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Introduction

This document is the Jaguar Technical Reference Manua - it is a definitive reference work for the
programmer's view of the Jaguar ASICs. It is neither a hardware reference work nor a guide to a particular
implementation of the Jaguar design.

This document covers the Tom and Jerry chip set. Users of the earlier prototype Jaguar silicon should consult
the Appendix on the differences and enhancements. This document does not describe the prototype silicon,
Revision 4 is the definitive work.

What is Jaguar?

Jaguar is a custom chip set primarily intended to be the heart of a very high-performance games/ leisure
computer. It may aso be used as a graphics accelerator in more complex systems, and applied to work-station
and business uses.

Aswell as agenera purpose CPU, Jaguar contains four processing units. These are:
- Object Processor

The Object Processor is responsible for generating the display. For each display line it processes a set
of commands - the object list - and generates the display for that line in an interna line buffer.

Objects may be bit maps in arange of display resolutions, they may be scaled, conditional actions may
be performed within the object list, and interrupts to the Graphics Processor may be generated.

- Graphics Processor

The Graphics Processor is a very fast micro-processor which is optimised for performing graphics
generation. It hasits own loca RAM, and a powerful ALU which includes fast multiply and divide
operations.

- Blitter

The Blitter is closely coupled to the GPU, and is able to rapidly move and fill graphical objectsin
memory. It includes hardware support for Z-buffering and shading at very high speed.

- Digital Sound Processor

The Digita Sound Processor is similar to the Graphics Processor, but is intended primarily for
synthesizing sound, and for playing back sampled sound. It may aso be used for generd processing
tasks.

Jaguar provides these blocks with a 64-bit data path to external memory devices, and is capable of avery high
data transfer rate into external dynamic RAM.
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How is Jaguar used?

Jaguar contains two custom chips, code-named Tom and Jerry.

For graphics, Tom contains the Object Processor, the Blitter and the Graphics Processor. For sound, Jerry
holds the Digital Sound Processor. In addition to these, there is an externa CPU, currently a 68000. When
animating graphics there are therefore four processing elements, al of which have got specific rolesto play.

The CPU is used as a manager. It deals with communications with the outside world, and manages the system
for the other processors. It is the highest level in the control flow of a Jaguar program, and has complete
control of the system.

The Object Processor is at the other end of the chain for generating graphics. It reads an object list, and on
the basis of the commands there assembles each display line of the video picture. Objects are usudly areas of
pixels, and these may overlap and may be easily moved from frame to frame. The order in which they are
processed in the object list determines how they overlap. Objects can also modify what is already in the display
line being assembled, and can scale bit-maps. They may contain transparent pixels.

The Object Processor performs al the functions of atraditiona sprite engine, while aso offering al the
flexibility of a pixe-map based system. It is capable of arange of animation effects, and is a powerful graphics
tool in its own right.

The Graphics Processor and Blitter provide atightly coupled pair of processors for performing a much wider
range of animation effects. A design goal of this system was to provide a fast throughput when rendering 3D
polygons. The Graphics Processor therefore has a fast instruction throughput, and a powerful ALU with a
paradlel multiplier, a barre-shifter, and a divide unit, in addition to the norma arithmetic functions.

The Graphics Processor has four kilobytes of fast internal RAM, which is used for local program and data
space. Thisallowsit to execute programs in parallel with the other processing units.

The Blitter is capable of performing arange of blitting operation 64 bits a atime, allowing fast block move and
fill operations, and it can generate strips of pixels for Gouraud shaded Z-buffered polygons 64 bits at atime. It
is dso capable of rotating bit-maps, line-drawing, character-painting, and a range of other effects.

The graphics processor and the Blitter will usualy act together preparing bit-maps in memory, which are then
displayed by the Object Processor.

The DSP has eight kilobytes of fast internal RAM, and is tightly coupled to audio DACs, and has its own timers
with related interrupt controller.
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Jaguar Video and Object Processor

Overview

The Jaguar video section has been designed to drive a PAL/NTSC TV. The display has a horizontal resolution
of up to 720 pixels and a vertical resolution of about 220 lines non-interlaced or 440 lines interlaced. However
by adopting a flexible approach to the design the chip can be used with arange of display standards through
VGA to Workstation. This will allow the chip to become the backbone of many (possibly unforeseen) products.

Two colour resolutions are supported, 24-bit RGB and our own standard 16-bit CRY (Cyan, Red, Intensity).
The 24-bit mode is useful for applications requiring true colour. The 16-bit mode is designed for animation. It
consumes less memory, fits better into 64 bit memory, is smpler to shade and is dmost indistinguishable from
24-bit mode.

Jaguar decouples the pixel frequency from the system clock by using aline buffer. This means that the system
clock does not have to be related to the colour carrier frequency and may be unaffected by gen-locking. There
are actually two line buffers one is dsplayed while the other is prepared by the Object Processor. Each line
buffer isa 360 x 32-bit RAM which is cycled a 40 MHz. The line buffer contains physical pixels these may be
either 16-bit CRY pixels or 24-bit RGB pixels. The line buffers may be swapped over at the start and in the
middle of display lines.

The 16-bit CRY pixels at the output of the line buffer are converted to 24-bit RGB pixds usng a combination
of look-up tables and smal multipliers.

The video timing is completely programmable in units of the pixel clock. The pixel clock can be up to 40 MHz
athough there is provision for use with an external multiplexer. For TV applications the pixel clock will be in the
range 12 to 15 MHz. The pixel clock will be synthesised from the chroma carrier or from an externa video
source using a device like the MC1378. Eight bits per pixe at up to 160 MHz can be supported by using an
external multiplexer, colour-look-up and DAC.

Jaguar uses an Object Processor, this combines the advantages of frame store and sprite based architectures.
Jaguar's Object Processor is simple yet sophisticated. It has scaled and unscaled bit-map objects, branch
objects for controalling its control flow, and interrupt objects. It can interrupt the graphics processor to perform
more complex operations on its behalf. The graphics processor will support perspective, rotation, branches,
palette |oads, etc.

The Object Processor can write into the line buffer at up to two pixels per clock cycle. The source data can be
1,2,4,8,16 or 24 hits per pixd. Except for 24 bits, objects of different colour resolutions can be mixed. The low
resolution objects, one to eight bits, use a palette to obtain a 16-bit physica colour.

A sophistication in the Object Processor is that it can modify the existing contents of the line buffer with
another image. This could be used to produce shadows, mist or smoke, coloured glass or say the effect of a
room illuminated by flash lamp.

The Object Processor can aso ignore data which is stored dongside pixel data. If, for instance, a Z buffer is
needed then this can be Situated next to the pixels. This helps because DRAM RAS pre-charges are needed
less frequently.
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Object Processor Performance

Each object is described by an object header which is two phrases for an unscaled object and three phrases for
a scaled object. When an image has been processed the modified header is written back to memory.

The Object Processor fetches one phrase (64 bits) of video data at atime. This phrase is expanded into pixels
(and written into the line buffer) while the next phrase is fetched.

Image data consists of a whole number of phrases. The image data may need to be padded with transparent
pixes (colour zero in 1,2,4,8 & 16-bit modes).

The Object Processor writes into the line buffer at one write per system clock tick. In 24-bits-per-pixel mode
and for scaled objects one pixel iswritten per cycle. For unscaled objects with 16 or fewer bits-per-pixe two
pixels are written per cycle. Most objects will therefore be expanded at twice the system clock rate.

If the read-modify-write flag is set in the object header the object data is added to the previous contents of the
line buffer. In this case the data rate into the line buffer is haved.

This peak rate may be reduced if the memory bandwidth is not high enough. However if 64-bit wide DRAM is
installed then these data rates will be sustained for al modes.

When accessing successive locations in 64-bit wide DRAM the memory cycle timeis two clock ticks. These
are page mode cycles. When the DRAM row address must change there is an overhead of between three and
seven clock cycles (depending on DRAM speed). These RAS cycles will occur infrequently during object data
fetches but will typically occur during the first data read after reading the object header (because the header
and image data will not normally be near each other in memory). RAS cycles will also occur after refresh
cycles or if abus master with a higher priority steals some memory cyclesin an area of memory with a
different row address. Refresh cycles will normally be postponed until object processing has completed.

Memory controller

Jaguar's memory controller is very fast and flexible. It hides the memory width, speed and type from the other
parts of the system.

Memory is grouped into banks that may be of different widths, speeds and types (dthough both ROM banks
have the same width and speed). Each bank is enabled by a chip select. In the case of DRAM there are two
chip sdlects RAS & CAS. Memory widths can be 8,16,32 or 64 bits wide but the memory controller makesit all
look 64 bits wide.

There are eight write strobes - one for each eight bits. There are three output enables corresponding to d[0-
15],d[16-31] and d[32-63]. Three memory types are supported: DRAM, SRAM and ROM.

ROM or EPROM s used for bootstrap and for cartridges. The ROM speed is programmable. The memory
controller alows the system to view ROM as 64 bits wide. Pull-up and pull-down resistors determine the ROM
width during reset.

DRAM isthe principal memory type, asit is cheap and fast when used in fast page mode. In fast page mode
the DRAM cycles at two ticks per transfer. The row time access is programmable. The column accesstimeis
not programmable and can only be adjusted by changing the system clock (a page mode cycle takes two clock
ticks). The memory controller decides on a cycle by cycle basis whether the next cycle can be afast page
mode cycle. Data and agorithms should be organised to minimise the number of page changes.

There are four memory banks; two of ROM and two of DRAM.
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Microprocessor Interface

JAGUAR has been designed to work with any 16 or 32-hit microprocessor with (up to) 24 address lines. The
interface is based on the 68000 but most microprocessors can be attached by using a PAL to synthesize those
control signals which differ. All peripherals are memory mapped; there is no separate 10 space.

The width of the microprocessor is determined during reset by a pull-up / pull-down resistor. Variationsin the
address of the cold boot code/vector is accommodated by making the bootstrap ROM appear everywhere until
the memory configuration is set up by the microprocessor.

The microprocessor interface is generally asynchronous so the clock speeds of the microprocessor and co-
processors may be independent.

Jerry uses the same microprocessor interface.
The CPU normally has the lowest bus priority but under interrupt its priority is increased.

The following list gives the priorities of al bus masters.

Highest priority

1 Higher priority daisy-chained bus master
2 Refresh

3. DSP a DMA priority
4, GPU at DMA priority
5. Blitter a high priority

6. Object Processor

7. DSP at normal priority
8. CPU under interrupt

9. GPU at normal priority
10. Blitter at normal priority
11. CPU

Lowest priority
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Memory Map

Jaguar's memory map depends on how it is being used.

Following reset the following 2 Mbyte window, corresponding to the ROMO ares, is repeated throughout the 16
Mbyte address space until memory is configured by the microprocessor by writing to MEMCONL. (This allows
the system to boot whether the microprocessor is a 680X0, an 80X86 or a Transputer.) After configuration,
this map corresponds to the area defined as ROMO on the maps below.

1FFFFF Boot strap ROM
120000

Jerry DSP
118000

Joysti cks and
114000 &1 0-5

Jerry
110000

I nt er nal
100000 Regi sters

Boot strap ROM
000000

When the memory configuration is set one of two memory maps is selected depending on bit ROMHI of the
memory configuration register.

