than 15, one prefix instruction (pfix)
is required for each additional four bits of the operand. If the operand is negative the first prefix instruction
will be nfix. Examples of pfix and nfix coding are given in table 6.6.

For secondary instructions, which do not have an operand, the memory code is given in the instruction
tables.

Mnemonic Function code Memory code

Idc #3 #4 #43
Idc #35

is coded as
pfix #3 #2 #23
ldc #5 #4 #45
Ide #987

is coded as
pfix #9 #2 #29
pfix #8 #2 #28
Ide #7 #4 #47
Idc -31 (/dc #FFFFFFE1)

is coded as
nfix #1 #6 #61
Ide #1 #4 #41

Table 6.6 prefix coding

The load device identity (/ddevid) instruction (table 6.29) pushes the device type identity into the Areg
register. Each product is allocated a unique group of numbers for use with the lddevid instruction.
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Where applicable the instruction set tables contain a processor cycles column. This refers to the number
of cycles taken by an instruction.

If a floating point instruction has one or more zero, infinity or NaN operands (except fpadddbsn with a
single zero operand) it will execute in 1 cycle.

There are a number of errors that can be trapped. When this occurs, an error code is returned to the trap
handler. Any instruction which is not in the instruction set tables is an invalid instruction and is flagged
illegal, returning an error code to the trap handler.

The Notes column of the tables indicates the descheduling and error features of an instruction as de-
scribed in table 6.7. It also indicates which instructions cannot be used in P-processes.

Ident | Feature
E Error can be explicitly set
(o) Integer overflow / divide by zero error
U Unaligned memory access to word / half word
M

Invalid memory address for P-process

i |EEE invalid operation exception
|IEEE divide by zero exception

N

IEEE overflow exception

o

|EEE underflow exception

“

IEEE inexact exception
T800 FPU error exception
Interruptible instruction

Instruction can cause a breakpoint
Timesliceable instruction

Instruction not allowed in P-process

Instruction is a descheduling point

|l W@ o~ ~

Each denormalized operand or result incurs an additional 2
processor cycles

Table 6.7 Instruction features
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6.4 Instruction set tables

6.4.1 Primary instructions

Function | Mnemonic Name Notes
Code

0 jin jump B,T,D
1 Idipn load local pointer
2 pfix n prefix
3 Idnln load non-local M,U
4 Iden load constant
5 ldnlp n load non-local pointer
6 nfix n negative prefix
7 Idin load local M
8 adc n add constant (0]
9 calln call M
A cjn conditional jump
B ajwn adjust workspace M
C eqcn equals constant
D stin store local M
E stnln store non-local M,U
F oprn operate

Table 6.8 IMS T9000 primary instructions
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N

6.4.2 Secondary instructions

Sequential instructions

Memory | Mnemonic Processor |Name Notes

Code cycles
24F6 |and 1 and
24FB |or 1 or
23F3 | xor 1 exclusive or
23F2 | not 1 bitwise not
24F1 | shl 1 shift left
24F0 | shr 1 shift right

F5 add 1 add 0

FC sub 1 subtract (o}
25F3 | mul 2-5 multiply (6}
27F2 | fmul 3-6 fractional multiply (0]
22FC | div 5-12 divide 0]
21FF |rem 6—-13 remainder (6]

F9 gt 1 greater than
25F5 |gtu 1 greater than unsigned

F4 diff 1 difference
25F2 |sum 1 sum

F8 prod 2-5 product

Table 6.9 IMS T9000 arithmetic and logical instructions
Memory | Mnemonic Processor | Name Notes
Code cycles
21F6 |ladd 1 long add (o}
23F8 |lIsub 1 long subtract (0]
23F7 | lsum 1 long sum
24FF | Idiff 1 long diff
23F1 Imul 3-6 long multiply
21FA | Idiv 15 long divide o}
23F6 | Ishl 2 long shift left
23F5 | lIshr 2 long shift right
21F9 |norm 2-3 normalize
Table 6.10 IMS T9000 long arithmetic instructions
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Memory | Mnemonic Name Notes
Code
22F0 |ret return M
21FB | Idpi load pointer to instruction
23FC | gajw general adjust workspace M,U
F6 geall general call
22F1 lend loop end M,T,U,D
Table 6.11  IMS T9000 jump and call instructions
Memory | Mnemonic Name Notes
Code
24FA | move move message MI
25FB | move2dinit initialize data for 2D block move
25FC | move2dall 2D block copy MI
25FD | move2dnonzero |2D block copy non-zero bytes M,
25FE | move2dzero 2D block copy zero bytes M,I
Table 6.12 IMS T9000 block move instructions
Memory | Mnemonic Name Notes
Code
F2 bsub byte subscript
FA wsub word subscript
28F1 wsubdb form double word subscript
2CF1 |ssub sixteen subscript
23F4 |bent byte count
23FF |went word count
F1 Ib load byte M
23FB |sb store byte M
2CFA |lIs load sixteen MU
2CF8 |ss store sixteen MU
2BF9 | Ibx load byte and sign extend M
2FF9 |Isx load sixteen and sign extend MU
Table 6.13 IMS T9000 indexing/array instructions
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Memory | Mnemonic Processor | Name Notes
Code cycles
2CF7 |cir 2 check in range E
2CFC |ciru 2 check in range unsigned E
2BFA |cb - check byte E
2BFB |cbu - check byte unsigned E
2FFA |cs - check sixteen E
2FFB |csu - check sixteen unsigned E
25F6 | cword - check word E
24FC |csngl - check single E
21F3 | csub0 - check subscript from 0 E
24FD | ccntl - check count from 1 E
2FF8 |xsword - sign extend sixteen to word
2BF8 | xbword - sign extend byte to word
23FA | xword - extend to word
21FD |xdble - extend to double

Table 6.14 IMS T9000 range checking and conversion instructions

Memory | Mnemonic Name Notes

Code

2FF0 |devib device load byte M
2FF2 | devis device load sixteen M,U
2FF4 | deviw device load word M,U
62F4 | devmove device move M,I
2FF1 | devsb device store-byte M
2FF3 |devss device store sixteen M,U
2FF5 |devsw device store word M,U

Table 6.15 IMS T9000 device access instructions

Memory | Mnemonic Processor |Name Notes
Code cycles
27F4 | crcword 16 calculate CRC on word
27F5 | crcbyte 4 calculate CRC on byte
27F6 | bitent 8 count bits set in word
27F7 | bitrevword 1 reverse bits in word
27F8 | bitrevnbits 1 reverse bottom n bits in word

Table 6.16 IMS T9000 CRC and bit instructions




IMS T9000 transputer preliminary data

Memory | Mnemonic Name Notes
Code
FO rev reverse
25FA | dup duplicate top of stack
27F9 | pop pop processor stack
63F0 | nop no operation
24F2 | mint minimum integer

Table 6.17 IMS T9000 general instructions

Memory | Mnemonic Name Notes
Code
22F2 | Idtimer load timer
25F4 | sttimer store timer P
22FB |tin timer input PD,I
24FE |talt timer alt start P
25F1 taltwt timer alt wait PD,I
24F7 | enbt enable timer P
22FE | dist disable timer J A

Table 6.18 IMS T9000 timer handling instructions
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Communication instructions

Memory | Mnemonic Name Notes
Code
F7 in input message PD,LE,U
FB out output message PD,LE,U
FF outword output word PD,LE,U
FE outbyte output byte PD,LE,U
Table 6.19 IMS T9000 input/output instructions
Memory ;| Mnemonic Name Notes
Code
2CFO0 |Ident load message byte count PE
61FC |vin variable-length input message PLE,UD
61FD |vout variable-length output message PLE,UD
Table 6.20 IMS T9000 variable length input/output instruction
Memory | Mnemonic Name Notes
Code
2CF9 | chantype channel type PEU
61F6 initvicb initialize VLCB PE,U
2CF3 |lIdchstatus load channel status PE,U
21F2 |resetch reset channel PE,U
61F7 |setchmode set channel mode PE,U
61FE | stopch stop virtual channel PE,UD
61F8 |sethdr set virtual channel header PE,U
61F5 | writehdr write virtual channel header PE,U,I
61F4 | readhdr read virtual channel header PEU,I
2BFC |insphdr inspect virtual channel header PE,U
61F9 |swapbfr swap buffer pointer in VLCB PE,U
2BFD | readbfr read buffer pointer from VLCB PE,U

Table 6.21

IMS T9000 channel and virtual link instructions
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Memory | Mnemonic Name Notes
Code .
61F1 grant grant resource P,U,D
61F2 |enbg enable grant PU
61F3 |disg disable grant PU
62F8 | Idresptr load resource queue pointer PEU
62F9 | stresptr store resource queue pointer PE,U
62FA | erdsq empty resource data structure queue PU
62FB | irdsq insert at front of RDS queue PU
62FC | mkrc mark resource channel PE,U
62FD | unmkrc unmark resource channel PE,U

Table 6.22 IMS T9000 resource channel instructions

Memory | Mnemonic Name Notes
Code
60F5 |wait wait PU,0,D
60F4 |signal signal PU,0

Table 6.23 IMS T9000 semaphore instructions

Memory | Mnemonic Name Notes
Code
24F3 alt alt start P
24F4 altwt alt wait PD
24F5 |altend alt end P
24F9 |enbs enable skip P
23F0 |diss disable skip P
24F8 |enbc enable channel PE,U
22FF |disc disable channel PE,U
24FE |talt timer alt start P
25F1 taltwt timer alt wait PD,I
24F7 |enbt enable timer P
22FE | dist disable timer Pl
61F2 |enbg enable grant PU
61F3 |disg disable grant PU

Table 6.24 IMS T9000 alternative instructions
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Process scheduling instructions

Memory | Mnemonic Name Notes

Code
FD startp start process PU
F3 endp end process PD,U
23F9 |runp run process P
21F5 | stopp stop process PD
21FE | Idpri load current priority
Table 6.25 IMS T9000 scheduling instructions

Memory | Mnemonic Name Notes
Code
60F0 | swapqueue swap scheduler queue P
60F1 swaptimer swap timer queue P
60F2 |insertqueue insert at front of scheduler queue P
2BF0 | settimeslice set timeslicing status P
60F3 | timeslice timeslice T,D
Table 6.26 IMS T9000 process queue manipulation and timeslicing instructions

Memory | Mnemonic Name Notes
Code
2CF4 |intdis interrupt disable P
2CF5 |intenb interrupt enable P
60FE |fpldall floating point load all M,U
60FF | fpstall floating point store all MU
61F0 | stmove2dinit store move2dinit data M,U
60FC |ldshadow load shadow registers PU
60FD | stshadow store shadow registers PU

Table 6.27 IMS T9000 interrupt instructions

Memory | Mnemonic Name Notes
Code
2CF2 |Idth load trap handler P
60F9 |selth select trap handler PD,U
2BF6 |Idflags load error flags
2BF7 |stflags store error flags
60FA | goprot go protected PU
62FE | restart restart PU
60FB | tret trap return P
60F8 |syscall system call
62FF | causeerror cause error

Table 6.28 IMS T9000 trap handler instructions
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Initialization and configuration instructions

Memory | Mnemonic Name Notes
Code
22FA | testpranal test processor analysing
25F4 | sttimer store timer P

2127FC | Iddevid load device identity
27FE | ldmemstartval load value of memstart address P
68FC | ldprodid load product identity

Table 6.29 IMS T9000 processor initialization instructions

Memory | Mnemonic Name Notes
Code
2BFE | Idconf load from configuration register PE
2BFF | stconf store to configuration register PE