FFFFFF ROVD FFFFFF DRAVD

Boot strap ROM 2 Moytes Dynan ¢ RAM 4 Moyt es
£00000 and registers C00000

ROML DRAML

Cartridge ROM 6 Moytes Dynan ¢ RAM 4 Mboytes
800000 800000

DRAML ROML

Dynan ¢ RAM 4 Nbytes Cartridge ROM 6 Moytes
400000 200000

DRAMD ROMD

Dynan ¢ RAM 4 Nbytes Boot strap ROM 2 Moytes
000000 oooooo | _And registers

ROVHI =1 ROVHI =0

ROMO is the bootstrap ROM but interna (ASIC) memory and peripherals occupy 128 Kbytes of this space, as
shown above. ROM1 is the cartridge ROM. DRAMO and DRAM1 are the two banks of DRAM.

A 68000 system will naturally operate with RAM at 0, so the ROMHI map is assumed throughout this
document. If the system is operated with ROMHI = 0 then the first digit of al internal addresses should be 1
rather than F.
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Internal Memory Map

Interna Memory is mogtly 16 bits wide to alow operation with 16-bit microprocessors.

32-bit write cycles are allowed to some areas of internal memory notably the line buffer and the graphics
processor memory. The line buffer support 32-bit writes primarily in order to accelerate Blitter writesto the line
buffer. The graphics processor supports 32-hit writes to accelerate program and data |l oads.

MEMCON1 Memory Configuration Register One  FO0000 RW

Bit 0 ROMHI When set the two ROM decodes address the top 8M within the
16M window. When clear the ROM decodes address the bottom
8M. This document assumes throughout that ROMHI is set when
discussing register addresses.

Bits 1,2 ROMWIDTH Specifies the width of ROM:

0 8hits

1 16hits
2 32hits
3 64 hits

Bits34 ROMSPEED Specifies the ROM cycletime:
0 10 clock cycles
1 8clock cycles
2 6clock cycles
3 5clock cycles

Bits 5,6 DRAMSPEED Specifies the DRAM Speed. The page mode cycletimeis dways
two clock cycles. These bits determine RAS related timing as
follows.

Bits56 Precharge RASto CAS Refresh
0 4 3 5

1 4 3 4

2 3 2 4

3 2 1 3

The times are clock cycles.

Bit 7 FASTROM Sets the ROM cycle time to two clock cycles. Thisisfor test
purposes only.

Bits 8-10 unused Set to zero.

Bits 11,12 |OSPEED Specifies the speed of externa peripherals. The number of cycles

here is the overal cycletime, the control strobes are active for two
cycleslessthan this.

0 18clock cycles

1 10clock cycles

2 4clock cycles

3 6clock cycles

Bit 13 unused Set to zero.
Bit 14 CPU32 Indicates that the microprocessor is 32 bits.
Bit 15 unused Set to zero.
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All the ROMSPEED hits are set to zero on reset. ROMHI, ROMWIDTH and CPU32 are determined by
externa pull-up / pull-down resistors. All the other bits are undefined. ROMO repeats every 2 Mbytes until this
register is written to.

MEMCON2 Memory Configuration Register Two  F00002 RW

Bits 0,1 COLS0 Specifies number of columnsin DRAMO
0 256
1 512
2 1024
3 2048

Bits 2,3 DWIDTHO Specifies the width of DRAMO
0 8hits
1 16 hits
2 32hits
3 64 bits

Bits4,5 COLS1 Specifies number of columnsin DRAM1
0 256
1 512
2 1024
3 2048

Bits 6,7 DWIDTH1 Specifies the width of DRAM1
0 8hits
1 16hits
2 32hits
3 64 bits

Bits 811 REFRATE Specifies the refresh rate. DRAM rows are refreshed at a
frequency of CLK / (64 x (REFRATE+1)). Many DRAM chips
require a refresh frequency of 64 KHz. Refresh cycles occur at
the end of object processing. If REFRATE is zero refresh is
disabled.

Bit 12 BIGEND Specifies that big-endian addressing should be used. This
determines the address of a byte within a phrase and allows Jaguar
to be used comfortably with Big-endian (Motorola) processors or
with Little-endian (Intel) processors.

Bit 13 HILO Specifies that image data should be displayed from high order bits
to low order.

All the above bits are undefined on reset except BIGEND which is determined by external pull-up / pull-down
resistors.

HC Horizontal Count FO0004 RW

This register comprises of aten bit counter which counts from zero up to the value in the horizontal period
register twice per video line. An eleventh bit determines which haf of the display is being generated. The
counter is incremented by the pixel clock. The vertical counter is incremented every hdf linein order to support
interlaced displays. Thisregister is only for ASIC test purposes.
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VC Vertical Count FO0006 RW

This register comprises of an eleven bit counter which counts from zero up to the value in the vertical period
register once per field. A twelfth bit determines which field (odd/even) is being generated. The counter is
incremented every haf line. This register can be read to do beam synchronous operations. It is only written to
for ASIC test purposes.

LPH Horizontal Light-pen FO0008 RO

This read only eleven bit register gives the horizontal position in pixels of the light-pen.

LPV Vertical Light-pen FOOO00A RO

The low eleven hits of thisregister gives the vertica postion of the light-pen in haf lines.

OB[0-3]  Object Code F00010-16 RO

These four registers allow the graphics processor to read the current object. This allows the graphics processor
object to pass parameters to the GPU interrupt service routine.

OLP Object List Pointer F00020 WO

This 32-bit register points to the start of the object list. All objects must be on a phrase boundary so the bottom
three bits are aways zero. When one object links to another bits 3 to 21 of this address are replaced by the
LINK datain the object.

OBF Object Processor flag F00026 WO

Bit zero of this register can be tested by the Object Processor branch instruction. If set the branch is taken, if
clear execution continues with the next object. This flag isintended as a mechanism for letting the graphics
processor control the Object Processor program flow. A write (of anything) to this register restarts the Object
Processor after a Graphics Processor interrupt object.

VMODE Video Mode F00028 WO
Bit 0 VIDEN When set enables time-base generator
Bits 1,2 MODE Determines how the line buffer contents are trand ated into
physica pixels.
0 16-bit CRY. Each 32-bit entry in the line buffer is treated as two

16-bit CRY pixels on successive clock cycles. Each is converted
into eight bits of red, green & blue using a combination of lookup
tables and multipliers.

1 24-bit RGB. Each 32-hit entry in the line buffer is treated as one
physica pixd with eight bits of red, eight bits of blue, eight bits of
green and eight bits unused.
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2 16-bit direct. Each 32-hit entry in the line buffer is divided into two
16-bit words which are output directly onto the red and green
outputs on alternate phases of the video clock. Thismode is for
applications requiring adot clock in excess of 40 MHz. It is
assumed that further multiplexing and colour lookup will occur
outside the chip. In this mode blanking and video active are output
on the two least significant bits of blue.

3 16-bit RGB. Each 32-bit entry in the line buffer is treated as two
16-bit RGB pixels. Bits [0-5] are green, bits [6-10] are blue and
bits [11-15] are red.

Bit 3 GENLOCK When set this bit enables digital genlocking. This means that
external syncswill reset the internal time-base generators. On its
own this mechanism does not give satisfactory genlocking because
thereis ajitter of up to one pixel. However this mechanism is used
to quickly lock onto a new video source. An external Phase
Locked Loop is required for true genlocking.

Bit 4 INCEN Enables encrustation. When set the least significant bit of the CRY
intensity is used to switch between local and externa video sources
using an externa video multiplexer. This alows the video source to
be switched on a pixel by pixd bass.

Bit 5 BINC Selects the local border colour if encrustation is enabled.

Bit 6 CSYNC Enables composite sync on the vertical sync outpuit.

Bit 7 BGEN Clears the line buffer to the colour in the background register after
displaying the contents. This only has effect in CRY and RGB16
modes.

Bit 8 VARMOD Enables variable colour resolution mode. When this bit is set the

least significant bit of each word in the line buffer is used to
determine the colour coding scheme of the other 15 bits. If the bit
is clear the bits the word is treated as a CRY pixd. If the bit is set
then bits [1-5] are green, bits [6-10] are blue and bits [11-15] are
red. This mechanism allows JAGUAR to support an RGB window
against a CRY background for instance.

Bits9-11 PWIDTH Thisfield determines the width of pixelsin video clock cycles. The
width is one more than the vaue in this field.
The video time base generator is programmed in cycles of the
video clock and not the pixel clock produced by this divider.
The display width should be set to be an integer number of pixels,
i.e. an integer multiple of the pixel width programmed here.

Bits 12-15 Unused Write zeroes.
BORD1 Border Colour (Red & Green) FO002A WO
BORD2 Border Colour (Blue) F0002C WO

These registers determine the physical border colour. There are eight bits per primary colour. Red is the less
significant byte of BORDJ. This colour is displayed between the active portions of the screen and blanking. It
is not necessary to display a border. The border areais defined by the video time-base registers.
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HP Horizontal Period FOO02E WO

Thisten bit register determines the period of haf a display linein video clock cycles. The period is one tick
longer than the value written into this register.

HBB Horizontal Blanking Begin FO0030 WO

This leven hit register determines the start position of horizontal blanking. The most significant bit is usualy set
because blanking starts in the second half of the line.

HBE Horizontal Blanking End F00032 WO

This eleven bit register determines the end position of horizontd blanking. The most significant bit is usualy
clear because blanking ends in the first half of the line.

HS Horizontal Sync F00034 WO

This eleven bit register determines the width of the horizontal sync and equaization pulses. The pulses start
when the horizontal count equals the value in the register. The pulses end when the horizontal count equals the
horizontal period. The most significant bit is usualy set because horizontal sync happens at the end of the line.
The most significant bit isignored in the generation of equalization pulses which are the same width as
horizonta sync but which appear twice per line (for 10 half lines during field blanking).

HVS Horizontal Vertical Sync FO0036 WO

This ten hit register determines the end position of the vertical sync pulses. Vertica Sync consists of long sync
pulses for severa half lines. These pulses are generated twice per line. Vertical sync starts at the same time as
the horizontal sync or equalization pulses but end when the least sSignificant ten bits of the horizontal count
match the HV S register.

HDB1 Horizontal Display Begin 1 FO0038 WO
HDB2 Horizontal Display Begin 2 FOO03A WO

These eleven bit registers control where on the display line the Object Processor starts. When the horizontal
count matches either of the above registers the Object Processor starts execution at the address in OLP, the
line buffers swap over and pixels are shifted out of the line buffer. The Object Processor can run twice per line
in order to support display modes where the amount of data on a display lineis greater than can be contained in
one line buffer. The line buffers are each 360 words x 32 bits. If the display mode was 720 x 24 bits per pixe
then line buffer A might be displayed at the start of the line while buffer B was being written. Then during the
second half of the display line buffer B would be displayed while line buffer A was prepared for the next line.
In this case HDB1 would contain a value corresponding to the left hand edge of the display and HDB2 would
contain a vaue corresponding to the middle of the display. If the Object Processor needs to run only once per
line then either the registers take the same value or one register is given a value greater than the line length.

HDE Horizontal Display End FO003C WO

This eleven bit register specifies when the display ends. Either border colour or black (if HBB < HDE) is
displayed after the horizontal count matches this register.
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The relative positions of some of the above signals and the registers which define them are shown on the
following diagram.

di splay line
/ hsync N hs hp hs hp
/eq hs_ heq hs heq hs heq
/vsync N hs hvs hs hvs hs
hbl ank hbe hbb
vactive hdb1/ hdb2 hde
VP Vertical Period FOOO03E woO

This eleven bit register determines the number of half lines per field. The number is one more than the value
written into this register. If the number of haf linesis odd then the display is interlaced.

VBB Vertical Blanking Begin F00040 WO

This eleven bit register specifies the half line on which vertical blanking begins.

VBE Vertical Blanking End F00042 WO

This eleven hit register specifies the half line on which vertical blanking ends.

VS Vertical Sync F00044 WO

This eleven bit register specifies the half line on which vertical sync begins. Vertical sync pulses are generated
from thisline to the line specified by the vertica period.

VDB Vertical Display Begin FO0046 WO
This eleven bit register specifies the haf line on which object processing begins. Object processing restarts on

every line until the haf line specified by the VDE register. The border colour (or black) is displayed outside
these active lines.

VDE Vertical Display End F00048 WO

This eleven bit register specifies the half line at which object processing ends.
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VEB Vertical Equalization Begin FOO04A WO

This eleven bit register specifies the haf line on which equalization pulses start.

VEE Vertical Equalization End F0004C WO

This eleven bit register specifies the haf line on which equalization pulses end.

Vi Vertical Interrupt FOOO4E WO

This eleven bit register specifies a half line on which the VI interrupt is generated. This number must be odd for
non-interlaced setups.

PIT[O-1] Programmable Interrupt Timer FO0050-52 WO

These two 16-hit registers control the frequency of interrupts to the CPU and to the GPU. PIT[0] & PIT[1]
operate as a pair controlling the interrupts.

The system clock is divided by (one plus the value in the first register). If the firgt register contains zero the
timer is disabled. The resulting frequency is divided by (one plus the value in the second register) and the output
of this divider generates the interrupt.

HEQ Horizontal equalization end FO0054 WO

This ten bit register determines the end position of the equalization pulses. Equalization consists of short sync
pulses for severa half lines on either side of vertical sync. These pulses are generated twice per line.

BG Background Colour FO0058 WO

This register specifiesthe CRY colour to which the line buffer is cleared.

INT1 CPU Interrupt Control Register FOOOEO RwW

This register enables, identifies and acknowledges interrupts from the five different CPU interrupt sources. The
interrupts sources are as follows:

0 Video Thisinterrupt is generated by the video time-base, on a line selected by the VI
register.

1 GPU Thisinterrupt is generated by the graphics processor writing to an interna register.

2 Object Thisinterrupt is generated by stop objects.

3 Timer Thisinterrupt is generated by the programmable timer (PIT) in TOM.

4 Jerry Thisinterrupt is generated by an input to Tom and is intended for use by Jerry. This

is an active high edge-triggered interrupt - the first interrupt will occur on the first
rising edge after it has been enabled.
Bits 0 to 4 enable the individua interrupt sources, i.e. if bit 1 is set the graphics processor interrupt is enabled.
When read bits O to 4 indicate which interrupts are pending, i.e. if bit 3 is set there is an timer interrupt pending.
Bits 8 to 12 clear pending interrupts from the corresponding interrupt source.
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Note that INT2 must always be written to at the end of a CPU interrupt service routine.

INT2 CPU Interrupt resume register FOOOE2 WO

When an interrupt is applied to the CPU the bus priorities of the graphics processor and Blitter are reduced so
that the CPU can service red time interrupts promptly. The bus priorities are restored by writing any vaue to
this register. This should therefore aways be done at the end of an interrupt service routine. After the write to
this port the Blitter or GPU may then restart, and no further instructions will then be executed until either the
next interrupt occurs, or the GPU or Blitter operation completes.

CLUT Colour Look-Up Table FO00400-7FE RW

The colour look-up table trandates an eight bit colour index into a 16-bit physical colour (CRY or 16-bit RGB).
The eight bit index comes from the object data, which may be 1,2,4 or 8 hits. In order to achieve ahigh
throughput there are two tables allowing two pixels at atime to be written into the line buffer. There are 256
16-bit entries in each table. Locations in the range FO0400-5FE read from table A. Addresses in the range
FO0600- 7FE read from table B. Writing to either address range writes to both tables.

LBUF Line Buffer FOO800-0D9E RW
F01000-159E
F01800-1D9E

There are two line buffers each of which consists of a 360 x 32-bit RAM. Each 32-hit long-word can be
read/written as two 16-bit words. In 16-bit CRY mode each word is a CRY pixél; the less significant byte is
the intensity. The word with the lowest address corresponds to the left-most pixel. In 24-bit RGB mode each
32-bit long-word is a pixel. The less significant byte of the word at the lower address is the red value. The more
significant byte is the green value and the less significant byte of the word at the high address is the blue value.
The fourth byte is unused.

The first address range addresses line buffer A. The second addresses line buffer B. The third addresses the
line buffer currently selected for writing. The first two address ranges are for test purposes the third is for the
graphics processor to assist the Object Processor in preparing the line buffer.

By adding 8000h to the above address ranges 32-hit writes can be made to the line buffer. Thisis mainly to
accelerate the Blitter.

Peripheral Memory Map

Jerry and externa peripherals occupy the 64k above the interna memory. All Periphera Memory is 16 hits
wide dthough it is likely that many devices will have eight bit busses.
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Object definitions

There are five basic object types

Bit Mapped Object

This object displays an unscaed bit mapped object. The object must be on a 16 byte boundary in 64 bit RAM.

First Phrase
Bits Fdd
0-2 TYPE
313 Y POS

14-23  HEIGHT

24-42  LINK
43-63 | DATA
Second Phrase
Bits Fdd
011 XPOS
12-14 DEPTH
15-17 PITCH

Description

Bit mapped object is type zero

Thisfield gives the value in the vertical counter (in half lines) for the first
(top) line of the object. The vertical counter is latched when the Object
Processor starts so it has the same value across the whole line. If the
display isinterlaced the number is even for even lines and odd for odd lines.
If the display is non-interlaced the number is always even. The object will
be active while the vertical counter >= YPOS and HEIGHT > 0.

Thisfield gives the number of data linesin the object. Aseach lineis
displayed the height is reduced by one for non-interlaced displays or by two
for interlaced displays. (The height becomes zero if thiswould result in a
negative value.) The new value is written back to the object.

This defines the address of the next object. These nineteen bits replace bits
3to 21 inthe register OLP. This alows an object to link to another object
within the same 4 Mbytes.

This defines where the pixel data can be found. Like LINK thisis a phrase
address. These twenty-one bits define bits 3 to 23 of the data address. This
allows object data to be positioned anywhere in memory. After alineis
displayed the new data address is written back to the object.

Description

This defines the X position of the first pixel to be plotted. This 12 bit field
defines start positions in the range -2048 to +2047. Address O refers to the
left-most pixel in the line buffer.

This defines the number of bits per pixel asfollows:

1 bit/pixel

2 bits/pixe

4 bits/pixe

8 bits/pixe

16 bits/pixe

5 24 bitdpixed

This value defines how much data, embedded in the image data, must be
skipped. For instance two screens and their common Z buffer could be
arranged in memory in successive phrases (in order that access to the Z
buffer does not cause a page fault). The value 8 * PITCH is added to the
data address when a new phrase must be fetched. A pitch value of oneis
used when the pixel datais contiguous - a vaue of zero will cause the
same phrase to be repeated.

AWNPREFLO
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18-27
28-37

38-44
45
46

47

49-54

55-63

Scaled Bit Mapped Object

DWIDTH

IWIDTH

INDEX

REFLECT
RMW

TRANS
RELEASE

FIRSTPIX

Thisis the datawidth in phrases. i.e. Data for the next line of pixels can be
found at 8 * (DATA + DWIDTH)

Thisis the image width in phrases (must be non zero), and may be used for
clipping.

For images with 1 to 4 bits/pixel the top 7 to 4 bits of the index provide the
most significant bits of the pal ette address.

Flag to draw object from right to left.

Flag to add object to datain line buffer. The values are then signed offsets
for intensity and the two colour vectors.

Flag to make logica colour zero and reserved physica colours transparent.
This bit forces the Object Processor to release the bus between data
fetches. This should typically be set for low colour resolution objects
because there is time for another bus master to use the bus between data
fetches. For high colour resolution objects the bus should be held by the
Object Processor because there is very little time between data fetches
and other bus masters would probably cause DRAM page faults thereby
dowing the system. External bus masters, the refresh mechanism and
graphics processor DMA mechanism al have higher bus priorities and are
unaffected by this bit.

Thisfidd identifies the first pixel to be displayed. This can be used to clip
an image. The significance of the bits depends on the colour resolution of
the object and whether the object is scaled. The least significant bit is only
significant for scaled objects where the pixels are written into the line
buffer one at atime. The remaining bits define the first pair of pixelsto be
displayed. In 1 bit per pixel mode al five bits are significant, In 2 bits per
pixel mode only the top four bits are significant. Writing zeroes to this field
displays the whole phrase.

Unused write zeroes.

This object displays a scaed bit mapped object. The object must be on a 32 byte boundary in 64 bit RAM. The
first 128 bits are identical to the bit mapped object except that TY PE is one. An extra phrase is appended to the

object.

Bits
07

8-15

16-23

Fedd
HSCALE

VSCALE

REMAINDER

Description

This eight bit field contains a three bit integer part and afive bit fractiona
part. The number determines how many pixels are written into the line
buffer for each source pixel.

This eight bit field contains a three bit integer part and afive bit fractional
part. The number determines how many display lines are drawn for each
source line. This value equals HSCALE for an object to maintain its aspect
ratio.

This eight bit field contains a three bit integer part and afive bit fractiona
part. The number determines how many display lines are left to be drawn
from the current source line. After each display lineis drawn thisvaueis
decremented by one. If it becomes negative then VSCALE is added to the
remainder until it becomes positive. HEIGHT is decremented every time
VSCALE is added to the remainder. The new REMAINDER is written
back to the object.
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24-63 Unused write zeroes.

Graphics Processor Object

This object interrupts the graphics processor, which may act on behalf of the Object Processor. The Object
Processor resumes when the graphics processor writes to the object flag register.

Bits Fedd Description

02 TYPE GPU object is type two

313 Y POS This object is active when the vertical count matches Y POS unless Y POS
= O7FF in which caseit is active for all values of vertica count.

14-63 DATA These bits may be used by the GPU interrupt service routine. They are

memory mapped as the object code registers OB0-3, so the GPU can use
them as data or as a pointer to additional parameters.

Execution continues with the object in the next phrase. The GPU may set or clear the (memory mapped)
Object Processor flag and this can be used to redirect the Object Processor using the following object.

Branch Object

This object directs object processing either to the LINK address or to the object in the following phrase.

Bits Fidd Description
0-2 TYPE Branch object is type three
313 Y POS This value may be used to determine whether the LINK addressis used.
1415 CC These bits specify what condition is used to determine whether to branch
asfollows:
0 Branchif YPOS==VC or YPOS == 7FF
1 Branchif YPOS>VC
2 Branchif YPOS<VC
3 Branchif Object Processor flag is set
4 Branch if on second haf of display line (HC10 = 1)
16-23 | unused
24-42  LINK This defines the address of the next object if the branch is taken. The
address is defined as described for the bit mapped object.
43-63  unused

Stop Object

This object stops object processing and interrupts the host.

Bits FHed Description
02 TYPE Stop object is type four
363 DATA These bits may be used by the CPU interrupt service routine. They are

memory mapped so the CPU can use them as data or as a pointer to
additiona parameters.
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Description of Object Processor/Pixel path

The following two diagrams show where the object data path fits into the TOM chip. All the diagrams that
follow are drastically smplified for clarity.