Table 6.30 IMS T9000 configuration instructions
Cache operation instructions

Memory | Mnemonic Name Notes
Code
62F0 |fdca flush dirty cache address M
62F2 |fdcl flush dirty cache line P
62F1 ica invalidate cache address M
62F3 |icl invalidate cache line P

Table 6.31

IMS T9000 cache instructions
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Floating point instructions

Memory | Mnemonic Processor cycles | Name Notes
Code
REAL32 | REAL64
28F7 |fpadd 2 2 floating point add 1,0,u,x,t,d
28F9 |fpsub 2 2 floating point subtract L,o,u,x,t,d
28FB | fpmul 2 3 floating point multiply 1,0,u,%,t,d
28FC | fpdiv 8 15 floating point divide i,z,0,u,x,t,d
2DFB |fpabs 1 1 floating point absolute value it
2DFA |fpexpinc32 2 2 floating point multiply by 232 i,o,uix,t,d
2DF9 |fpexpdec32 2 2 floating point divide by 232 Luxtd
2DF2 | fpmulby2 2 2 floating point multiply by 2 1,0,u,%,t,d
2DF1 | fpdivby2 2 2 floating point divide by 2 i,u,x,t,d
2CFF | fprem 5-74 5—529 |floating point remainder Liu,t,d
2DF3 | fpsqrt 8 15 floating point square root i,x,t,d
28FD |fprange 5-11 5—-18 |floating point range reduce i,u,t,d
2DFD |fpadddbsn 2 2 floating point add double producing 1,x,0,u,t,d
single
Table 6.32 [MS T9000 floating point arithmetic instructions
Memory | Mnemonic Name Notes
Code
28FE | fpldnisn floating point load non-local single MU
28FA | fpldnidb floating point load non-local double MU
28F6 | fpldnisni floating point load non-local indexed MU
single
28F2 | fpldnidbi floating point load non-local indexed M,U
double
29FF |fpldzerosn load zero single
2AF0 | fpldzerodb load zero double
2AFA | fpldnladdsn floating point load non-local and add M,U,i,0,u,
single x,t,d
2AF6 | fpldnladddb floating point load non-local and add M,U,i,o,u,
double x,t,d
2AFC | fpldnimulsn floating point load non-local and multiply M,U.i,o,u,
single x,t,d
2AF8 | fpldnimuldb floating point load non-local and multiply M,U,i,0,u,
double x,t,d
28F8 |fpstnisn floating point store non-local single MU
28F4 | fpstnidb floating point store non-local double MU
29FE | fpstnli32 floating point store non-local int32 MU
Table 6.33 IMS T9000 floating point load and store instructions
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Memory | Mnemonic Processor cycles | Name Notes
Code
REAL32 | REAL64
29F4 | fpgt 2 2 floating point greater than it,d
29F5 |fpeq 2 2 floating point equality it,d
29F7 |fpge 2 2 floating point greater than or equals itd
29FB |fplg 2 2 floating point less than or greater than itd
29F2 |fpordered 1 1 floating point orderability it
29F1 |fpnan 1 1 floating point NaN
29F3 | fpnoffinite 1 1 floating point not finite
2DFE | fpchki32 2 2 check in range of int32 it
2DFF | fpchki64 2 2 check in range of int64 it
Table 6.34 IMS T9000 floating point comparison instructions
Memory | Mnemonic Processor | Name Notes
Code cycles
2DF7 |fpr32tor64 2 floating point real32 to real64 itd
2DF8 | fpr64tor32 2 floating point real64 to real32 i,0,u,%,t,d
29FD | fprtoi32 real to int32 ix,t
29F6 | fpi32tor32 2-4 int32 to real32 M,U,x
29F8 | fpi32tor64 2 int32 to real64 M,U
29FA | fpb32tor64 2 bit32 to real64 M,U
2AF1 | fpint 2 round to floating integer Lxt
Table 6.35 [IMS T9000 floating point conversion instructions
Memory | Mnemonic Name Notes
Code
2AF4 |fprev floating point reverse
2AF3 | fpdup floating point duplicate
Table 6.36 IMS T9000 floating point general instructions
Memory | Mnemonic Name Notes
Code
2DF0 |fprn set rounding mode to round nearest
2DF6 | fprz set rounding mode to round zero
2DF4 |fprp set rounding mode to round plus
2DF5 |fprm set rounding mode to round minus

Note: These instructions take no time (0 cycles) if grouped with an operation.

Table 6.37

IMS T9000 floating point rounding instructions
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7 Performance

The performance of the IMS T9000 is measured in terms of the number of (internal) processor cycles re-
quired to execute the program. The figures here relate to 0cCam programs. For the same function, other
languages should achieve approximately the same performance as occam.

The following tables are based on the time it takes to do ALU and FPU operations and it should be noted
that many other instructions may be overlapped (see section 6.2).
7.1 Integer operations

These figures are estimates and give the minimum/maximum times for a particular operation.

Operation Time (cycles)
Names
variables
in expressions 0
assigned to or input to Oto1
in PROC or FUNCTION call 0
channels 1
Array Variables (1—d)
constant subscript 0
variable Oto1
plus subscript check 3
variable + constant subscript Oto1
plus subscript check 4
expression subscript 3
plus subscript check 1
Declarations
CHAN OF protocol 2
[size] CHAN OF protocol 3+5* size
PROC 0
Primitives
assignment 0
input 15 or [5 + move]
output 16 or [5 + move]
STOP (call error handler) 7
SKIP 0
Arithmetic Operators
+ - 1
* 2to5
/ 5to 12
REM 6to0 13
>> << 1

table continued overleaf
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table continued from previous page

Operation

Time (cycles)

Modulo Arithmetic Operators
PLUS MINUS
TIMES
Boolean Operators
OR
first operand true
first operand false
AND
first operand true
first operand false
NOT
Comparison Operators

= <>
> <
>= <=
Bit Operators
N\ \/ >< o~

Expressions
constant
check if error
Timers
timer input
fimer AFTER
ALT (timer)
ALT guard
Constructs
SEQ
IF
IF guard
ALT (non timer)
ALT guard
PAR
WHILE
Procedures and Function
call and return
scalar parameter
array parameter

2t05

3to4
Oto1

410 oo
20 10 co
710 o

0
0
4
111017
7to 16
20 * branches — 6
4 +3 *loops

6t08
Oto1
2

table continued overleaf
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table continued from previous page

Operation

Time (cycles)

Replicators
replicated SEQ
replicated IF
replicated ALT
replicated timer ALT
replicated PAR

range check on any of above

(1t03) +3 * count
(4to 6) +3 * count
(13 to 23) + (13to 22) * count
(210 00) + (13 to 00) * count
10 + 27 * count
2

Table 7.1
Floating point operations

7.2

Integer Performance

All references to REAL32 or REAL64 operands within programs compiled for the IMS T9000 normally
produce the following performance figures.

Operation REAL32 Time (cycles) | REAL64 Time (cycles) Notes
Names
variables
in expressions 0 Oto1
assigned to Oto1 1to2
input to 1 1
in PROC or FUNCTION call 0 0
Arithmetic Operators
+ - 2 2 1
* 2 3 1
/ 8 15 1
SQRT 8 15 1
REM 5to 74 510529 1,2
Comparison Operators
= <>
> <
>= <=
Conversions
REAL32 to - 2
REAL64 10— 2
INT32 to— 2to4 2
INT64 to— 10 10
To INT32 from— 4 4
To INT64 from— 1 1

Table 7.2  Floating point performance

Notes:

1 These figures assume normalized values, there is a 2 cycle overhead for each denormalized op-
erand or result (except there is no overhead for a denormalized result from forem).
2 Typical value for REAL32 is 5 to 11; for REAL64 is 5 to 18, longer times are extremely rare.
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7.3

Predefines

Operation Time (cycles)
LONGADD 1
LONGSUM 1
LONGSUB 1
LONGDIFF 1
LONGPROD 3to6
LONGDIV 15
SHIFTRIGHT 2
SHIFTLEFT 2
NORMALISE 2t03
ASHIFTRIGHT 3
ASHIFTLEFT 4
ROTATERIGHT 3
ROTATELEFT 3
FRACMUL 3to6
BITCOUNT 8
CRCBYTE 4
CRCWORD 16
BITREVNBIT 1
BITREVWORD 1

Table 7.3 Predefines
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8 Control system

This chapter describes the control system on the IMS T9000. The control system handles most of the
general facilities necessary for the operation of the transputer.

8.1 Overview
The control system handles the following functions:
 initialization and configuration of the IMS T9000;
¢ loading and running a bootstrap program on the IMS T9000;
« resetting the IMS T9000;
¢ reporting errors and halting the IMS T9000.

An IMS T9000 is generally connected to a “controlling” processor, possibly another IMS T9000. A high-lev-
el protocol is defined for the controlling network to allow the controlling process to issue commands to,
and receive responses from, devices in the control network. The controlling process sends command
messages to the control system of the IMS T9000 which responds with handshake messages, see figure
8.1. The control system of the IMS T9000 can also send error messages to the controlling process, which
responds with error handshakes. Commands are sent as packets with the first byte after the header con-
taining a command code, which may be followed by additional data. Each command is terminated by an
End of Message (EOM) token.

command messages

handshake messages

controlling T9000 control
process system

error messages

error handshakes

Figure 8.1 Communication between the controlling process and the IMS T9000 control system

The IMS T9000 has two bidirectional control links. They use the same electrical and packet level protocols
as the four data links (see Data/Strobe links chapter 13), and a control link network is generally connected
to one of the data links of a controlling IMS T9000.

One control link (CLink0) receives control and programming information and returns status information,
the other (CLink1) enables all the devices in a system to be daisy-chained. This allows a simple physical
connectivity to be used for the controlling network, as shown in figure 8.2. The routing information for each
link of each device is programmed, via the control link, from the controlling processor.
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. :
e Control link
——— Communication link
T9000 ——
Root T9000
0 1 0. 1 0 1
— T9000 T9000 — — T9000

Figure 8.2 A daisy-chained control link network

The control links on all IMS T9000 transputer family products allow a separate control network to be used
to assist in error handling and configuring, booting, resetting and analyzing processors and other compo-
nents connected in a system, even in the presence of errors on the data communications links in the net-
work.

For large systems IMS C104 routing devices can be used to connect the controlling network as a physical
tree. Whatever the physical topology, the controlling network provides an independent virtual link between
each device and the controlling processor.

8.1.1 Tiers of handshaking
There are three tiers of handshaking in the IMS T9000 control system.
¢ Flow control

Flow control tokens provide a low level of handshaking at the DS-Link level. Initially, tokens can-
not be sent until a flow control token has been received. Thereafter, tokens are allowed to be
transmitted so long as there is room in the input buffer of the receiving link to receive the data.

« Packet acknowledge
Each message packet received over a link is acknowledged by an acknowledge packet.
¢ Command handshake

Each command message received is acknowledged by a handshake message before the con-
trolling process can send another command message to the same device.

The exceptions to this are Reset and RecoverError command messages which can be sent in
violation of the normal protocol. The Reset command can be sent before a handshake message
is acknowledged. RecoverError may be sent to any node at any time to allow the controlling pro-
cess to handle error conditions in the network.

The strict exchange of a handshake for every message ensures that deadlock cannot occur at this level
even if an error message is sent concurrently with a command message, without demanding any parallel-
ism in the controlling process.
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8.1.2  Autonomous operation

The IMS T9000 can operate without a control link network. This is referred to as stand alone mode. The
IMS T9000 must be set to stand alone mode if it is not connected to a control link network. Alternatively,
the IMS T9000 may be set to stand alone mode if errors are to be handled independently of a connected
control link network.

There are two independent flags which determine autonomous behavior.

« The stand alone mode bit in the ModeStatus configuration register.
This can be set either by a configuration access by the controlling process or by the CPU (possi-
bly from the boot code). When the stand alone mode bit is set errors are handled in a distinct
way. When an error is detected the control system performs an auto-reset of the chip.

¢ The StartFromROM pin.
Setting the StartFromROM pin causes the initial boot code to be loaded from ROM, as opposed
to loading code down CLinkO0. The StartFromROM pin is only effective after a hard reset (reset
0, see section 8.7).

In stand alone mode software running on the IMS T9000 can perform many of the functions otherwise
performed by the control links.
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8.2 Control system interconnections
The control system interfaces to other subsystems of the IMS T9000.

A number of subsystems of the IMS T9000 are controlled through a separate address space, referred to
as the configuration space. The control system is connected via the configuration bus to registers in the
configuration space. The configuration space is accessed either by the CPU using ldconf and stconf
instructions, or by the control system using CPeek and CPoke command messages received along
CLink0. The control system has control of the internal configuration bus whenever the CPU is not running.

The control system handles memory accesses via the scheduler using peek, poke commands. Figure 8.3
shows how the control system interacts with some of the other sub-systems of the IMS T9000.

configuration
bus

Control system

configuration

space
) -
IS Auxiliary
- 5 _ _ _| | scheduler
$ = ° ge ®
3 5 > c
L2 5 g2 2 1} crossbar 2
@ 5/ 8 5/ 5|3 5 2 | 5
@ 1] I £ 3l ® £l o |
o a o| o 8| | o F o
Virtual Central Programmable Phase
channel processor memory locked
processor unit interface loops
Data links — (VCP) (CPU) (PMI) (PLL)

Figure 8.3 IMS T9000 control system connectability
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8.3 Control system functional description

The control system functional block diagram is shown in figure 8.4.

CLinkinData0 — l«— CLinkinDatat
CLinkinStrobe0—= Control fink 0 Control link 1< CL!nkInStrobe1
CLinkOutData0<— —» CLinkOutData1

CLinkOutStrobe0<— r— CLinkOutStrobe1
Packet
handler

U

Command
FIFO
' i; Control unit '
| f )
re— StartFromROM
' Command Autonomous '
' handler control l<-— Reset
[} 22 288 S92 3
8 gl 283 88§ o
g ° 5 gelsl 2% s5 2o System services
0 S Oolp| O o = c
o 522 ggo % -
9 % g DevicelD
9= S DeviceRevision
[} 72}
= L ModeStatus
3 ErrorCode
9 PLL ratio
i PLL
Interface DSLinkPLL
i SysServWriteLock
CPU
memory
VCP i
links configuration bus
memory
CPU configuration space

Figure 8.4 Control system functional block diagram
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The control system on the IMS T9000 consists of: a pair of control links; a packet handler; a control unit
and system services. A command packet enters the IMS T9000 via the control link and is forwarded to
the packet handler which handles the initial processing of the packet stream. Itis then passed to the com-
mand handler, via the command FIFO, which responds to the command and signifies receipt of the com-
mand to the controlling processor by returning a command handshake. System services is a subset of
the configuration registers. The set of configuration registers which make up system services contain con-
trol information.

The functionality within each unit of the control system is described in more detail below.

8.3.1 Control links

The IMS T9000 has two bidirectional control links; CLink0 and CLink1. They use the same electrical and
packet level protocols as the four data links (see Data/Strobe links chapter 13). All communications with
the controlling processor are via CLink0. CLink1 is provided to allow IMS T9000 product family compo-
nents to be connected in a daisy-chain.

The IMS T9000 control system includes a simple through-routing function and the controlling processor
(possibly another IMS T9000) appears to have a direct connection to every device in the system. The con-
trol link traffic consists of messages and acknowledgements, whose headers describe which device the
packet is for. CLinkO receives commands from the controlling process and sends back status information.

When the network is initialized the first communication with each device programs the label and return
addresses to establish the virtual channels between the control process and that device. The first two
bytes of the first packet received on CLink0 are recorded as the ‘label’ of the device. Thereafter the device
accepts only packets with the same header; all others are routed out of CLink1 (or destroyed, causing
a protocol error, if CLink1 is inactive). Note that this label can only be set after hard reset (i.e. assertion
of the Reset pin). The return header address is programmed by a command message called Start, which
includes a two byte return header. This header is prepended to all packets sent by the device. The return
header can be changed by sending subsequent Start command messages. If the first packet received on
CLinkO is not a Start command message, this is an error, which will be reported as soon as a return header
is programmed by a Start command message.

CLink0 is started automatically on receipt of the first token. CLink1 must be started by setting the Start-
Link bit of the CLink1 command register (CLink1Command) using a CPoke command.

Figure 8.5 shows an example of daisy-chaining the control links in a network. The header values given
in this example are fictitious and do not attempt to show how a network should be labelled. The Start com-
mand sent from T9000q to T90004 has header value 30, which becomes the label of T90004, and carries
the return header value 11. The subsequent Start command arriving on CLink0 of T9000; has header
value 35 and is forwarded down CLink1 to T9000.. It carries return header value 12. The first packet (Start
command) received by T90003 has header value 40 and carries return header value 13.

The link module hardware in each control link is identical to that in each data D/S link. Associated with
each control link is a set of configuration registers, which are equivalent to those described in section 13.6
in the Data/Strobe links chapter.
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communication link

Controlling T9000 -~ - - control link
— T9000g
link A
‘ link B link C
0 1 0 1 0 1
—— T9000; T9000, T90004
| |
Controlling
process
channel header of T90004
header control unit
a header of T9000,
control unit
12 Virtual channel between controlling 35
process and T9000, control unit header of T90003
control unit
@ Virtual channel between controlling process and T90003 control unit @

link A carries packets for all processors
link B carries packets for processors T9000, and T90003
link C carries packets for processor T90003

Figure 8.5 Daisy-chain operation of control messages over the control links

8.3.2 Packet handler

The packet handler handles the initial front end processing of the packet stream and performs the following

tasks.

* Records the first header seen on CLinkO0 after power up.

¢ Checks headers on incoming CLink0 packets to determine whether they are for this device. If

the packets are not for this device they are forwarded down CLink1.

* Programs the return header to establish the virtual channels between the controlling process and

this device, by means of a Start command.
» Adds the return header to outgoing CLink0 packets.

¢ Forwards incoming CLink1 packets onto CLinkO.
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Detects and handles acknowledge packets incoming on CLinkO.
Validates command length and termination type.
Detects asynchronous commands Reset, RecoverError and ErrorHandshake.

Rejects commands if another command is already in progress.

Note that only one command at a time can be in progress. If another command arrives it is discarded, and
an error will be signalled to the control unit, which handies error transmission. The exceptions to this are
the Reset, RecoverError and ErrorHandshake command messages which can be sent in violation of the
normal protocol.

8.3.3

Control unit

The control unit consists of:

a command handler which responds to commands and generates handshakes and error mes-
sages;

an autonomous control block which controls the behavior of the T9000 when it is operating inde-
pendently of a control network.

Command handler

The command handler generates command responses and handles errors in the system. It performs the
following functions.

Captures errors from error inputs, encodes them and forwards them to the controlling process
via CLinkO.

Responds to errors with appropriate stop/halt to sub-systems.

Arbitrates between command responses and errors, and forwards them on CLink0 to the con-
trolling process.

Filters illegal commands as errors. (lllegal commands are commands with invalid codes.)
Filters inappropriate commands received from the packet handler as errors.

Responds to Reset commands with appropriate stop/halt to sub-systems.

Responds to Peek, Poke and Boot commands and accesses the memory system.

Responds to CPeek, CPoke commands and accesses the configuration bus.

Autonomous control

The autonomous control block handies errors when the IMS T9000 is operating independently of the con-
trol link network. If an error occurs the control unit performs an auto-reset and boot from ROM.
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8.3.4 System services

The subsystems of the IMS T9000 are controlled by a set of configuration registers in the configuration
space (see chapter 15). System services consists of a block of 8 configuration registers. This block of
system services configuration registers contain control information and general information which is not
integral to any of the other functional subsystems on the IMS T9000. For example, it is an area in which
the device identification code resides, enabling either the control unit or the CPU to identify the device.

The functionality to be controlled by the system services configuration registers, and the associated bit
fields are described below.

Note, all undefined bits of a configuration register must always be written with 0’s.
DevicelD

The DevicelD register contains a 16 bit device identification code unique to the device. The device
identification code can also be read using the Identify command. It can also be returned by instructions
Iddevid (load device identity) and /dprodid (ioad product identity). This register is read only.

DevicelD #1001 Read only
Bit Bit field Function

15:0 | DevicelD Device identification code.

31:16 Undefined

Table 8.1 Bit fields in the DevicelD register
DeviceRevision

The DeviceRevision register contains the revision of the device. It is a 16 bit read-only register.

DeviceRevision #1002 Read only
Bit Bit field Function

15:0 |DeviceRev Device revision.

31:16 Undefined

Table 8.2 Bit fields in the DeviceRevision register
ModeStatus

An IMS T9000 can be set to operate in stand alone mode by setting the StandAloneMode bit in the
ModeStatus configuration register. In stand alone mode the IMS T9000 transputer is booted from ROM.

When in stand alone mode if an unmasked/untrapped error occurs, the control unit resets all the subsys-
tems of the IMS T9000 and then causes the processor to boot from ROM. The ErrorSinceReset flag in
the ModeStatus register is set to indicate to the ROM code that an error has occurred.

ModeStatus #1003 Read/Write

Bit Bit field Function

0 ErrorSinceReset When set to 1 signifies to ROM code that an error has occurred since
power-on reset.

1 StandAloneMode When set to 1 sets the IMS T9000 in stand alone mode.

31:2 Undefined

Table 8.3 Bit fields in the ModeStatus register
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ErrorCode

The ErrorCode register is an 8 bit register used for debugging after a crash. This register is read only.

ErrorCode #1004 Read only

Bit Bit field Function

7:0 ErrorCode Contains an error code which can be used for debugging after a
crash. Refer to table 8.9, page 121 for the error code definitions.

31:8 Undefined

Table 8.4 Bit fields in the ErrorCode register
DSLinkPLL

The DSLinkPLL register contains the SpeedMultiply bit field and is used to program the DS-Link speeds.
This takes the 10 MHz clock and multiplies it by a programmable value to provide the root clock for ali the
DS-Links. Refer to section 13.4 in the Data/Strobe links chapter for further details.

DSLinkPLL #1005 Read/Write

Bit Bit field Function '

5:0 SpeedMultiply Sets link master clock to required value (see Data/Strobe links
chapter).

316 Undefined

Table 8.5 Bit fields in the DSLinkPLL register
SysServWriteLock

The SysServWriteLock register protects the system services subsystem from writes by the CPU. The
system services registers require protection so that the control system is guaranteed to function regard-
less of program behavior.

Reset clears this register.

SysServWriteLock #1006 Read/Write

Bit Bit field Function

0 SysServWriteLock When set to 1 it inhibits modification of the system services registers
by the CPU.

Table 8.6 Bit fields in the SysServWriteLock register
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8.4 Control commands

The following section details the command messages which can be sent from a controlling process to the
IMS T9000.

Each command is handshaken by the IMS T9000. The handshake message can contain the result of a
Peek, CPeek or Identify command, or it may be simply a handshake code corresponding to the command
message. Command response codes are the same as the command codes except with the top bit in-
verted. Many handshake messages include a status byte which indicates whether the received command
was valid as defined below.

e Status byte has value 0 if command is valid.
¢ Status byte has value 1 if command is invalid or has failed for some reason.