RGB Syncs
N 0
Object Line Pixel Video
Processor S Buffer S Generator Timing
External -
BUS Bus Processor Bus
Interface
1O Bus
Memory
Control Memory : Graphics :
Controller Blitter Processor Misc

Jaguar Chip Block Diagram

The processor bus is a 64-bit data, 24-bit address multi-master bus. The bus master can change on a cycle by
cycle basis with no overhead. The external CPU controls this bus when it is the bus master. The O busisa 16
data 16 address bus used for reading and writing to internal memory and registers. The bus interface logic and
memory controller alows transfers of any width (one to eight bytes) to be made to any width of externa
memory. The bus interface accommodates 16 and 32-bit microprocessors. The bus interface also generates a
multiplexed address for dynamic RAMs. The multiplexed address is a function of memory width and number of
columns. The memory controller only performs RAS cycles when the row address changes. This alows
contiguous regions of memory to be accessed much faster.

The line buffer is a bridge between two asynchronous parts of the chip. On one side are the processors and
memory. On the other side are the video timing and pixel generators. In fact there are two line buffers. While
one is written into by the Object Processor, the other is read by the pixel logic. Each line buffer isasmall
360x32 RAM with independent write strobes for the high and low words.

Each location in the line buffer may contain one 24-bit pixd or two 16-bit pixels.

Controlling
State
Machine
Object Data -
Address Object —> | Write back Path ;&'}:;‘e
Generator Register Logic
Address caur
Bus
Data
Bus

Object Processor Block Diagram
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The Object Processor reads object headers and image data and writes back modified headers. The write back
logic normally increases the data address by the data width. If the object is scaled then the data addressis
increased by a multiple of the data width and the vertical remainder is modified.

The object data contains either physical coloursin the case of 16 and 24 bits-per-pixel objects or logical colours
in the case of 1,2,4 and 8 bits-per-pixel objects. Logica colours are trandated into physical colours by the
colour look up table or CLUT.

Mux
Processor Latch || Multiplexers J_ CLUT L L1 Latch [ Line
Data Buffer
Bus
Counter Line
Buffer
Address

Object Data Path

The Object Processor fetches data one phrase at atime until the image data, for that header, is exhausted or
until the line buffer address (X co-ordinate) has become invalid. The behaviour of the object data path depends
on the colour resolution of the object (bits-per-pixel) and on whether the object is scaled.

In 24 bits-per-pixel mode each phrase contains two pixels (16 bits unused per phrase). The multiplexers select
each in turn and one 24-hit pixdl is written into the line buffer per clock cycle. The CLUT is bypassed for 24
bits-per-pixel objects.

In 16 bits-per-pixel mode each phrase contains four pixels. The multiplexers select two pixels at atime and two
pixels are written into the line buffer each clock cycle. The CLUT is bypassed for 16 bits-per-pixel objects.

In 1, 2, 4 and 8 bits-per-pixel modes each phrase contains 64, 32, 16 and 8 pixels respectively. The multiplexers
select two pixelsat atime. In 1, 2 and 4 bit modes the pixel is made up to eight bits by taking the top bits from
the top bits of the palette offset (afield in the object header). The two eight bit values are used as addresses to
apair of identica CLUTsyielding two sixteen bit physical pixels which are written into the line buffer every
cycle.

If an object is scaled the Object Processor deals with one pixel at atime not pairs. Scaling is achieved by
incrementing the line buffer address independently of the counter controlling the multiplexer. For instance if the
line buffer address is incremented twice as often as the counter then the image will be twice as wide.

There are two line buffers A & B. While A iswritten by the Object Processor B is being read by the pixel
logic. At the start of the next display line the buffers swap over so A is displayed and B is written. Thisswap is
effectively achieved by multiplexers on all the signals attached to the line buffers.

The above description is complicated by the following:

If apair of pixels must be written to an odd location in the line buffer they must be swapped and one
pixel delayed.

The line buffer address decrements if the object is reflected.
The colour to be written into the line buffer can be added to the previous value instead.

One colour may be used as transparent and is not written into the line buffer.
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The line buffers a so appear as memory to the rest of the system.

The pixel data path is shownin the following diagram. All the logic in this box runs from a different clock to the
previous logic, thisis the video clock.

A

Line Latch J_ CRY to Mux
e 2:1 mux RGB

Buffer RGB B

C
Line _ :
Buffer A = 24-hit RGB
Address B = CRY

C =16-bit RGB

Pixel Data Path
The operation of the pixel data path depends on the video mode.

In 24 bits-per-pixel mode the line buffer is read at the video clock frequency. The line buffer datais smply
latched and presented at the pins as red, green and blue data bits.

In CRY mode the line buffer is read at half the video clock frequency. Each read yields two 16-bit CRY
values. These are multiplexed into the CRY to RGB conversion logic during succeeding video clock cycles. In
this logic the more significant eight bits specify the colour and the less significant bits specify the intensity or
brightness. The colour value is used as an index to three ROMs. These ROMs contain the relative amounts of
red, green and blue for each colour. The outputs of the ROMs are multiplied by the brightness to get afinal
eight bits of red, green and blue.

In RGB16 mode the line buffer is read at half the video clock frequency. Each read yields two 16-bit RGB
values. Bits 0-5 form the six most significant bits of green, bits 6-10 form the five most significant bits of blue
and bits 11-15 form the five most significant bits of red. All other bits are set to zero.

In al these modes a small amount of additional logic sets the output colour to black during blanking and to the
border colour where appropriate.

A fourth mode exists to alow the system to support very high pixel rates using externa multiplexers and
DACs. Thisis caled direct mode. In this mode the line buffer is read at the video clock frequency and the 2:1
multiplexer is driven by the video clock directly. The output of the 2:1 mux is connected directly to the red and
green outputs of the chip. This alows 16-bit vaues to be output at twice the maximum video clock frequency.
This provides a video bandwidth of up to 4 times the video clock rate (in bytes per second). These values
should be re-synchronised, de-multiplexed and converted to analogue outside the chip. In this mode the
blanking and border signals are output on the blue pins.

The above picture is dightly complicated by the following:

The least significant bit in CRY and RGB16 modes can be sacrificed (treated as zero) and used to
control an external video switch through the incrust output pin.

In CRY and RGB16 modes a background colour may be written into the line buffer after it has been
read.

In CRY and RGB16 modes the least significant bit may be used to determine whether the mode is
CRY or RGB16. This could be used to drop a decompressed RGB picture into a CRY picture without
having to do a RGB to CRY conversion.
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Refresh Mechanism

The average refresh frequency is defined by the REFRATE bits in the MEMCONZ2 register. Refresh cycles
are grouped together in order to lessen the impact on system performance. However they cannot be performed
in very large numbers or they would create "dead spots’ in which no processing was possible. This could
disrupt the display or sound production.

Jaguar uses a counter to accumulate a count of refresh cycles. When this counter reaches eight then eight
refresh cycles are done and the counter is set to zero.

Refresh cycles are also invoked when the Object Processor reaches the end of the object list. After the Object
Processor executes a STOP object JAGUAR performs as many refresh cycles as are necessary to decrement
the refresh counter to zero.

This mechanism guarantees that the minimum refresh rate is maintained without interrupting the Object
Processor and without creating "dead spots’ of more than a few microseconds.
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Colour Mapping

Introduction

Jaguar produces a video output using eight digital bits each for red, green and blue. This alows each output to
have two hundred and fifty-six intensity levels, and is enough to allow smooth shading from one colour to
another. This twenty-four bit scheme is known as true-colour.

Jaguar can produce a display based on true colour pixels stored in memory in long words, with eight bits
unused, and thisis known as true colour mode. However, these thirty-two bit pixels are large and so consume a
lot of memory; and they aso consume alot of memory bandwidth to fetch from RAM for display.

True-colour mode is therefore unattractive for genera use, as most images do not need its range of colours,
and it is desirable to avoid the detrimental effects it has on performance. True colour mode is therefore a
specia case, and when it is used only true-colour images may be displayed.

In normal operation, the Jaguar display system is based on sixteen-bit pixels. Images in memory may be stored
either as sixteen bit pixels, or as one, two, four or eight bit logical colours. These logical colours are used as
indices into a Palette or Colour-Look-Up-Table (CLUT), which contains their corresponding sixteen-bit
physica colours.

Sixteen-bit pixels may be stored as six bits of green, and five bits each for red and blue, but this no longer
allows smooth shading. There is therefore an additional scheme, known as the CRY scheme (cyan, red and
intensity, see below) which till alows smooth intensity shading. This CRY scheme is now discussed in greater
detall.

The CRY Colour Scheme

Gouraud Shading Requirements

The CRY scheme was derived principally to meet the requirements of Gouraud Shading. Thisis atechnique
that models the appearance of alit curved surface from a set of polygons. The problem the technique helps to
overcomeisthat if the intensity due to alight source is calculated for each polygon and the polygon is painted in
that colour, then the polygons that make up that surface are each clearly visible.

The technique of Gouraud shading helps avoid this by calculating the intensity at each vertex, and then linearly
interpolating along each polygon edge, and hence along each scan line that makes up the display. If only white
light sources are considered, then the only variation is one of luminous intensity, and not one of colour. It is
therefore attractive to have a colour scheme that contains an intensity vector, as the Gouraud shading
calculations have then only to be performed for one value, rather than the three values that would have to be
calculated in atrue colour scheme.

Asthere is general agreement that eight bitsis enough to give smooth intensity shading (and it is around
number), it was therefore necessary to come up with a scheme that alowed the colour to be expressed in eight
bits.
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Colour Space

The colour space to be modelled may be considered as the RGB WHITE

cube shown, where the lowest vertex represents black, and the

highest white. The three edges running out from black are the

three orthogonal vectors red, green and blue. The sum of these CYAN YELLOW
three vectors can describe any point in the cube. The three lower

vertices therefore represent fully saturated red, green and blue,

and the three higher ones yellow, cyan and magenta.

This colour space model is only one of many ways of considering ~ BLUE RED
what the human brain 'sees, but it has the advantage of modelling

the display system used by colour monitors, and of being

mathematically smple. BLACK

Physical requirements

The intensity vector can be considered as that component of the sum of the red, green and blue vectors that lies
along the diagonal of the RGB cube from black to white. This is not the ‘true’ intensity, which is aweighted sum
of red, green, and blue; but it bears alinear relationship to it when the colour is not changed.

It is necessary to come up with a scheme to encode the colour value in the remaining eight bits of the pixel.
The following requirements were made on this scheme:

1 All two hundred and fifty-six values should represent valid, and different, colours.
2. The colours should be well spread out across the colour space.

3. Colours should be able to be mixed by linearly averaging their colour values.

4. An intensity value of zero must be black.

As the remaining colour space without intensity is two-dimensiond, two vectors are required to represent a
pointinit. An r, theta scheme was discarded as it would not meet requirement two, and so a scheme based on
two X, y vectors was chosen.

To meet requirement one, the two vectors must describe a point on a square area. As no existing colour space
model is square when viewed along the intendity axis, it was necessary to come up with a new one.

The approach chosen, after considerable experimentation, was to take the view along the intensity axis of the
RGB cube, which is a hexagon, and distort it into a square. This does not quite meet requirement 3, but is close
toit.
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CRY Colour Scheme

The colour mapping scheme chosen is based on defining 256 points on the upper surface of the RGB cube.

In the figure shown, the hexagon GREEN
corresponds to a view looking down onto CYAN GREEN VELLOW
the RGB cube. This hexagon is distorted
onto a square, whose X and Y co-ordinates
are four-hit values. This defines 256 colour

YELLOW

levels. The choice of green as the primary WHITE
colour that lies on the middle of one face
was made after observing the effects of RED l Y
the three possible mappings, and X
BLUE

RED

corresponds with the expected result, as
the human eye is least able to digtinguish
shades of green.