Note that the following definitions are of the messages as sent and received by the controlling process.
At the packet level there are headers and End of Message (EOM) indicators and also acknowledge pack-
ets which are not described here. They are however shown in figures 8.6 and 8.7 which show the com-
mand packets received by the IMS T9000 and the handshake packets returned to the controlling process
respectively.

Start

This command programs or re-programs the return header of the IMS T9000. The return header is 2 bytes
long, with byte 0 being the first byte transmitted following the command code. Note that if this command
is used to re-program the return header, the acknowledge for the command message packet will be sent
with the old header, whilst the handshake will be sent with the new header.

The Start command must be the first command received following power on reset. If an error occurs before
the first Start command is received, the start handshake will be returned before the error message is sent.

Reset

The Reset command message causes some or all of the subsystems of the IMS T9000 to be reset. The
level of reset is encoded in the ‘level’ byte of the command message. There are three different levels of
reset to which the IMS T9000 responds. Reset 1 is equivalent to a hard reset except that the control sys-
tem is not affected; reset 2 resets all subsystems of the IMS T9000 except the control system, and leaves
the configuration and the PMI activity unchanged; reset 3 simply halts the processor. See section 8.7 for
more information on reset levels. A Reset command with an invalid level is handshaken with a failure
status.

Note that a Reset command may cause a handshake for a previously transmitted command to be: termi-
nated prematurely (with an end-of-message token); completed with a failure status; or suppressed
entirely.

Note that any level of reset may abort the command which was executing when the Reset command was
applied. An illegal level of Reset will also result in a handshake with a failure status being returned.

Identify

The Identify command message causes the IMS T9000 to respond with a handshake containing a unique
identifier. This can be used to check the contents of a network. The lower 16 bits of the identifier are the
same as the contents of the DevicelD register (see section 8.3.4); the upper 16 bits are zero. Note, the
Identify command code is identical for all IMS T9000 family devices.

Stop

The Stop command message stops the processor ‘cleanly’ so that register values are preserved for de-
bugging. It acts like the Analyse pin on the T8 transputer. Refer to section 8.5.4 for further information
on the use of this command.
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RecoverError

This command is used in error recovery on the control links (see section 8.5.3). It restores the protocol
after a link error in the control link system. Note that if there is an unhandshaken error, the RecoverError
handshake will be returned before the error message is sent.

CPeek

The CPeek command includes a 2 byte address which points to a register in the configuration address
space. The handshake message returns the value stored at the given address. If the address is invalid
the handshake message returns an invalid status.

CPoke

The CPoke command includes a 2 byte address and 4 bytes of data. It writes the data to the configuration
space register at the given address. If the address contained in the command message was invalid the
status byte of the handshake message indicates failure.

Note, some registers do not have a value, but writing to them causes some action to occur.
Peek

The Peek command includes a 4 byte address which points to a memory location in the normal address
space. The address location must be word-aligned. The handshake message returns the value of the loca-
tion, unless the status byte indicates that the command failed because the address given in the peek com-
mand message was invalid.

Poke

The Poke command writes data to a memory location. The 4 byte address of the location (which must be
word-aligned) and the value to be written (4 bytes of data) are included in the command message. If the
address contained in the command message was invalid, the status byte of the handshake message indi-
cates failure.

Boot

The Boot command starts a ‘booting’ sequence. The booting sequence makes the loading of code via the
control link more efficient than perfoerming a series of pokes. The Boot command message contains the
length in bytes {(which must be a multiple of 4) of the boot code to be loaded, and the address (which must
be word-aligned) of the memory into which the boot code is to be written.

BootData

The BootData command loads code as part of a booting sequence. Each BootData command message
contains 16 bytes of code. These code blocks are loaded into consecutive contiguous blocks of four
words, starting from the pointer given in the Boot command message, until as many bytes are loaded as
specified by the length field of the Boot command message. Any remaining bytes are discarded.

Run

The Run command causes the processor to start executing, with a workspace pointer (Wptr) (which must
be word-aligned) and instruction pointer (Iptr) contained in the Run command message.

Reboot

The Reboot command causes the processor to reboot from ROM. It starts executing, with a workspace
pointer (Wptr) (which must be word-aligned) and instruction painter (Iptr) read from memory locations
at the top of the address space.

The IMS T9000 reads a Wptr and an Iptr from two fixed locations at the top of memory:
Boot from ROM Iptr address is #7FFFFFF8
Boot from ROM Wptr address is #7FFFFFFC
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direction of packet

A

Isb  msb

Identify
Stop
RecoverError
Isb _msb
— Isb _msb Isb msb
CPoke [ EE #66‘Address\ Data
Isb msb
Peek “74' Address -
msb Isb msb
Poke Address I Data -
msb Isb msb
Fun Wotr l Iptr -
msb Isb msb

Boot

Length | Address -
msb

Data (16 bytes) < [

BootData

Reboot |

2 byte label of T9000 device

- End of message indicator

Note: the ordering of the iength and address bytes of the Boot command has changed from that
stated in The T9000 Transputer Products Overview Manual.

Figure 8.6 Command messages from controlling process to the IMS T9000
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direction of packet

StartHandshake - #92
ResetHandshake #91 Statu’

Isb msb
IdentifyResult | #80]  weniy [
StopHandshake ’ |#80 ‘Status.
RecoverErrorHandshake - #90
Isb msb
CPeekHandshake [ ’#BZI Data ktatus-

CPokeHandshake | wi#EGWStatuj-

) Isb msb

PeekHandshake | |#F4]  Data s
PokeHandshake | ren s}
RunHandshake | onfaudi]
BootHandshake | [#cAland}

BootDataHandshake | pac e}
RebootHandshake ‘ ‘#AO 'Status-

E 2 byte header address of control channel

- End of message indicator

Figure 8.7 Handshake messages from the IMS T9000 to the controlling process
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Error message

The IMS T9000 control system can send an Error message to the controlling process to indicate that an
error has occurred. The Error message contains an error code which determines the type of error, as given
in section 8.5.1. The controlling process returns an ErrorHandshake message.

When there is an error record outstanding an error message is sent whenever:
« all previously sent error messages have been handshaken;

» all previously sent messages, since the last hard reset or RecoverError, have been acknowl-

edged.
< direction of packet
Error | [#01]cos i}
ErrorHandshake #81

- 2 byte header address of T9000 device
:] 2 byte header address of controlling process

- End of message indicator

Figure 8.8 Error message

8.4.1 IMS T9000 gross state and validity of commands

The overall state of the IMS T9000 determines which commands are valid. Certain commands change
this state, as does the occurrence of an error. This is detailed in the table 8.7 below. In this table, ‘stand
alone error’ is an error which occurs when the IMS T9000 is operating in stand alone mode (i.e. the
StandAloneMode flag in the system services ModeStatus register is set). This causes a reboot using
an Iptr and a Wptr read from the top of memory, and so returns to the Running state via a transitory state
which is not listed here. ‘Last boot data’ indicates a BootData command when the remaining number of
bytes to complete the boot sequence is between 1 and 16 inclusive. This table does not explicitly deal with
booting from ROM, which causes a ‘doubling’ of some states since Running and Error can both occur with-
out a Start having been received.

If the command is not valid for the state of the IMS T9000 then the command will be handshaken with a
failure status.
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State Valid commands Commands or events which | Resulting state
change the state
Initial Start Start Ready
Ready Start, Identify, RecoverError, Boot Booting
Reset, CPeek, CPoke, Peek, Reboot Running
Poke, Boot, Reboot, Run chip error Error
Run Running
stand alone error Running
Booting Start, Identify, RecoverError, Reset Ready
Reset, CPeek, CPoke, FPeek, Reboot Running
Poke, BootData, Reboot last boot data Ready
chip error Error
stand alone error Running
Running Start, Identiiy, RecoverError, Reset Ready
Reset, Stop Stop Stopping
chip error Error
Stopping Start, Identify, RecoverError, Reset Ready
Reset, Stop chip error Error
stand alone error Running
Error Start, Identify, RecoverError, Reset Ready
Reset

Table 8.7 Gross state and validity of commands

Note that, once a Run command has been received, further Peek, Poke, CPeek, CPoke, Boot, BootData
and Run commands are invalid until the processor is halted by either a Reset command or a system error
(see section 8.5).
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8.5 Errors
The IMS T9000 control system handles three distinct classes of errors, as listed below.
1 Errors on the control links, which include:
» parity/disconnect on CLink1 (down link);
e unexpected ackrnowledge;
* message of the wrong length or invalid command code;

* handshake protocol error, when a command is received (other than Aeset or RecoverError
commands) before the handshake for the previous command has been received.

2 IMS T9000 system errors — errors from one of the subsystems when stand alone mode is not
set.

3 Stand alone mode errors — subsystem error when stand alone mode is set.

The error may result in stopping the CPU and/or sending an error message to the host via CLinkO0, see
table 8.8 below.

Error class Result of error
Stops the CPU ErrorSinceReset Error message sent on
flag set CLink0
Control link error No No Yes
System error Yes Yes Yes
Stand alone mode error Yes Yes No

Table 8.8 Error effect

8.5.1 Recording of Errors

The IMS T9000 control system can send Error messages to the controlling process to indicate that an error
has occurred. The Error message contains an error code which determines the type of error, as given in
table 8.9 below. The control unit can record the occurrence of one error corresponding to each error value.

Code Error type Priority
#CO Control link 0 command error Highest
#C1 Control link O protocol error
#C2 Control link 1 parity or disconnect error

#80 Link O error
#81 Link 1 error
#82 Link 2 error
#83 Link & ztror
#01 CPU error

#02 VCP error

#03 PMI érror Lowest

Table 8.9 Error codes

The receipt of an error handshake causes the record of the last sent error to be removed.
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The system services ErrorCode register always contains the value of the most recent error to occur.

A hard reset, reset 1 or reset 2 causes the record of untransmitted errors to be cleared.

8.5.2 Stand alone mode errors

When an IMS T9000 is set to operate in stand alone mode, errors are handled in a distinct way. If an un-
masked/untrapped error occurs, the control system resets all the subsystems of the IMS T9000 and then
causes the processor to boot from ROM. The ErrorSinceReset flag in the ModeStatus register is set
to indicate to the ROM code that an error has occurred.

The ErrorSinceReset flag is set by any unmasked/untrapped error and is setindependent of the StandA-
loneMode flag.

The ErrorSinceReset flag can be accessed by the tesipranal instruction. This flag is cleared by a hard
reset, a reset o level 1 or by a configuration write to the register.

8.5.3 Errors on control links

The control link network is assumed to be designed and connected by the user to achieve very high reliabil-
ity. The control links should be operated at a low enough speed to ensure this.

If a parity or disconnect error occurs on CLink1 then an error message is sent to the controlling process
along CLinkO. If a parity or disconnect error occurs on CLinkO0 then an error message cannot be sent to
the controlling process. However, the output of CLink0 is halted, and this will be detected by the adjacent
device, which will report the error to the controlling process. In this manner all errors on the contro! link
system are reported to the controlling process.

The RecoverError command allows the control link to recover from an error in the control links, enabling
the control network to avoid deadiock if for example an acknowledge packet gets corrupted. The Recover-
Error mechanism restarts the communication between nodes after there has been an error in the control
network. To achieve this, the RecoverError command is permitted to be sent in violation of the normal pro-
tocol.

A link error may, or may not, cause one or more packets to be lost, thus the state of the remote end of
the virtual link (the end which is implemented by the control system hardware) becomes uncertain. In this
instance the RecoverError command can be used to reset the state of the remote end of the virtual link
causing any un-handshaken error message (which may have been lost) to be re-sent.

Note, the RecoverError command may result in non-deterministic behavior if the error message was in
fact not destroyed. If the error message was not destroyed the following can occur.

e The Error message will arrive at the controlling process concurrently with the controlling pro-
cess’s sending of the RecoverError command.

= The controlling process will perform an input, expecting a handshake to the RecoverError, and
will receive the Error message instead, concurrently with the IMS T9000 receiving the Recover-
Error command.

* This will cause an acknowledge packet to be sent to the IMS T9000, concurrently with the IMS
T9000 transmitting a RecoverError handshake.

* The IMS T9000 will receive the acknowledge, assume that this is for the handshake, and proceed
to re-transmit the error.

« Itis now non-deterministic whether the next input by the controlling process will receive the hand-
shake message or the error message (if this arrives and overwrites it first).

The final non-determinism is the consequence of the original non-deterministic loss of packets. However
the same thing could happen even in the absence of link errors if the Reset command also reset the state
of the remote end of the virtual link, so for this reason it does not.
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8.5.4 Post-mortem debugging of IMS T9000 systems
The following section details debugging of an IMS T9000 system following an error.

An IMS T9000 system is brought to a quiescent state for analysis by sending the Stop command to each
IMS T9000. .

The Stop command stops the processor cleanly so that register values are preserved and debugging can
be performed. The CPU continues execution until the process deschedules or reaches a timeslicing point.
The VCP deactivates all channels queued for output or addressed by incoming packets. The PMI and links
are not affected. The timers continue to operate until a reset is received, but no processes are placed on
the run queue after a Stop has been received. Sending Stop to a processor which is already stopped or
which has had an error has no effect.

Following the Stop command, the controlling process must send a Reset3 command to each IMS T9000
which halts the CPU. A delay of at least 64 ms from the receipt of the StopHandshake must be allowed
for the system to become quiescent, before the Reset3 command is sent.

Once the IMS T9000s have been reset the system is guaranteed to be static. The configuration can then
be checked using CPeek commands and if necessary ‘repaired’ using CPoke commands. Peek com-
mands can be used to save the contents of memory locations to be used by a debugging kernel. A kernel
can be loaded using a BootData sequence. A Run command can then be sent with the appropriate Iptr
and Wptr for the debugger process. The debugger process is run as a high priority process with the old
register values as its parameters.

Each debugger process should perform the following.

¢ Swap the run and timer queues and save the shadow registers.

¢ Reset the VCP.

* Re-initialize the system virtual links.

* Inspect the virtual channels and memory to determine what the problem was.
System analysis can then be carried out in the usual way, without further reference to the control network.
State delivered to the boot program

When the processor is rebooted, either by a control link Run or Reboot command or by rebooting from
memory in stand alone mode, the previous state of the processor is written into memory at word offsets
relative to the new Wptr as follows:

Offset from Wptr | Value Description
0 WdescReg process descriptor of the currently executing process
1 IptrReg pointer to next instruction to be executed
2 StatusReg status and control information for the current process
3 ThReg pointer to the current trap handler data structure
4 ReasonReg trap reason code, see Instruction Set Manual table 10.5
5 error type type of error, see Instruction Set Manual table 10.10
6 EptrReg pointer to instruction that caused the error
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8.6  Configuration

The IMS T9000 transputer has several sub-systems which need to be initialized on bootstrap. This initial-
ization is performed via the configuration bus.

The IMS T9000 transputer can be bootstrapped from a ROM device, such as an EPROM or a Flash
EPROM. Refer to the Programmable Memory Interface chapter 10 for details on booting from ROM. The
IMS T9000 transputer can also be setup and bootstrapped using the control links and the four high speed
data links, enabling the transputer to be used without any external memory or external I/O.

The setting of the StartFromROM pin determines whether the IMS T9000 transputer is bootstrapped from
a ROM device or down control link (CLink0) from a controlling processor. When the StartFromROM pin
is held low the IMS T9000 will be bootstrapped down CLink0, when set high the IMS T9000 will be boot-
strapped from ROM.

For a system of IMS T9000’s, the controlling IMS T9000 can be booted from ROM and usually the other
IMS T9000s in the system will be booted down a link.

8.6.1 Booting from link

An example IMS T9000 system configuration is shown in figure 8.9. In this system, the IMS T9000 is reset
by the controlling system and then initialized. The controlling system can be another IMS T9000 transputer
which has been bootstrapped from ROM, or a computer with a link adaptor. The StartFromROM pin is
held low thus the IMS T9000 will bootstrap using the control link (CLink0). instructions sent from the con-
trolling processor to the transputer via this link can be used to configure the sub-systems on the device;
for example, the configuration space of the Virtual Channel Processor (VCP) needs to be initialized ready
for the receipt of program code. The cache is initialized to behave as 16 Kbytes of on-chip memory. Setting
up the device in this way can be accomplished using the relevant software tools.

This system design is very small and is useful for the design of transputer networks in which each node
requires less than 16 Kbytes of memory, and therefore no external memory is required.

The controlling processor can configure systems using CPoke commands, and can load code and data
into the IMS T9000’s memory using Poke and BootData commands.

Once the transputer has been setup, the program data can be passed to the device using the data links
(Link0-3), and once loaded, the application can be executed. Errors are reported to the controlling proces-
sor via CLink0, which can also be used to debug the system.
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8.6.2

Figure 8.9 Basic IMS T9000 system booting from link

Boot from ROM then link

An IMS T9000 may be booted from ROM, in order to perform local configuration and bootstrapping, and
then hand control to a controlling process connected via CLinkO0.

This is achieved if the ROM code terminates by setting error, which (in the absence of a trap handler)
causes the IMS T9000 to halt, and an Error message to be transmitted from CLink0. Receipt of this mes-
sage informs the controlling process that it has mastership of the IMS T9000’s memory and configuration
bus. Note that the ROM code can communicate data to the controlling process by storing it at a known
location before setting error. The controlling process can then access this data by means of Peek

commands.



126 IMS T9000 transputer preliminary data

8.7 Reset levels

The term configuration is used to refer to the sequence of operations required to take an IMS T9000 trans-
puter network from its power-on state to having an application, or operating system, running. In doing so
the state of the network must be taken through a sequence of defined levels or reset levels. These are
shown in figure 8.10.

reset reset reset reset o
power level 0 level 1 level 2 level 3 application
up running
i label control i configure J boot l‘
1 | network | network | code ‘
\ l T [ 1
| Links — wait state :Nodes — assigned Iabelq’ Links — speeds selected | Run command sent :
PMI — undefined |Control finks — running | PMI — defined Boot code executed
VCP — undefined | | VCP — defined | Virtual links setup |
Link engines — defined | | Start registers set | !
| Cache — default | ‘ | |
Configure Boot Load code
from ROM from ROM
or link or link

Figure 8.10 Stages of configuration and reset levels

Hardware reset, soft resets, and error responses are communicated between the control system and the
various other sub-systems. These levels of reset may either be initiated via commands along CLinkO or
by an autonomous response by the control system.

8.7.1 Level 0 — hardware reset
After a hardware reset (assertion of the Reset pin) each IMS T9000 is in the following state.

The processor is stopped, Wdesc is NotProcess.p (refer to Appendix A for this value) and the
scheduler queues are empty.

The state of the PMI and VCP is not defined, and both are inactive.

All the (data and control) links are in Wait state with a default speed of 10 MHz. The label and
return headers for the control links are undefined.

The cache is initialized to act as 16 Kbytes of on-chip RAM.

The network can be returned to level 0 by taking all the Reset pins in the network high, it cannot be
achieved by software. At this point the StartFromROM pin is sampled.

8.7.2 Level 1 — labelled control network

The labelling phase moves from level 0 to level 1. In it the label and return headers are set by a Start com-
mand message being received on CLink0. Level 1 for the network has all label and return headers confi-
gured and all connected control links operational.

In a small system, such as a single IMS T9000 operating in stand alone mode (refer to section 8.5.2), the
label and return headers remain undefined. Any error occurring which would normally output an error mes-
sage on CLinkO0 will result in the PMI fifth bank being re-enabled and the ROM code being restarted. Level
1 in this case is considered to have the label and return headers configured as undefined.
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The network can be reset to level 1 by sending a Reset1 command message to each IMS T9000. After this
reset message the label and return headers are still valid. All other registers in the configuration space are
reset to their level 0 values.

8.7.3

The configuration phase moves from level 1 to level 2. The state (resident in the configuration space) re-
quired to make all subsystems of the IMS T9000 operational, is programmed. If the StartFromROM pin
was sampled high at the end of the hardware reset then a process will be executed from ROM. This will
use the sfconf instruction to program the configuration space registers. If the StartFromROM pin was
sampled low then the configuration space will be programmed by CPoke command messages received
down CLinkO0 or by stconf instructions executed by code loaded and run via CLinkO0.

The network can be reset to level 2 by sending a Reset2 command message to each IMS T9000. At this
level of reset the application program is stopped (possibly in order to reload and run another one that is
configuration compatible) whilst the hardware configuration is unchanged. This level of reset leaves the
PMI still active and the values in the configuration space of the PMI unaltered.

Level 2 — configured network

8.7.4 Level 3 — booted network

The booting phase moves from level 2 to level 3. This phase is responsible for setting up the virtual links
for the network using the instructions described in the communications chapter 11. This is always per-
formed by running code, but this code can either be executed from ROM, or be loaded down the control
link using the Boot and BootData command message.

The network can be reset to level 3 by sending a Reset3 command message to each IMS T9000. At this
level of reset the handshake state is cleared.

8.7.5 Loading code

The network is now connected and code can be loaded via the communication links, or executed from
ROM.

8.7.6 Levels of reset effect

The effect of different levels of reset on various aspects of the IMS T9000 state is summarized in the follow-
ing table.

When the handshake/acknowledge state is cleared any outstanding handshakes/acknowledges will be
ignored.

State Reset level Recover Error
0 1 2 3
DS-Links 0-3 Re-configured | Re-configured | Cleared no effect no effect
PMI Re-configured | Re-configured | Cleared no effect no effect
VCP Re-configured | Re-configured | Cleared no effect no effect
CPU Cleared Cleared Cleared Cleared no effect
Configuration CPU | Cleared Cleared Cleared no effect no effect
locks
Error state Cleared Cleared Cleared no effect no effect
Handshake state | Cleared Cleared Cleared Cleared Cleared
Acknowledge state | no effect no effect no effect no effect Cleared
Label and return Cleared no effect no effect no effect no effect
header

Table 8.10 Effect of the different levels of reset on various aspects of the T9000 state
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9 Instruction and data cache

There are two separate high speed caches on the IMS T9000, a general purpose unified (instruction and
data) cache and a small workspace cache for local variables. This chapter describes the instruction and
data cache on the IMS T9000 and explains how it works.

The cache provides fast multi-ported access to the most commonly used data, reducing the number of
accesses to external memory. Thus, enabling lower cost, slower devices to be used as external memory
without degradation of performance. The majority of external memory accesses will be cache refills (i.e.
multiple word reads and writes) enabling fast access memory methods such as page mode to be used.