MAGENTA

MAGENTA

Note that in each of the three areas defined on the hexagon and square, one of red, green or blueis at full
intensity, and the others vary. At the centre (white) they are dl at full intensity. The intensity scale for any
given colour lies dong the line between black, and the point on the top surface of the cube defined in the colour
table.

Colours may be averaged by taking the average of their eight-bit intensity value, and each of the four-bit X and
Y components of the colour value. Thiswill not produce exactly the same colour as the point midway between
them in the RGB cube, but will be closeto it.

Thisisasummary of the pros and cons of the CRY scheme:
Advantages of CRY

Smooth intensity shading from 16-bit pixels
Better matched to the capabilities of the human eye than 5:6:5 bit RGB schemes
Suitable for efficient Gouraud shading

Disadvantages

Steps are visible in smooth changes of saturation or hue
Trandation from RGB to CRY is not straightforward
Non-standard

RGB to CRY Conversion

The best technique is to calculate the intensity value, which is the largest of red, green and blue; and from this
the ideal ROM entry for that colour, by scaling the RGB vaues by 255 / intensity. This can then be matched to
the actual ROM tables to find the nearest match. A quick way of doing thisis by alookup table. It is not
necessary for thisto have 224 entries, it turns out that taking the top 5 bits of each of the red, green and blue
values (rounding where appropriate) and using a 32768 element lookup table is adequate.
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Physical Implementation

The eight-bit colour value is used to index alook-up table of modifier values for each of red green and blue;
which is multiplied by the intensity value to give the output level for each drive to the display. The look-up tables
are:

RED 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
34 34 34 34 34 34 34 34 34 34 34 34 34 34 19

68 68 68 68 68 68 68 68 68 68 68 68 64 43 21

102 102 102 102 102 102 102 102 102 102 102 95 71 47 23

135 135 135 135 135 135 135 135 135 135 130 104 78 52 26

169 169 169 169 169 169 169 169 169 170 141 113 85 56 28

203 203 203 203 203 203 203 203 203 183 153 122 91 61 30

237 237 237 237 237 237 237 237 230 197 164 131 98 65 32

255 255 255 255 255 255 255 255 247 214 181 148 115 82 49 17

255 255 255 255 255 255 255 255 255 235 204 173 143 112 81 51

255 255 255 255 255 255 255 255 255 255 227 198 170 141 113 85

255 255 255 255 255 255 255 255 255 255 249 223 197 171 145 119

255 255 255 255 255 255 255 255 255 255 255 248 224 200 177 153

255 255 255 255 255 255 255 255 255 255 255 255 252 230 208 187

255 255 255 255 255 255 255 255 255 255 255 255 255 255 240 221

255 255 255 255 255 255 255 255 255 255 255 255 255 255 255
17 34 51 68 85 102 119 136 153 170 187 204 221 238 255
19 38 57 77 96 115 134 154 173 192 211 231 250 255 255
21 43 64 86 107 129 150 172 193 215 236 255 255 255 255
23 47 71 95 119 142 166 190 214 238 255 255 255 255 255
26 52 78 104 130 156 182 208 234 255 255 255 255 255 255
28 56 85 113 141 170 198 226 255 255 255 255 255 255 255
30 61 91 122 153 183 214 244 255 255 255 255 255 255 255
32 65 98 131 164 197 230 255 255 255 255 255 255 255 255
32 65 98 131 164 197 230 255 255 255 255 255 255 255 255
30 61 91 122 153 183 214 244 255 255 255 255 255 255 255
28 56 85 113 141 170 198 226 255 255 255 255 255 255 255
26 52 78 104 130 156 182 208 234 255 255 255 255 255 255
23 47 71 95 119 142 166 190 214 238 255 255 255 255 255
21 43 64 86 107 129 150 172 193 215 236 255 255 255 255
19 38 57 77 96 115 134 154 173 192 211 231 250 255 255
17 34 51 68 85 102 119 136 153 170 187 204 221 238 255
BLUE 255 255 255 255 255 255 255 255 255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255 255 255 255 255 255 255 240 221

255 255 255 255 255 255 255 255 255 255 255 255 252 230 208 187

255 255 255 255 255 255 255 255 255 255 255 248 224 200 177 153

255 255 255 255 255 255 255 255 255 255 249 223 197 171 145 119

255 255 255 255 255 255 255 255 255 255 227 198 170 141 113 85

255 255 255 255 255 255 255 255 255 235 204 173 143 112 81 51

255 255 255 255 255 255 255 255 247 214 181 148 115 82 49 17

237 237 237 237 237 237 237 237 230 197 164 131 98 65 32 0

203 203 203 203 203 203 203 203 203 183 153 122 91 61 30

169 169 169 169 169 169 169 169 169 170 141 113 85 56 28

135 135 135 135 135 135 135 135 135 135 130 104 78 52 26

102 102 102 102 102 102 102 102 102 102 102 95 71 47 23

68 68 68 68 68 68 68 68 68 68 68 68 64 43 21

34 34 34 34 34 34 34 34 34 34 34 34 34 34 19

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[cNeoNeoNeoNolNoelNo)

o

N
(631
(631

GREEN

cNeoNeoNeoNoloNoNoNoNoNolNololNolNo)

o

[cNeoNeoNeoNolNoNo)
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Graphics Processor Subsystem

The Graphics Subsystem of Jaguar is a self-contained processing unit, whose view of the externa system
processor and memory are controlled by a separate memory controller, which is not part the graphics system.

The graphics subsystem transfers data to or from external memory by becoming the master of the co-
processor bus. This bus has a 64-hit (phrase) data path, and a 24-bit address, with byte resolution. This bus has
multiple masters, and ownership of it is gained by a bus request/acknowledge system, which is prioritised, i.e.
ownership can be lost during a request (but not during a memory cycle). The graphics subsystem actually
contains two bus masters, the Graphics Processor and the Blitter.

The graphics subsystem also acts as a dave on the 10 bus. This bus normally has a 16-bit data path, and allows
externa processors to access memory and registers within the graphics subsystem. As the data path within the
graphics subsystem is 32-hit, al reads and writes must be in pairs.

The memory within the Graphics Subsystem appears to be part of the general machine address space, both to
the GPU and Blitter, and to external processors. The advantage to the GPU of having local memory is both that
it isfaster, and that it does not require ownership of the system bus to be accessed.

This diagram shows the architecture and data paths of the graphics subsystem:

16/32-bit data |O Bus
Bus Slave Transfers CPU access to GPU

GPU Bus Controller
Instruction
Execution Local RAM
Unit 1K x 32
32-bit data Local BUS
Duad-port 32-bit Blitter
Regigter File Registers
|

ALU Block Blitter Bus Master

GPU Gateway

to man bus

64-bit data Coprocessor bus
Bus Master Transfers
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The Graphics sub-system address space contains the following locations:

Memory Map

FO2100 | GPU_FLAGS
FO2104 | GPU_MTXC
FO2108  GPU_MTXA
FO210C  GPU_BIGEND
FO2110  GPU_PC
FO2114  GPU_CTRL
FO2118  GPU_HIDATA
FO211C  GPU_REMAIN
F02200  BLIT_A1BASE
F02204  BLIT_A1FLAGS
F02208  BLIT_A1WIN
FO220C  BLIT_A1PTR
F02210  BLIT_A1STEP
FO2214  BLIT_A1STEPF
F02218 | BLIT_A1FRAC
F0221C | BLIT_A1INC
F02220  BLIT_A1INCF
FO2224  BLIT_A2BASE
F02228  BLIT_A2FLAGS
F0222C  BLIT_A2MASK
F02230  BLIT_A2PTR
F02234  BLIT_A2STEP
F02238 | BLIT_CMD
F0223C | BLIT_COUNT
F02240  BLIT_SRCD
F02248  BLIT_DSTD
F02250  BLIT_DSTZ
F02258  BLIT_SRCZ1
F02260  BLIT_SRCZ2
F02268  BLIT_PATD
F02270  BLIT_IINC
F02274  BLIT_ZINC
F02278  BLIT_STOP
F0227C  BLIT_IO
F02280  BLIT_I1
F02284  BLIT_I2
F02288  BLIT_I3
F0228C  BLIT_Z0
F02290  BLIT_Z1
F02294  BLIT Z2
F02298  BLIT_Z3
FO3000  GPU_RAMBASE

RW

RW
RW

£z 7

ééééégéég

Eééééééééééééééééééég

2

GPU flags

GPU matrix control

GPU matrix address

GPU big/ little endian control
GPU program counter

GPU operation control / status
GPU bus interface high data
GPU divison remainder
Blitter A1 base

Blitter Al flags

Blitter A1 window size
Blitter A1 pointer

Blitter Al step

Blitter A1 step fraction
Blitter A1 pointer fraction
Blitter A1 pointer increment
Blitter A1 pointer increment fraction
Blitter A2 base

Blitter A2 flags

Blitter A2 mask

Blitter A2 pointer

Blitter A2 step

Blitter command

Blitter loop counters

Blitter source data

Blitter destination data
Blitter destination Z data
Blitter source Z data 1
Blitter source Z data 2
Blitter pattern data

Blitter intensity increment
Blitter Z increment

Blitter collison stop control
Blitter intensity register O
Blitter intendity register 1
Blitter intensity register 2
Blitter intensity register 3
Blitter Z register O

Blitter Z register 1

Blitter Z register 2

Blitter Z register 3

Loca RAM base
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These locations may be accessed by all processors except the GPU for read or write as appropriate at the
above addresses, where they appear to the system as 16-bit memory. Asthey are al actudly 32-bits, transfers
should aways be performed in pairs, in the order low address then high address.

In addition, for high-speed write operations by 32-hit or 64-bit bus masters (especially for blit transfers), they
may be written to as 32-bit locations at an offset of plus 8000 hex from the addresses above. They are not
readable at these addresses.

The GPU addresses them all directly as 32-hit locations in 32-bit internal memory, and they are not accessible
to the GPU at the plus 8000 hex offset.
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Graphics Processor

This section describes the Jaguar Graphics Processor (GPU).

What is the Graphics Processor?

The Graphics Processor (called here the GPU - Graphics Processor Unit) is asimple, very fast, micro-
processor. It isintended for performing the functions associated with generating graphics, such as three-
dimensiona moddlling, shading, fast animation, and unpacking compressed images.

The graphics processor corresponds to the accepted notion of a RISC Processor (Reduced Instruction Set
Computer). This means that:

most instructions execute in one tick

al computational ingtructions involve registers

memory transfers are performed by load/store instructions
instructions are of a simple fixed format, with few addressing modes
thereis awedlth of registers, and local high-speed memory

It has several features to give high computational powers, including:

highly pipe-lined architecture

one ingtruction per tick peak throughput

internal program and data RAM

register score-boarding

sxty-four thirty-two bit registers

ALU includes barrd shifter and pardld multiplier

systolic matrix multiplication

fast hardware divide unit

high-speed interrupt response, including video object interrupts
close coupling with the Blitter

Programming the Graphics Processor

The GPU is programmed in the same way as any other micro-processor. It has afull instruction set with a
broad range of arithmetic instructions, including add, subtract, multiply and divide; Boolean instructions, and bit-
wise ingtructions. It has a range of instructions for loading and storing values in memory, with either register
indirect, register indirect plus register offset, or register indirect plus immediate offset addressing modes. It has
jump relative and absolute instructions, both of which may be made dependant on combinations of the zero,
carry and negative flags. There are dso some more specidist instructions suited to computing matrix multiplies,
and some useful aids to floating-point calculations.