The IMS T9000 has a 16 Kbyte associative unified write-back (also known as copy-back) cache. That is,
memory writes update the cache (if applicable) without necessarily updating memory immediately. Updat-
ing of memory occurs when the line that has been changed is discarded from the cache, thus main memory
changes on a miss not on a write. This minimizes external bus accesses and reduces the latency of pro-
cessor write accesses. At power-on the cache behaves as 16 Kbytes of internal memory, so that the IMS
T9000 may be used with no external memory. During configuration the cache may be programmed to be-
have as 16 Kbytes of cache, 16 Kbytes of internal RAM, or 8 Kbytes of cache and 8 Kbytes of internal
RAM.

To summarize, the cache system has the following properties:
« Bandwidth of 800 Mbytes/s from a 50 MHz T9000
¢ 16 Kbytes of memory arranged in four banks with 16 bytes/line
¢ Each cache bank is 256 way set associative
¢ Write-back (copy-back)
* Random replacement strategy
¢ Physical address tags

* Allocate cache line on a read or write miss

9.1 Cache overview

The cache is accessed, via a crossbar switch, by a number of functional units within the IMS T9000, see
figure 9.1. The IMS T9000 memory system has been designed to provide fast and efficient access to data
and instructions.
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Figure 9.1  IMS T9000 memory system overview

9.1.1 Cache organization

The IMS T9000 cache system is organized as four independent 4 Kbyte, fully associative, cache banks.
Each bank (not to be confused with the four banks of the IMS T9000 Programmable Memory Interface
(PMI)) caches one quarter of the address space and each has its own address bus and data bus. This
allows up to four separate accesses to be made in a single cycle. The directory search covers all lines
in the cache bank selected. Each bank has 256 lines, with four 32 bit words per line and each line having
its own fully-associative tag, see figure 9.2.
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Figure 9.2 Cache organization

Allinternal addresses are 30 bits wide (MemAddr2-31) and are split into three fields, see table 9.1 below.

Address fields | Function
MemAddr31:6 | Cache line tag
MemAddr5:4 Selects the cache bank
00 bank 0
01 bank 1
10 bank 2
11 bank 3
MemAddr3:2 Selects the word in the cache line
00 word 0
01 word 1
10 word 2
11 word 3
Table 9.1 Address bit functions

The tag, stored in content addressable memory (CAM), records the physical address in external memory
which is being cached in the line. The tag is matched against incoming addresses. Each cache line has
a tag comparator which compares the address presented with the stored tag. The cache line is selected
when the address presented matches the stored tag.

The CAM also contains a valid bit which is set to 1 to indicate the line contains valid data, i.e. the address
and data are meaningful. The valid bit must be set for a match to be made. Lines without their valid bit
set are notincluded in the cache search. To write valid bits and tags the CAM is addressed using a conven-

tional row decoder. This is controlled automatically by the cache controller and refill engine.
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The data memory is stored in four banks. Each bank consists of;

256 lines of data.

four 32 bit data words per line.

a dirty bit per data word — this indicates whether a write has taken place to the word since it was
loaded from main memory.

a dirty bit per line — this indicates whether any of the four words in the line are dirty.

The dirty bits allow the refill engine to write back to external memory only those words which have been
written to.

Four internal byte enables are provided to write bytes and part words.

CAM Data memory

\Y Tag DL|ID3] Word3 [D2| Word2 [D1] Word1 [DO| Word0

Where,
\% Valid line bit
Tag 26 bit physical address
DL Dirty line bit
D[0-3] Dirty werd[0-3] bit

Word[0-3] Four 32 bit data words

Figure 9.3 Cache line structure
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9.2 Cache functional description
Figure 9.4 shows the major functional units of the cache.

Address Data
crossbar 5 ‘ crossbar
] 3
5] 2] 5]
J— 3 32 —
H s | s |
— CAM DATA 32 —
j 256 lines 4 words per line
per bank |
g 5]
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e - s |
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1 word | word | word | word 32 [ |
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— 7 [
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- || " .
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_ Hit _
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| MemAddr6-31 -
g =
MemAddr2-3 | SRS
Address Data
ontrol contro|
Pol
States Crossbar
arbiter
PMI address PMI dat:
control control
Refill engine s
l : PMI
External External
Address Data

Ports

LoadA

LoadB

Store

IFetch

Comms0

Comms1

Comms2

Scheduler

Figure 9.4 Cache functional diagram
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9.2.1  Port crossbar switch and arbiter
There are four subsystems which use the cache, with a total of nine sources of address, they are:

¢ CPU Pipeline (4 sources)
—CPU load A
—~ CPU load B
— CPU store
— Instruction fetcher

¢ Virtual channel processor (3 sources)
— Comms0
— Comms1
— Comms2

¢ Scheduler and control unit
* Programmable memory interface (PMI) / Refill engine

Each of the nine requesting sources has its own crossbar port which handles memory requests, and en-
sures the requesting source is connected to the required cache bank. The nine ports are connected to
the four cache banks using a crossbar switch. Figure 9.5 is a block diagram of the crossbar switch and
controller interconnections. An arbiter decides which functional unit of the IMS T9000 gains access to
each of the four cache banks on each cycle.

CPU

LoadNonLocalA
Cache

bank 0 KM&

LoadNonLocalB

I

IFetch

WriteResult
Cache @ Crossbar
bank 1 switch
@ and Scheduler

arbiter Scheduler

VCP
l(a:e?rfli1 Z %; Comms0
Comms1
Comms2
Cache Data
PMI

bank 3 @;

PMI

i

Figure 9.5 Crossbar switch and arbiter interconnections

A cache port has two operational stages, an arbitration stage and a cache access stage. Up to four ports
can access the cache (one per bank) at any one time. A port can make one access per cycle. Thus, up
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to 4 ports can make an access per cycle. An arbiter decides which functional unit of the IMS T9000 gains
access to each of the cache banks on each cycle. Each port has its own state machine which makes re-
quests to the arbitration unit. The port forwards the address to the PMI if a cache miss occurs.

9.2.2  Refill engine

If a physical address requested is missing from the cache, the address is passed to the cache refill engine.
The refill engine arbitrates between this and earlier accesses which have misses outstanding. If the miss-
ing address is cacheable, the refill engine generates all the addresses needed to refill the associated
cache line and generates requests to the PMI. The PMI fetches the line requested by the refill engine from
external memory and requests it is written to the cache. The refill engine writes-back another line (selected
using a random policy) in order to ensure there is a clean line ready for the next miss. If the address is
marked non-cacheable only the missed address is fetched and returned to the requesting subsystem with-
out being written to the cache.

Write-backs (dirty data written back to main memory) can be performed before refills (memory lines written
to the cache) have been completed. A cache line is selected by random choice for write back by the status
of the valid and dirty bits. The first word to be written back is read whilst the refill is in progress.

9.2.3 . Replace pointer

Each cache bank has its own random replace pointer. The line to be replaced is selected using a pseudo-
random number generator and conventional row decoder. The pseudo-random number generator gener-
ates 8 bit random numbers, sufficient to cover the 256 cache lines per cache bank.
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9.3  Cache aperation
9.3.1 Cache request

The sequence of events in servicing a memory request are as follows:

The subsystem presents a request to the cache port. The port acknowledges the request once
it has finished servicing any previous requests.

The port decodes address bits MemAddr4-5 to determine which cache bank the address is in
and sends a cache bank request to the arbitration unit. On receipt of a grant signal from the arbiter
the port can access the cache bank for one cycle (see section 9.3.2 for details of the arbitration
algorithm).

If the access is a cache ‘hit’ (i.e. the address matches a valid cache line) the port either; returns
the read data, or handshakes the write data with the requesting subsystem. The portis now ready
to receive the next request.

If the access is a cache ‘miss’ (i.e. if the physical address requested is missing from the cache)
and the PMI is ready, the PMI arbiter grants one of the current misses.

If a miss occurs and the PMI is unable to service the miss immediately, the port goes into a retry
state. It waits in this state until the PMI becomes available. Once the PMI is available the port
must retry the cache to check whether the requested address has been brought into the cache
during the waiting period. If the retry is a miss, the port again attempts to access the PMI. If the
PMI is not granted the port must again go into a retry state and repeat the procedure.

Once the port has gained access to the PMI, the external memory access is granted and, if nec-
essary, the refill engine is started. On completion of the first read or write access, the port returns
the read data or handshakes the write data with the requesting subsystem, and the port is ready
to receive the next request.

Paints to note about the operation of the port are:

All ports (including the PMI/refill engine) are granted access to the cache banks on a cycle basis.
Thus, during refill the cache bank is available for use by other subsystems.

A port does not know whether an attempted access resulted in a cache hit or a miss. The time
taken for an access to be serviced is dependent on priority of arbitration, cache contents, state
of refill engine and external memory access time.

Accesses can only be made to the PMI at the end of a cache access. Therefore it may take sever-
al cache misses before the requested access is granted use of the PMI.

The cache and PMI are pipelined into the following three stages:

1

cache access

2 PMI analyzer

3

external memory pads

The cache and analyzer operate in a single cycle, the PMI pads take two or more cycles.

The possible states for a cache port are shown in figure 9.6.
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Wait in the Empty state until a request
arrives. If the cache bank requested (bits
MemAddra4-5) is available go straight to
InCache. Else goto WaitingForCache.
Acknowledge request.

Wait in WaitingForCache until the re-
. quired cache bank becomes available.
WaitingFor Then goto InCache.

Cache

Access the cache.

If a hit, signal DataValid and either;

goto Empty if there are no more re-
quests,

goto WaitingForCache if there is
another request but the bank requested is
not available

goto InCache if there is another
request and the bank is available.

InCache

—

Access external memory. i . ith
a miss, either;

goto InPMI if PMI available
goto WaitingForRetry.

When the access com-
pletes signal DataValid
and start the next request.

Missed
WaitingFor
Retry

Wait in WaitingForRetry until
the PMI becomes available,
then retry the cache.

Figure 9.6 Port state diagram
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9.3.2 Arbitration

There are nine requesting ports (PMI, scheduler, 3 VCP ports, 4 CPU ports), and five available resources
(PMI, 4 cache banks). Each resource has its own arbitration logic. This makes sure the most efficient use
is made of the resource and that the resource is shared fairly between all requesting subsystems.

The order in which the requests are processed is governed by the order of priorities. The PMi is given the
highest priority and has priority over all other requesting sources. The other three co-processors (CPU,
VCP and scheduler) share equal priority under a dynamic priority allocation scheme. Within the VCP and
CPU, each port has a fixed order of priority as listed below. Priority O is the highest priority.

¢ Priority 0= PMi
¢ Priority 1= Scheduler
¢ Priority 1= VCP
1 Comms0
2 Commst
3 Comms2
¢ Priority 1= CPU
1 IFetch (nearly empty)
2 WriteResult
3 LoadNonlLocalB
4 LoadNonLocalA
e Priority 2= [Fetch

Note that the IFetch port has two priorities, low priority when filling the buffer and high priority when the
instruction grouper is stalled waiting for instructions. This appears as two ports in the arbitration logic, but
only one port in the crossbar switch.

Once the PMI/refill engine requests have been accounted for, the arbitration logic guarantees the CPU,
VCP and scheduler each a third of the remaining cache bandwidth. Each subsystem is also guaranteed
at least a third of the available external memory bandwidth.

Queueing to ensure fairness

The arbitration logic dynamically queues the three equal priority sources (CPU, VCP and scheduler) as
high, medium and low preference. If more than one source requests a single resource the source with
highest preference is serviced first. Each time a request is granted it is put on the back of the preference
queue.
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“ If the PMI is requesting an access
it will be granted use of the cache
SpC & SpY and no other requests will be

granted. If the PMI is not requesting
Scheduler an access another port will be
granted an access dependent on
Cpv, v the value of three state bits which
determine the dynamic priority.