The GPU isafull 32-bit processor in that dl interna data paths are 32-bits wide, and dl arithmetic instructions
(except multiply) perform 32-bit computations. The instructions are 16-bits wide.

The GPU has sixty-four internal 32-bit general purpose registers, of which thirty-two are visible at one time. It
aso has 1K of loca high-speed 32-bit RAM, which is where its instructions and working data are normally
stored. It also has access to external memory via the 64-bit co-processor bus, and can perform byte, word,
long-word and phrase data transfers on this bus. It can aso execute its instructions from external RAM.
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Design Philosophy

The GPU is a RISC processor, normally executing one instruction per tick, and therefore capable of very high
instruction throughput. The RISC versus CISC debate is a complex one, and will not be discussed here. The
RISC approach was chosen for the GPU principally because it occupies less silicon.

The RISC approach leads to a processor design without micro-code, effectively the instruction set is the micro-
code, and most instructions execute in one tick. The advantage is that instructions are executed quicker, but the
disadvantage is that some operations require more instructions to execute.

The GPU is aso intended to perform rapid floating-point arithmetic. It has no floating-point instructions as such,
but has some specific smple ingtructions that alow alimited precision floating-point library to be capable of in
excess of 1 MegaFl op.

The GPU is intended to be programmed in assembly language, and not in a compiled language, asthe tasksit is
intended to perform are simple repetitive operations, best written in assembly language.

Pipe-Lining

The GPU design makes extensive use of pipe-lining to improve its throughput. This means that athough the
GPU can achieve a pesk rate of one instruction per tick, each instruction is actually executed over severa
ticks, but only spends one tick at each pipe-line stage. It isimportant to understand this as it does have some
significant consequences on GPU behaviour.

For atypica ingtruction, such as ADD, the pipe-line stages are:
1 decode instruction
2 read operands from registers
3 add operands
4 write result back to register

In addition to these stages, a pre-fetch unit attempts to maintain a small queue of unexecuted instructions, to
keep the instruction execution unit busy.
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Register Score-Boarding

The main side effect of the pipe-lined nature of GPU operation is the interaction of instructions at different
stages of the pipe-line. They may affect the same operand, or the same piece of the hardware, and so a
conflict can potentialy arise.

1 - Read Operands RAM

2 - Compute Result \ AT_,U /

3 - Write back Resullt RAM |,
— |

For instance, if the instruction after an ADD was a second ADD of another value to the same register; then if
the two ingtructions were just to follow each other through the pipe-line, then the second ADD would use the
old value (the value from before the first ADD). Fortunately, the GPU hardware detects this erroneous
condition and suspends execution until the correct value is ready. Clock cycles that occur during these hold-ups
arereferred to as wait states.

The figure shows the data flow associated with the operands of an arithmetic instruction. The thick lines
correspond to a pipe-line stage, so that when an instruction is at the Read Operands stage, the previous
ingruction is a the Compute Result stage, and the one before that at the Write Back Result stage.

Two problems arise from this architecture:

1 The RAM used within the GPU for its registers has only two data ports, so if the instruction at stage
three has to write back to a different register from the two registers being read by the instruction at
stage one, then a clash occurs.

2. The ingtruction at stage one of the pipe-line may need to read a value being computed by the instruction
at stage two, but this value will not be available until the instruction at stage two reaches stage three.

The GPU operates what is known as a score-board to help the programmer avoid a whole class of these
problems. This tags registers that will alter once some operation has been completed, and will force program
flow to wait if an instruction reads a tagged register. This mechanism aso appliesto the flags, and will wait if:

- an instruction would read a register that is still in the process of being computed by the ALU.

- an instruction would perform a conditiona jump, or add or subtract with carry, before the flags have
been set as the result of some arithmetic operation.

- an instruction would read aregister that is being read from internal memory.

- an instruction would read aregister that is the target of a divide operation - as the divide unit is
relatively dow, this can cause a significant delay.
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- an ingtruction would read from aregister that is waiting to be loaded from dow external memory
(which takes a variable amount of time).

WARNING - No score-board protection applies to writes. Therefore, if two instructions both write to the same
register and the first one completes after the second, the data will be written out of sequence. If they both write
at the same time, then the results are unpredictable. This only appplies where the second instruction does not
read the register.

Register Write-Back
The score-board unit aso controls the writing back of computed values. The registers are a bank of dual-port
RAM, s0 it is not possible to read two register values simultaneoudly while writing to a third.

If the register to be written back to is being read by the instruction currently at stage 1 of the pipe-line, or if one
of the operands of that instruction does not involve aregister read, then the write-back will be concealed.
Otherwise, the instruction will be held up one cycle while the computed value is written back.

The score-board unit controls al operations that involve writing to registers, and will aso generate await state
if the instruction that would have executed reads two registers, neither of which is the target of the write.
Write-back data sources are:

- the result of an ALU computation

- the result of a divide operation (this occursin paralel with the ALU)

- the data from an internal load operation

- the data from an external load operation

If two of these are to be written back simultaneously, execution is dways held up for atick.

One technique that can be used to help avoid wait states from the score-board unit isto interleave two sets of
caculations, i.e. ensure that consecutive instructions do not use the same registers, but that instructions two
apart generaly do.

See the warning above about write clashes.

Jump Instructions

Pipe-lining also affects the execution of jump instructions. The transfer of control does not occur until the
ingtruction after the jump instruction has been executed. This can be confusing, but helpsto increase the overall
ingtruction throughput. The safest technique is to follow al jump instructions with a NOP (null operation), but it
is quite reasonable to place amost any other instruction here - but see the notes below on program control flow.

Memory Interface

The Graphics Processor is intended to operate in paralel with the other processing elements in the Jaguar
system. In order to do this, awell-behaved GPU program should only make occasional use of the main memory
bus. The GPU therefore has four Kilobytes of local memory, organised as 1K locations of thirty-two bits.

This memory isintended to be used for both program and data. It can be cycled at the graphics processor clock
rate, and so is extremely fast. It may be viewed as a simple cache RAM, with software cache control - this
technique is known as visible caching. When the graphics processor is executing code out of internal RAM,
program fetch cycles will occupy less than half the RAM bandwidth.
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To load up a program into the RAM within the GPU, the best technique is to use the blitter. Set it to blit
phrases, and use the 32-bit GPU address range (see below).

To the GPU programmer the local RAM, local hardware registers, and external memory all appear in the same
address space. The GPU memory controller determines whether a transfer isloca or external, and generates
the appropriate cycle. The only difference to the programmer is that only 32-bit transfers are possible within the
GPU local address space, whereas 8, 16, 32 or 64-hit transfers are permitted externaly.

Theloca RAM dits on an internal GPU 32-bit bus. Also present on this bus are various GPU control registers,
and the Blitter control registers. When a GPU transfer occurs outside the local address space, a gateway
connects the local bus to the main bus. If asixty-four bit transfer is requested, a special register is used for the
other haf of the data

The address space is organised as follows:

FO2000 - FO21FF graphics processor control registers
F02200 - FO22FF Blitter registers

F02300 - FO2FFF reserved

FO3000 - FO3FFF local RAM

FO4000 - FOFFFF reserved
This local address space is also available to external devices viathe 1/0O mechanism.

The GPU local bus can therefore perform transfers for three quite separate mechanisms. These are, in
decreasing order of priority:

- CPU 1/0 access
- Operand data transfer
- Instruction fetch

External View of GPU Space

The GPU internal address space is accessible by any other Jaguar bus master, i.e. the CPU, the Blitter and the
DSP can al access GPU internal space. Thisis part of the Jaguar 1/O space within Tom. Thisis normally
viewed as 16-bit read/write memory, but by adding 8000 hex to the addresses it is dso available as 32-hit write
only memory, which is faster to access for a bus master which can perform 32-bit transfers. Specificdly, this
alows the blitter to copy datainto the GPU space more rapidly than it would using the 16-bit space - for
maximum transfer speed use the blitter in phrase mode, writing to the 32-bit address range.

The GPU and Data Ordering Conventions

The GPU can operate in both a big-endian and little-endian environment, and as long as the memory interface is
programmed to the correct endian mode, and the transfer requested is the width of the operand required, then
this operation is largely invisible to the programmer.

The GPU instruction execution order may be little-endian or big-endian - with the exception that move
immediate datais inherently little endian, i.e. it word ordering is least significant word then most significant
word.

Load and Store Operations

The GPU has a set of load and store instructions, each of which take two register operands. One register is
used to provide the address, the other is either read to supply data to be stored or is written with load data.
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Load and stores may be performed at byte, word, long-word and phrase width. Bytes and words are aligned
with bit 0, and when loaded the rest of the register is set to zero. When phrases are read or written, aregister
within the GPU local address space should already contain the other long-word for store operations, or is
loaded with the other long-word for load operations. Performing phrase loads and stores is the fastest way of
transferring blocks.

Load and store operations may aso be performed using one of two simple indexed addressing schemes. These
are both based on using either R14 or R15 as a base register, with either afive bit unsigned offset (in long
words) encoded into one of the register fields or another register containing the offset. Thereisatwo tick
overhead involved in using these instructions, as the address has to computed.

In local memory, only long-word reads and writes are per mitted.

Load and store operations will normally complete in one tick, or two ticks for indexed addresses. The transfer
may not be complete at this point, and if another load or store operation occurs before the previous one has
completed it will be held up. Load data is written under the control of the score-board unit, which is described
elsewhere.

The gateway between the GPU local bus and the external co-processor bus contains a control block for
generating externa memory transfers. When this block isidle, load and store operations complete as quickly as
they would in local memory. For load operations, the data is not loaded into the target register, however, until
the external transfer has taken place. The score-board mechanism prevents use of this data before it has been
loaded, but other computation may take place. If there is another load or store instruction in the program before
the gateway has completed its transfer, then it will be held up until the gateway isidle.

Operand data transfers may occur at two bus priorities in external memory, either at the normal GPU priority,
or a the higher DMA priority level. Thisis controlled by the DMAEN flag. This does not affect program reads,
which are dways at GPU priority. Bus priority is discussed elsawhere. This priority control bit must not be
changed while an external memory cycle is active. Note that these occur in the background, so be very careful
about changing this flag dynamically, and do not modify it in an interrupt service routine.

Note that it is quite safe to use the same register as both operands of aload (or store) operation. These
operations are quite legd:

load (r1),r1 ; over-wite rl with data after using it as address
load (r14+2),rl14 ; simlarly, this is perfectly safe
store r2,(r2) ; as is this, though | ess useful

Arithmetic Functions

The GPU contains a powerful ALU section, which as well as the norma arithmetic and Boolean functions, dl
with 32-bit word size, contains a 16 by 16 fast pardlel multiplier, and a 32-bit barrel shifter, both of which
perform their respective functions in one tick.

The GPU aso contains a divide unit. This performs serid divison at the rate of two bits per tick, on 32-hit
unsigned operands, producing a 32-bit quotient. The operation of this runsin parale with norma GPU
operation.

The ALU hasthe following set of flags:

z zero set appropriately by al arithmetic operations, normally being set if the result of the
operation was zero.
N negative set appropriately by dl arithmetic operations, normally being set if the result of the

operation was negative (bit 31 is a one).
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C carry set according to carry or borrow out of all add and subtract operations; set with the
bit that is shifted out of shift and rotate operations for shift by one; left undefined by
other arithmetic operations.

Interrupts

The GPU can be interrupted by five sources. Interrupts force a call to an addressin local RAM, given by
sixteen times the interrupt number (in bytes), from the base of RAM. It is the responsibility of the programmer
to preserve the registers and flags of the underlying code. Primary register 31 is the interrupt stack pointer.
Primary register 30 is corrupted when instruction flow is transferred to the interrupt service routine. Neither
register should be used for any other purpose when interrupts are enabled.

Interrupts are allocated as follows:

Blitter

Object Processor

Timing generator

DSP interrupt, the interrupt output from Jerry
CPU interrupt

OFrRLrNWAHA

The flags register contains individual interrupt enables for each of these sources, as well as a master interrupt
mask for all interrupts. When the master interrupt mask is set, the primary register bank is selected (see
below).

When an interrupt occurs, the master interrupt mask bit is set. The individual enables are not affected, but no
other interrupts will be serviced until the mask bit is cleared. The interrupt service routine should normally clear
the master interrupt mask, and the appropriate interrupt latch, and enable higher priority interrupts immediately.

The value pushed onto the R31 stack is the address of the last instruction to be executed before the interrupt
occurred. The interrupt service routine should therefore add two to this value before using it to return from the
interrupt.

The interrupt latches may be read in the status port, and are cleared by writing a one to their clear bits, writing
a zero leaves them unchanged.

The cause of the interrupt may be determined by the location jumped to, but not from the flags register, as more
than one interrupt latch bit may be set.

There is a certain degree of interrupt prioritization, in that if two interrupts arrive within a few ticks of each
other, the higher numbered will be serviced first. Beyond this, interrupt prioritization is under software control,
as described above.

The only operations that are atomic are single ingtructions, or certain instruction combinations (see below).
Interrupts may be disabled by clearing all the enable bits. It is therefore not practical for the interrupt stack to
be shared with the underlying code, unless all interrupts are masked across stack operations.

An example interrupt service routine, which does no more than clear the interrupt, is shown below. The
interrupt source was interrupt 2.

int_serv:
movei GPU_FLAGS, r 30 ; point R30 at flags register
load (r30),r29 ; get flags
bclr 3,r29 ; clear |1 MASK
bset 11,r29 ; and interrupt 2 latch
load (r31),r28 ; get last instruction address
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addg 2,r28 ; point at next to be executed
addg 4,r31 ; updating the stack pointer
junp (r28) ; and return

store r29, (r30) ; restore flags

Similar interrupt service routines can handle al the interrupts. Note the following points about this code:

- Registers R28 and R29 may not be used by the under-lying code as they are corrupted, in addition to
R30 and R31 which are always for interrupts only.

- Interrupts are re-enabled on the instruction after the jump. If they were enabled any sooner then no
other interrupt service routine would be able to use R28 and R29, as they could potentially corrupt them
before this service routine had completed,

If the interrupt source was the Object Processor, then the interrupt service routine should read the Object Code
registers, if required, and then re-start the Object Processor by writing to the Object Processor Flag register, as
quickly as possible.

Atomic Operations

It is necessary for certain operations to be atomic, i.e. interrupts may not occur during these operations. Three
GPU instruction types temporarily lock out interrupts while they complete their operation. These are;

- Immediate data moves, using the MOV EI instruction. Interrupts are locked out while the two words of
immediate data are fetched.

- Matrix multiply operations, using the MMULT instruction. Interrupts are locked out until the operation
has completed.

- Multiply and accumulate operations, using the IMULTN and IMACN instructions. The result register is
not preserved by interrupts, and therefore any multiply/accumulate operation must consist of a
sequence of IMULTN and IMACN ingtructions followed by a RESMAC instruction, with no
intervening instructions. The IMULTN and IMACN instructions are aways atomic with the
succeeding instruction. See the section below on multiply / accumulate instructions.

- Jump ingtructions are aways atomic with the instruction which succeeds them.

Program Control Flow

Program control normally runs upwards through memory executing instructions sequentialy. The GPU can adso
transfer program flow by performing jump instructions.

Two types of jump are supported, relative and absolute. Jump relative takes a signed five-bit offset, which is
treated as an offset in words, and added to the program counter. Jump absolute transfers the contents of a
register into the program counter.

Both types of jump may be conditional on the contents of the ALU flags. If the appropriate condition is not met,
then the jump instruction isignored and program flow continues with the next instruction after the jump.

Theinstruction after ajump is always executed. Thisis a sSde-effect of the pre-fetch queue. Programmers
may choose either to place a NOP after every jump instruction, or may take advantage of this to place a useful
instruction after the jump which will be executed whichever branch is followed.

The program counter may also be copied into aregister.
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The GPU can cease operation by clearing the GPUGO bit in the GPU control register (described below). It
may then only be restarted by an external write to this register, or by areset. Only the GPU can clear this hit,
although any processor can set it (but the CPU can clear it when in single-stepping mode).

Single Step Operation

Asan aid to the debugging of GPU programs, the GPU can be set to single step through programs, pausing
between ingtructions until restarted. This operation is controlled by and externa CPU as follows:

1- Set up the program counter, then set the GPUGO and SINGLE_STEP control bitsin the control
register.

2- Poll for the SINGLE_STORP flag in the status register - at this point the first instruction has been
executed.

3 Set the SINGLE_GO hit in the control register (keeping GPUGO and SINGLE_STEP set).

4- Poll for the SINGLE_STOP flag being set (this is the read version of the SINGLE_STEP flag), which
indicates that the next instruction has been executed.

5 Repeat from step 3.

If the GPU regigter file isto be read from or written to, then single-stepping will have to be suspended and an
appropriate transfer routine run, which will require that the GPUGO bit must be cleared first and the program
counter modified. Unfortunately, clearing the GPUGO bit has the effect of atering the value in the program
counter, as the pre-fetch queue is discarded. Therefore, after step 4 above, the following operations should be
performed:

- read the program counter value

- clear the GPUGO control bit

- read or write to the register file as required
- add two to the program counter value read
- restart from step 1 above

It is necessary to add two to the program counter, as the value read reflects the last instruction executed (or
last word of immediate data if it was MOVELI).

lllegal Instruction Combinations

Do not place aMOVEI ingtruction after ajump, as the jump will take effect before the datais fetched,
and so will change where the immediate data is fetched from.

Do not place two jump instructions sequentialy, the results are not predictable, and may not be relied
on.

Do not place aMOVE PC to register instruction immediately after a jump absolute or jump relative
instruction, the value read can not be relied upon.

Do not follow an IMACN or IMULTN instruction by anything other than another than another
IMACN instruction or aRESMAC instruction (see below).

Do not precede an MMULT ingtruction by a LOAD or STORE instruction.

Conditional Jumps

Conditiona jumps encode from afive bit flag field. Thisis:
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Bit Condition

zexo flag must be clear for jump to occur

zero flag must be set for jump to occur

flag selected by bit 4 must be clear for jump to occur
flag selected by bit 4 must be set for jJump to occur
if set select negative flag, if clear select carry.

A WINPFP O

This gives useful jumps as follows (other codes are either jump always or jJump never, and are reserved for
future modifications)

00000 O Jump aways

00001 1 NZ Jump if zero flag is clear

00010 2 Z Jump if zero flag is set

00100 4 NC Jump if carry flag is clear

00101 5 NC Nz Jump if carry flag is clear and zero flag is clear
00110 6 NCZ Jump if carry flag is clear and zero flag is set
01000 8 C Jump if carry flagis set

01001 9 CNz Jump if carry flag is set and zero flag is clear
01010 A Cz Jump if carry flag is set and zero flag is set
10100 14 NN Jump if negative flag is clear

10101 15 NN Nz Jump if negative flag is clear and zero flag is clear
10110 16 NN Z Jump if negative flag is clear and zero flag is set
11000 18 N Jump if negative flag is set

11001 19 N Nz Jump if negative flag is set and zero flag is clear
11010 1A N Z Jump if negative flag is set and zero flag is set
11111 1F Jump never

Multiply and Accumulate Instructions

The GPU supports multiply and accumulate (MAC) operations. These involve multiplying two values together,
and adding their product to the sum of the products of some previous multiply operations. These are typically
used for matrix multiply and digitd filtering type applications.

Due to the pipe-lined nature of the design, the multiply and its associated add do not take place in the same
cycle. MAC instructions are not therefore like other instructions, in that a specia instruction is needed to write
back their result.

Take as an example multiplying R8 times R9, R10 times R11, R12 time R13, and placing the sum of their
productsin R2. All values are signed. The instructions are as follows:

imultn r8,r9 ; conpute the first product, into the result
i macn r1o,r11 ; second product, added to first

i macn r12,r13 ; third product, accunulated in result
resmac r2 ; sum of products is witten to r2

MAC instructions may only be followed by further MAC instructions or by the RESMAC instruction. No other
combinations are permitted.
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Systolic Matrix Multiplies

The GPU contains a mechanism for performing integer matrix multiplies at a burst rate of the maximum
obtainable from the hardware multiplier, which is one multiply per tick. Thisis generaly useful, but has been
designed in particular for the matrix multiplies required by the Discrete Cosine Transform agorithm. One
technique for this involves performing two 8x8 integer matrix multiplies in succession on a matrix, using the
same fixed coefficients, but rotated for the second multiply.

The GPU therefore hasa MMULT instruction, which initiates a sequence of between three and fifteen multiply
/ accumulate instructions, as described above, corresponding to one product term of the result matrix. One of
the source matricesis held in the secondary register bank, the other in local RAM. The matrix held in registers
is packed, i.e. two elements per register. Thisalows al of an eight-by-eight matrix to be stored in the
secondary register bank, and is the raison d'étre of the second bank..

A matrix multiply isinitiated by the MMULT instruction. This takes as its source parameter the register, which
isawaysin the secondary register bank, containing the first two elements of the matrix row. Its destination
parameter is the register, in the currently selected register bank, in which to write the result.

The matrix held in RAM may be accessed in either increasing row or increasing column order, in other words
the data for each successive multiply operation are either one location or the matrix width apart.

Like interrupts, the systolic operation is performed by forcing internally generated instructions into the
instruction stream. The first instruction is IMULTN, the middle ones IMACN, and the last RESMAC. These
have their operands modified in the manner described above.

The MMULT instruction should not be preceded by a LOAD or STORE instruction.

Divide Unit

The divide unit performs unsigned division, taking as operands 32-hit divisor and dividend, giving a 32-bit
quotient and a 32-bit remainder. The quotient is the result of the divide instruction, and replaces the dividend in
the destination register. Divides are performed at the rate of two bits per tick, so that the complete divide
operation completes in sixteen ticks. The divide instruction has no effect on the flags.

If another instruction attempts to read the quotient or start another divide operation while the divide unit is
active, then wait states will be inserted until the divide unit has completed.

The remainder register may be read after the divide has completed, this value in this register may either be
positive, in which case it contains the actua remainder, or negative, in which case it contains the remainder
minus the divisor.

Divides may aso be performed on unsigned 16.16 hit values, by setting the offset control flag in the divide
control register. The quotient is then also an unsigned 16.16 bit value.

Register File

The GPU contains aregister file of sixty-four thirty-two bit registers. All of them may be used as genera
purpose registers, athough some are also assigned specia functions.

All ingtructions contain two five-hit register operand fields, athough they are not always used as such. Where
an instruction references a register, this five-bit field is turned into the register address. There are two banks of
these 32-hit registers, primary and secondary. The primary register bank, bank 0, is aways used for interrupt
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service. Thisisforced by the IMASK bit, when it is set selection of bank O isforced. If IMASK isclear
REGPAGE is obeyed.