IFetch,
nearly empty The three state bits are:

WriteResult The CPU rf)'orts SpC Scheduler has priority
have a fixed over CPU

NonLocalB order of priority.

SpV Scheduler has priority
NonLocalA over VCP

r—

Spv CpV CPU has priority over
s VCP
Scheduler

For example, if SpC=1 and SpV=1
— the scheduler request will be
granted.

The VCP ports
have a fixed order
of priority.

Comms0 The three state bits are evaluated
at the end of each request
Commst according fo the following rules:

Comms2 SpC and SpV are cleared when
the scheduler is granted a request.

L spc
CpV is cleared when the CPU is

Scheduler granted a request.

T

SpV and CpV are set when the
VCP is granted a request.

|IFetch,
nearly empty SpC is set when the CPU is
granted a request.

WriteResult

NonLocalB

NonLocalA

1

Scheduler

|

IFetch,
nearly full

Figure 9.7 Arbitration — dynamic priorities



140 IMS T9000 transputer preliminary data

9.3.3 Cacheable and non-cacheable accesses

The IMS T9000 Programmable Memory Interface (PMI) can support up to four memory banks (not to be
confused with the cache banks) of external memory. The PMI can mark the memory banks as cacheable
or non-cacheable. This can be used for peripheral devices (for example VRAM) and shared memory sys-
tems where cache coherency problems could occur if the memory was cached. Data from external
memory banks marked as non-cacheable will never be copied into the cache.

The cacheability status of addresses in the external memory banks are specified for each bank in the PMI
format control registers (FormatControl0, FormatControl1, FormatControl2, FormatControl3). The
CacheMode bit field of the register defines if the bank is occupied by devices whose contents can be
transferred to the IMS T9000 cache. If the CacheMode bit is set to 1 the bank addresses are cacheable.
Note, any bank which is programmed to have 64 bit memory is defined as a cacheable area. Refer to the
Programmable Memory Interface chapter for further details on the PMI and its configuration registers.

Both cacheable and non-cacheable accesses will check the cache to see if the address wanted is in it;
only if they miss the cache and are labelled cacheable will they be allocated a line in the cache.

For write accesses that hit, data is written into the cache and the dirty bits are set for the affected entries.
An external access is not made immediately. The dirty cache data is only written to external memory when:

« the line is replaced when another line is brought into the cache following a miss.
« the line is flushed using the cache flush instructions.

Non-cacheable accesses

The sequence of events for a non-cacheable access that misses the cache are:

¢ The cache port presents the address to the cache. Note that the port does not know whether an
address is marked cacheable or non-cacheable. The physical address requested is missing from
the cache and the address is passed to both the PMI address analyzer and the cache refill en-
gine. For a write access the write data is also passed to the refill engine.

¢ The PMI address analyzer determines that the address is non-cacheable and does not start the
refill engine.

¢ The PMI performs the external access and, for a read, returns the data to the requesting port.
A non-cacheable access that misses does not allocate a cache line.

The subsystem requesting the memory access never knows whether the address came from the cache,
generated a cache line refill, or was labelled as non-cacheable.

Note: When the cache is configured to behave as 16 Kbytes of internal RAM, the refill engine is disabled
and all external RAM behaves as non-cacheable.

Cacheable accesses

Each cache bank maintains an empty cache line ready to be refilled whenever a cache miss occurs at
a cacheable address.

The sequence of events for a cacheable access that misses are:

¢ The cache port presents the address to the cache. If a miss occurs the address is passed to both
the PMI address analyzer and the cache refill engine. For a write, the write data is also passed
to the refill engine.

« The PMI address analyzer determines that the address is cacheable and starts the refill engine.
The cache system operates in a write-back mode, thus, data which is changed is not always writ-
ten out to external memory immediately (updating of memory occurs when the line that has been
changed is discarded from the cache). For a write, the PMI converts the write to an external read
from the miss address.
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« The PMI performs the first external access and, for a read, returns the data to the requesting port
and to the refill engine which writes the data to the cache. For a read miss the line and word are
marked clean. For a write miss, in particular a part-word write miss, the refill engine merges bytes
from the write miss data with bytes read from the external memory to mimic the effect of a part-
word write before writing the merged word to the cache and marking it dirty.

* The refill engine generates the rest of the memory addresses needed to refill the cache line.
When the last word is written to the cache, the cache line is marked valid. For a 32 bit external
memory system three more external reads are performed. For a 64 bit external memory system
only one more external read is performed after the miss address. The order of external reads
is given in section 9.3.4 below which details cache refill cycles.

* The refill engine randomly chooses a cache line to write back to the external memory. It reads
the tag, valid bit and dirty line bit along with the first data word and dirty word bit for that line. If
the line is valid and dirty the write back machine is started. The cache line is marked as invalid
signifying that the line is empty and available for the next refill operation.

¢ The four write back words are passed to the PMI which writes them to external memory if dirty.

For cacheable read and write accesses that hit, the port returns the read data or handshakes the write
data with the requesting subsystem.

9.3.4 Cache refill cycles

Any read from external memory can become a cache-refill cycle. The refill engine examines the value of
the CacheMode bit in the PMI FormatControl0-3 register for the selected external memory bank (refer
to the Programmable Memory Interface chapter for further details on the PMI registers). If the access is
aread or write to a cacheable location the refill engine will initiate a cache-line refill cycle for all four words
of the cache line. The refill engine generates the subsequent addresses of the cache line. The refill engine
is defined to present the miss address first and then ‘wraparound’ the other addresses as defined in table
9.2 below.

64 bit port sizes are defined to be cacheable and any reads and writes always transfer full 64 bit data from
external memory to the internal cache. No byte transfers take place, therefore no byte writes are needed.
During 64 bit reads the notMemWrB0-3 strobes are all inactive. During 64 bit writes all of the not-
MemWTrB0-3 strobes are active. For transfers from a 64 bit interface the full cache line is transferred in
two external reads and MemAddr2 is not used. The first external read is the miss address, see figure 9.8.

Address bits MemAddr2-3 select the word in the cache line. The first MemAddr2-3 pair defines the miss
address presented by the refill engine and transferred to the external address pins. Table 9.2 defines the
low order address bit activity during a cache line refill cycle from a non-64 bit interface. This is also illus-
trated in figure 9.8 which shows the order of external reads for cache refill cycles from 64 bit and non-64
bit interfaces.

First Second Third Fourth
MemAddr3:2 MemAddr3:2 MemAddr3:2 MemAddr3:2
(miss address)

00 01 10 11
01 00 11 10
10 1 00 01
11 10 01 00

Table 9.2 Low order address bit activity for a non-64 bit cache line refill cycle
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Word 3 Word 2 Word 1 Word 0
MemAddr3:2
selects a word in the 1 10 01 00
cache line

64 bit cache line refill

First external read Second external read
miss address
MemAddr3 is 1 Word 3 Word 2 Word 1 Word 0
miss address
MemAddr3 is 0 Word 1 Word 0 Word 3 Word 2

non-64 bit cache line refill

First read Second read Third read Fourth read

miss address

MemAddr3:2 is 00 Word 0 Word 1 Word 2 Word 3
miss address

MemAddr3:2 is 01 Word 1 Word 0 Word 3 Word 2
miss address

MemAddr3:2 is 10 Word 2 Word 3 Word 0 Word 1
miss address ] b
MemAddr3:2 is 11 Word 3 Word 2 Word 1 Word 0

Figure 9.8 Order of external reads for cache refill cycles from 64 bit and non-64 bit interfaces
Cache refills from 8/16 bit ports

For port sizes of 16 or 8 bits the PMI generates the low order address bits (A0-A1) on the notMemWrB2-3
strobes, as defined in table 9.3 below, to assemble full 32 bit operands. This is repeated for each of the
four words which make up the required cache line.

External port size
16 bit 8 bit
notMemWrB3 becomes A1 becomes A1
notMemWrB2 undefined becomes A0

Table 9.3 Allocation of A0-A1 address bits



9 Instruction and data cache 143

Write-back cycles

The cache is a write-back cache, thus main memory is only updated when a line from the cache is selected
for displacement and written out to main memory. Each 32 bit word in the cache has a dirty bit associated
with it. This dirty bit is set whenever any of the IMS T9000 internal functional units writes to an address
location which is currently cached. When write-back cycles are performed, only those words in the line
which have their associated dirty bit set, are written to main memory.

For 64 bit write-back cycles, if one or more of the two 64 bit words in the line has a dirty bit set a write back
will occur. This is illustrated in table 9.4. Refer back to figure 9.3 showing the cache line structure to see
how the dirty bits map onto the cache line words.

Dirty bits Write activity
D3 D2 D1 Do
0 0 0 0 No writes
1 X 0 0 Writes 32 bit words 2 and 3 (64 bits)
X 1 0 0
0 0 1 X Writes 32 bit words 0 and 1 (64 bits)
0 0 X 1
1 X 1 X Writes 32 bit words 0, 1, 2 and 3 (two 64 bit writes)
1 X X 1
X 1 1 X
X 1 X 1
where,

D is the dirty word bit
1 indicates the word is dirty
X indicates 0 or 1

Table 9.4 64 bit write-back cycles

Table 9.5 below defines MemAddr2-3 activity for a non-64 bit write-back cycle, assuming all of the words
in the line are dirty. In this case the addresses follow the binary sequence defined below. If any of the ele-
ments are not dirty then the word is not written out. In which case the next address is the next dirty element
of the line whose address follows the sequence.

Table 9.5 Low order address bit activity for a non-64 bit write-back cycle

First Second Third Fourth
MemAddr3:2 MemAddr3:2 MemAddr3:2 MemAddr3:2
00 01 10 1

DMA and cache-refill cycles

External DMA requests are sampled at the end of the complete cache-refill write-back operation. Thus,

the operation is not interrupted with DMA activity.
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9.4 Cache instructions

The IMS T9000 provides four instructions to support interfacing the cache to external hardware systems.
The instructions are provided to support coherency in shared memory systems when the internal memory

is configured as cache.

The cache instructions reference cache lines 0 to 1023, with the lines spread over the four cache banks.

The line structuring of the four cache banks is shown in figure 9.9.

80003FFC )
| line
; 1023
line
Bank3 1022
line
Bank2 1021
line
515 Banki 1020
511
BankO
514
510
513
509
512
word3]| word2| word1| wordO 508
word3| word2{ word1| word0
5
word3| word2| word1| word0| 1
word3| word2| word1 w\ordO
80000000
Figure 9.9 Line structuring of the cache banks
The allocation of the cache lines for different configurations are shown in table 9.6.
TSRAM Cache Cache lines
All cache 0 Kbytes 16 Kbytes 0to 1023
Half cache, half TSRAM 8 Kbytes 8 Kbytes 512 to 1023
All TSRAM 16 Kbytes 0 Kbytes -

Table 9.6 Cache/TSRAM allocation
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9.4.1 Flushing data from the cache

To maintain coherency between the data in the cache and external memory the IMS T9000 provides two
instructions to flush data from the cache in order to update external memory. The user can specify an
address to be flushed, if the address is present in the cache the entire line containing that address is
flushed, and the line is labelled clean. For large blocks of data the user can specify a line number and an
address range. If a line contains an address within the specified range, the line is flushed.

Flush dirty cache address (fdca)

If the byte address specified by AReg is present in the cache, and the line is dirty, the fdca instruction
causes the line to be written back to-external memory. If the address is not in the cache, no action is taken.
AReg is incremented by the number of bytes per line (16). The line in the cache remains valid and is
marked clean.

Flush dirty cache line (fdcl)

If the byte address (stored in the cache line tag) specified by AReg is within the address range specified
by BReg and CReg inclusive, and the line is dirty, the fdc/ instruction causes the line to be written back
to external memory. AReg is incremented by 1. The line in the cache remains valid and is marked clean.
The fdcl instruction will normally be repeated for all cache lines (512 or 1024 depending on cache alloca-
tion).

9.4.2 Invalidate cache block

There are two instructions on the IMS T9000 which can be used to invalidate specified cache lines.When
access is made to an invalid cache line the data is retrieved from external memory.

Invalidate cache address (ica)

If the byte address specified in AReg is present in the cache the line is marked as invalid. If the address
is not present in the cache, no action is taken. AReg is incremented by the number of bytes per line (16).
Note, if the line specified contains dirty data, it is not written back to memory, thus itis necessary to ensure
that other processes are not using the same cache line.

Invalidate cache line (icl)

If the address (stored in the cache line tag) specified by AReg is within the range specified by BReg and
CReg inclusive, the cache line is invalidated. AReg is incremented by 1. Note, any dirty data which was
in that cache line is not written back to memory and is lost. The ic/ instruction will normally be repeated
for all cache lines (512 or 1024 depending on cache allocation).

9.4.3 Cache instruction performance

The number of cycles required to perform an operation depends on whether the address is present in the
cache. For a flush operation it also depends on the number of dirty words which are flushed back, this is
specified in table 9.7 below.
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Instruction Number of cycles | Condition Notes
fdca 5 Address not in cache 1

6 Address in cache, line clean

14 Address in cache, all 4 words in cache line dirty
fdcl 5 Address not in range 1

8 Address in range, line clean

17 Address in range, all 4 words in cache line dirty

Address not in cache
Address in cache

Address not in range
Address in range

ica

icl

oo oo,

Notes
1 Assuming three cycle, 32 bit external memory.

Table 9.7 Number of cycles taken by an instruction

9.5 Cache configuration registers

The cache (in common with a number of other sub-systems of the IMS T9000) is controlled via registers
in a configuration space. The registers are accessed via the /dconf and stconf instructions, or via CPeek
and CPoke command messages received along control link CLinkO0. This section describes the function-
ality of the cache to be controlled by the associated configuration registers.

Note: All undefined and INMOS reserved bits in the configuration registers must be written with O unless
otherwise stated.

9.5.1 RamSize and DoRamSize registers

The size of the cache is determined by the setting of the cache configuration registers. The RamSize reg-
ister defines the amount of RAM which is allocated to be internal RAM. It can be programmed to be 0,
8 or 16 Kbytes.

RamSize #2001 Read/Write
Bit Bit field Function
1:0 RAMsize Determines how much of the cache is allocated as internal RAM.

00 16 Kbytes of internal RAM
01 8 Kbytes of internal RAM
11 0 Kbytes of internal RAM

31:2 Undefined

Table 9.8 Bits in the RamSize register

Writing a ‘1’ to the DoRamSize register changes the size of the cache to that defined by the RamSize
register and forces a write-back so that there is a clean line ready for the next miss.

DoRamSize #2002 Write only

Bit Bit field Function

0 DoRAMsize Sets the size of the cache following the setting of the RAMSize
register.

Table 9.9 Bit in the DoRamSize register
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9.5.2

Internal RAM is implemented by locking lines into the cache. The RamLineNumber and RamAddress
registers allow the addresses of the locked cache lines to be configured by the user. This enables the RAM
to be located anywhere in the processors physical address range. The cache controller manages the allo-
cation of cache line addresses to ensure coherency.

RamLineNumber, RamAddress and DoAllocate registers

Writing a ‘1’ to the DoAllocate register allocates the cache line specified by the RamLineNumber register
with the RAM address specified in the RamAddress register. The previous content of the line are written
back, if necessary, and data at the RAM address is fetched from external memory.

RamLineNumber #2003 Read/Write
Bit Bit field Function
7:0 Line number Specifies line number of the locked line.
31:8 Undefined
Table 9.10 Bits in the RamLineNumber register
RamAddress #2004 Read/Write
Bit Bit field Function
31:4 |RAM address Address of locked cache line.
3.0 Undefined
Table 9.11 Bits in the RamAddress register
DoAllocate #2005 Write only
Bit Bit field Function
0 DoAllocate Locks cache lines following the setting of the RamLineNumber and
RamAddress registers.
Table 9.12 Bit in the DoAllocate register
9.6 Initialization of the cache
9.6.1 Reset state

Following a hard reset or a soft reset to level 1, the contents of the cache are discarded and the cache
is configured as the first 16 Kbytes of memory (byte addresses 80000000 to 80003FFF). The contents
of any external memory at these addresses are masked, and the previous contents of the internal memory
are lost. The cache is configured to behave like internal memory and the refill engine is turned off. All lines
are marked as clean. Following reset the hex addresses contained in each line are as shown in figure 9.13.

Line | Bank 3 Bank 2 Bank 1 Bank 0

255

128

80003FFF-80003FF0

8000203F-80002030

80003FEF—80003FE0

8000202F-80002020

80003FDF-80003FDO

8000201F-80002010

80003FCF-80003FCO

8000200F—80002000

127

80001FFF-80001FF0

8000007F-80000070
8000003F-80000030

80001FEF-80001FEO

8000006F-80000060
8000002F-80000020

80001FDF-80001FDO

8000005F-80000050
8000001F-80000010

80001FCF-80001FCO

8000004F-80000040
8000000F—80000000

Table 9.13 Addresses contained in each line after reset
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9.6.2  Starting the cache

After power up and reset the PMl is disabled. The IMS T9000 transputer must be bootstrapped either from
a ROM device (such as an EPROM or a Flash EPROM), or down control link (CLink0) from a host trans-
puter (or a computer with a link adaptor) with the bootstrap code executed in internal memory. The PMI
configuration registers are set up by the bootstrap code to match the external hardware, and the PMI is
enabled.

The cache size can be configured using the RamSize and DoRamSize registers (see section 9.5.1). The
refill engine starts up and randomly chooses a cache line to write back so that there is space to store the
first miss address. The refill engine continues replacing lines at random when cache misses occur.

Following reset the address space for different cache/TSRAM allocations is shown in figure 9.10.

)
L

#0

N
«

#80003FFC

Cache Cache TSRAM

#80002000
#80001FFC

Cache TSRAM TSRAM

#80000000

Figure 9.10 Address space for different cache/TSRAM allocations

All 64 bit port sizes are defined as cacheable and always transfer a full 64 bit operand to and from external
memory to the internal cache. Thus, internal memory must be configured as 8 or 16 Kbytes of cache before
64 bit external memory accesses can be made. On start-up internal memory is configured as 16 Kbytes
of internal RAM and no cache. Therefore, in order to ensure correct operation of the cache system the
following sequence of events must be followed.

1 Enable the PMI and configure the external memory bank as 64 bit cacheable memory.
2 Configure internal memory as 8 or 16 Kbytes of cache.

Note: 64 bit external memory should not be used before the cache has been turned on.
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10 Programmable memory interface

The IMS T9000 programmable memory interface (PMI) can access a 4 Gbyte physical address space,
and provides a peak bandwidth of 200 Mbytes/sec. It is designed to support memory subsystems with
minimal external support logic. The interface has internal logic to provide decode and timing control
functions and can be programmed through the configuration registers as described in section 10.3 below.

The external address space is partitioned into four banks (not to be confused with the four cache banks).
This allows the implementation of mixed memory systems, with support for DRAM, SRAM, EPROM,
VRAM and [/O (see figure 10.1). The timing of each of the four memory banks can be programmed
separately, with a different device type being placed in each bank with no external hardware support. The
PMI has a 64 bit data bus, and each bank of memory can be configured to be 8, 16, 32 or 64 bits wide.
The PMI directly supports: 8, 16, 32 and 64 bit SRAM; 32 and 64 bit DRAM. All banks programmed to
be 64 bit wide memory are defined as cacheable and always transfer a full 64 bit operand to and from
external memory to the internal cache, providing fast cache refill. The full performance of the IMS T9000
transputer can be exploited using relatively low-cost DRAM, and up to 8 Mbytes of DRAM can be
connected with no external components.

IMS T9000
EPROM
notMemBootCE
Strobes 3
Strobes 2
Strobes 1
Strobes 0 8
MemAddr2-31
MembData0-63
64 32 8 32
DRAM SRAM /0 VRAM 32
4 cycle 3 cycle 4 cycle
1 Mbyte 64 Kbyte 1 Mbyte
Bank 0 Bank 1 Bank 2 Bank 3

Figure 10.1 Example of a mixed memory system using a T9000 transputer

In this chapter a cycle is one processor clock cycle and a phase is one quarter of the duration of one pro-
cessor clock cycle.
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10.1 Pin functions

10.1.1 MembData0-63

The data bus transfers 64, 32, 16 or 8 bit data items depending on the bus width configuration. For 64-bit
data items the most significant bit is carried on MemData63. For 32 bit data items the most significant bit
is MemData31. MemData0-15 transfers 16 bit data items, and MemData0-7 transfers 8 bit data items.
The least significant bit of the data bus is always MemData0.

10.1.2 MemAddr2-31

The address bus may’be operated in both multiplexed and non-multiplexed modes. When a bank is
configured to contain DRAM, or other multiplexed memory, then the internally generated 32 bit address
is multiplexed as row and column addresses through the external address bus. The multiplexing is con-
trolled for each bank by the format control registers (FormatControl0, FormatControl1, FormatCon-
trol2, FormatControl3), see page 165.

10.1.3 notMemWrBo0-3
The transputer uses word addressing and four byte-write strobes are provided.

64 bit wide memory is defined as an array of 8 byte words with MemAddr3-31 selecting an 8 byte word.
MemAddr2 is 0 for 64 bit addressing. No further addressing is performed for 64 bit memory. 32 bit wide
memory is defined as an array of 4 byte words with MemAddr2-31 selecting a 4 byte word. Each byte
of this array is addressable with the byte enable pins notMemWrB0-3 selecting a byte within a word. 16
bit wide memory is defined as an array of 2 byte words with 31 address bits selecting a 2 byte word and
notMemWrBO0-1 selecting a byte within the word. 8 bit wide memory is defined as an array of 1 byte words
with 32 address bits selecting a word. For 16 bit and 8 bit wide memory, the lower order address bits (A0
and A1) are multiplexed onto the unused byte-write pins to give an address bus 31 or 32 bits wide respec-
tively.

notMemWTrBO0 addresses the least significant byte of a word. All four strobes have the same timing and
are only active during write cycles. The timing is controlled by the write strobe registers (WriteStrobeO,
WriteStrobe1, WriteStrobe2, WriteStrobe3), see page 169.

The function of the byte enables notMemWrBO0-3 for different bank size configurations is given in table
10.1 below. Note that other bus masters must not drive the same data pins during a write.

External port size
64 bit 32 bit 16 bit 8 bit

notMemWrB3 set active (0) enables becomes becomes

MembData24-31 A1 A1
notMemWrB2 set active (0) enables undefined becomes

MemData16-23 A0
notMemWrB1 set active (0) enables enables undefined

MembData8-15 MemData8-15
notMemWrB0O set active (0) enables enables enables

MemData0-7 MembData0-7 MemData0-7

Table 10.1

10.1.4 notMemRASO0-3

notMemWrBO0-3 pins

The four programmable RAS strobes are controlled by the timing control registers (TimingControl0, Ti-
mingControl1, TimingControl2, TimingControl3) and RAS strobe registers (RASStrobe0, RAS-
Strobe1, RASStrobe2, RASStrobe3), see section 10.3.2. One strobe is allocated to each of the four