Bank sdlect bits are provided in the flags register, and specid MOVE ingtructions allow data to be moved
between banks.

External CPU Access

The GPU internal address space is accessible to an external bus master at any time - external access having
the highest priority on the GPU loca bus. This means that the Blitter may be used to load data into the local
RAM.

The local address space is accessible for read or write at the addresses given elsewhere in this document, and
these locations are presented as sixteen bit memory, which must aways be accessed as long words in the order
low address then high address.

To alow faster transfers into the GPU space, al the registers are also available as thirty-two bit memory, a an
offset of 8000 hex from their normal addresses. At this address, the internal memory is write only.

If the Blitter is being used to write into the GPU space, then phrase wide transfers may be performed, as the
bus control mechanism will automatically divide these up to suit the width of the memory being addressed.

Pack and Unpack

The pack and unpack instructions provide a means for averaging up to 32 CRY pixels. The unpack operation
leaves the intengity value unchanged, shifts the lower colour nibble up 5 bits, and the higher colour nibble up 10
bits. The pack operation reversesthis:

Register containing packed pixel

unpack
pack

Colour field 1 Colour field 2 Intensity field

Register containing unpacked pixel

There are five unused bits above each field in an unpacked pixel, alowing up to 32 unpacked pixels to be added
together. If a power of two unpacked pixel values are added, then a shift can be used to re-adign them prior to
packing the average value.

The bits that do not contain packed or unpacked pixel data are aways set to zero.
Thisis useful for anti-aliasing and scaling effects.
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Instruction Set

The GPU ingtructions are al sixteen bits, made up as follows:

1514131211 10|9|8|7|6|5(4|3|2|1|0
L opcode | | regl | | reg2 |

op code defines the instruction to be executed
reg2 is the destination operand, or the only operand of single operand ingtructions
regl is the source operand

The reg2 and regl fields usualy hold aregister number, but have other meanings with some instructions.
The instruction set is as follows, where the syntax is
<Op code name> <source>,<destination>

Note: Theregl field of single operand instructions must always be set to zero for compatibility with
manufacturing test modes and future enhancements.

Flags

The description of each instruction indicates how it affects the flags. The flags are valid when the result is
written. Thisis discussed further under “Writing Fast GPU Programs”.

Register Usage

The description of register usage shows where it uses aregister port. Cycle 1 isthe clock cycle at which the
instruction is considered to be “executing”, and is generdly the pipe-line stage at which its register operans are
read. It is the only pipe-line stage occupied by NOP. Where an instruction affects the flags, these are valid at
the clock cyce when the result is written. Thisis discussed further under “Writing Fast GPU Programs”.

No. Syntax Description
22 ABS Rn Absolute Value
32-hit integer absolute value. Has the same effect as NEG if the
operand is negative, otherwise does nothing. Note that this
instruction does not work for value 8000000h, which is left
unchanged, and with the negative flag set.
Flags
Z - stif theresult is zero
N - cleared
C - st if the operand was negative
Register Usage
Cycle 1: Destination register read
Cycle 3: Destination register write
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0 ADD Rn,Rn Add
32-bit two's complement integer add, result is destination register
contents added to the source register contents, and is written to the
destination register.
Flags
Z - st if theresult is zero
N - set if theresult is negative
C - represents carry out of the adder
Register Usage
Cycle 1: Source register read & Destination register read
Cycle 3: Destination register write
1 ADDC Rn,Rn Add With Carry
32-hit two's complement integer add with carry in according to the
previous state of the carry flag, otherwise like ADD.
Flags
Z - st if theresult is zero
N - set if the result is negative
C - represents carry out of the adder
Register Usage
Cycle 1: Source register read & Destination register read
Cycle 3: Destination register write
ADDQ n,Rn Add With Quick Data
32-bit two's complement integer add, where the source field is
immediate data in the range 1-32, otherwise like ADD.
Flags
Z - st if theresult is zero
N - set if the result is negative
C - represents carry out of the adder
Register Usage
Cycle 1: Destination register read
Cycle 3: Destination register write
ADDQT n,Rn Add With Quick Data, Transparent
32-hit two's complement integer add, like ADDQ except that it is
transparent to the flags, which retain their previous values.
Flags
ZNC - unaffected
Register Usage
Cycle 1: Destination register read
Cycle 3: Destination register write
9 AND Rn,Rn Logical AND
32-bit logical AND, the result is the Boolean AND of the source
register contents and the destination register contents, and is
written back to the destination register.
Flags
Z - st if theresult is zero
N - set if the result is negative
C - not defined
Register Usage
Cycle 1: Source register read & Destination register read
Cycle 3: Destination register write

N

w
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15 BCLR n,Rn

14 BSET n,Rn

13 BTST n,Rn

30 CMP Rn,Rn

Bit Clear

Clear the bit in the destination register selected by the immediate
data in the source field, which is in the range 0-31. The other bits
of the destination register are unaffected.

Flags

Z - st if destination register is now al zero

N - set from bit 31 of the result

C - not defined

Register Usage

Cycle 1. Dedtination register read

Cycle 3: Dedtination regster write

Bit Set

Set the bit in the destination register selected by the immediate data
in the source field, which is in the range 0-31. The other bits of the
destination register are unaffected.

Flags

Z - st if theresult is zero

N - set if the result is negative

C - not defined

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Destination register write

Bit Test

Test the bit in the destination register selected by the immediate
datain the source fidd, which is in the range 0-31.

Flags

Z - st if the selected bit is zero

N - not defined

C - not defined

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Destination register write

Compare

32-bit compare, thisis the same as SUB without the result being
stored, but the flags reflect the result of the comparison, which
may therefore be used for equality testing and magnitude
comparison.

Flags

Z - st if the result is zero (operands equal)

N - set if the result is negative (source greater than destination
operand)

C - represents borrow out of the subtract

Register Usage

Cycle 1: Source register read & Destination register read
Cycle 3: (flags are vdid)
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31 CMPQ n,Rn

21 DIV Rn,Rn
20 IMACN Rn,Rn
17 IMULT Rn,Rn

Compare With Quick Data

32-bit compare with immediate data in the range -16 to +15.
Flags

Z - st if the result is zero (operands equal)

N - set if the result is negative (immediate data greater than
destination operand)

C - represents borrow out of the subtract

Register Usage

Cycle 1: Dedtination register read

Cycle 3: (flags are vdid)

Unsigned Divide

The 32-bit unsigned integer dividend in the detination register is
divided by the 32-bit unsigned integer divisor in the source register,
yielding a 32-bit unsigned integer quotient as the result, like normal
microprocessor divison. The remainder is available, and division
may also be performed on 16.16 bit unsigned integers. Refer to the
section on arithmetic functions.

Flags

ZNC - unaffected

Register Usage

Cycle 1: Source register read & Destination register read

Cycle 18: Destination register write

Signed Integer Multiply/Accumulate, No Write-Back

16-bit signed integer multiply and accumulate, like IMULT, except
that the 32-bit product is added to the result of the previous
arithmetic operation, and the result is not written back to the
destination register. Intended to be used after IMULTN to givea
multiply/accumul ate group.

* - refer to the section on Multiply and Accumulate instructions
Flags

ZNC - unaffected

Register Usage

Cycle 1: Source regster read & Destination register read

Signed Integer Multiply

16-bit Sgned integer multiply, the 32-bit result is the signed integer
product of the bottom 16-bits of each of the source and destination
registers, and is written back to the destination register.

Flags

Z - st if theresult is zero

N - set if the result is negative

C - not defined

Register Usage

Cycle 1: Source register read & Destination register read

Cycle 3: Destination register write
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18 IMULTN Rn,Rn

53 JR cc,n

52 JUMP cc,(Rn)

1 LOAD (Rn),Rn

Signed Integer Multiply, No Write-Back

Like IMULT, but result is not written back to destination register.
Intended to be used as the first of a multiply/accumulate group, as
there are potential speed advantages in not writing back the result.
Flags

Z - st if theresult is zero

N - set if theresult is negative

C - not defined

Register Usage

Cycle 1: Source register read & Destination register read

Jump Relative

Relative jump to the location given by the sum of the address of the
next instruction and the immediate data in the source field, which is
signed and therefore in the range +15 or -16 words. The condition
codes encode in the same way as JUMP.

Flags

ZNC - unaffected

Register Usage

Cycle 1: (flags must be vaid)

Jump Absolute

Jump to location pointed to by the source register, destination field
is the condition code, where the bits encode as follows:

Bit - Condition

0 - zero flag must be clear for jump to occur

1 - zero flag must be set for jump to occur

2 - flag selected by bit 4 must be clear for jump to occur

3 - flag selected by bit 4 must be set for jump to occur

4 - if set select negative flag, if clear select carry.

If more than one condition is set, then they must dl be true for the
jump to occur (the conditions are ANDed).

Flags

ZNC - unaffected

Register Usage

Cycle 1: (flags must be vaid)

Load Long

32-bit memory read. The source register contains a 32-hit byte
address, which must be long-word aligned. The destination register
will have the data loaded into it.

Flags

ZNC - unaffected

Register Usage

Cycle 1. Source register read

Cycle n: Destination register write (internal memory at cycle 3 or
4, externa memory subject to bus latency)
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43 LOAD (R14+n),Rn Load Long, With Indexed Address

44 LOAD (R15+n),Rn 32-bit memory read, as LOAD, except that the address is given by
the sum of either R14 or R15 and the immediate data in the source
register field, in the range 1-32. The offset isin long words, not in
bytes, therefore a divide by four should be used on any label
arithmetic to give the offset. Thisis dower than norma LOAD
operations due to the two-tick overhead of computing the address.
Flags
ZNC - unaffected
Register Usage
Cycle 1: R14 or R15 register read
Cycle n: Destination register write (internal memory at cycle 5 or
6, externad memory subject to bus latency)

58 LOAD (R14+Rn),Rn Load Long, From Register With Base Offset Address

59 LOAD (R15+Rn),Rn 32-bit memory load from the byte address given by the sum of R14
and the source register (the address should be on along-word
boundary). Otherwise like instructions 43 and 44.
Flags
ZNC - unaffected
Register Usage
Cycle 1. R14 or R15 register read & Source register read
Cycle n: Dedtination register write (internal memory at cycle 5 or
6, externad memory subject to bus latency)

39 LOADB (Rn),Rn Load Byte
8-bit memory read. The source register contains a 32-bit byte
address. The destination register will have the byte loaded into bits
0-7, the remainder of the register is set to zero. This appliesto
externd memory only, internal memory will perform a 32-bit read.
Flags
ZNC - unaffected
Register Usage
Cycle 1. Source register read
Cycle n: Degtination register write (external memory subject to bus
latency)

40 LOADW (Rn),Rn Load Word
16-bit memory read. The source register contains a 32-bit byte
address, which must be word aligned. The destination register will
have the word loaded into bits 0-15, the remainder of the register is
st to zero. This gpplies to externa memory only, internal memory
will perform a 32-bit read.
Flags
ZNC - unaffected
Register Usage
Cycle 1. Source register read
Cycle n: Dedtination register write (external memory subject to bus
latency)
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42 LOADP (Rn),Rn

% MMULT Rn,Rn

A MOVE Rn,Rn

5l MOVE PC,Rn

37 MOVEFA Rn,Rn

Load Phrase

64-bit memory read. The source register contains a 32-bit byte
address, which must be phrase aigned. The destination register will
have the low long-word loaded into it, the high long-word is
available in the high-half register. This applies to externa memory
only, internal memory will perform a 32-bit read.

Flags

ZNC - unaffected

Register Usage

Cycle 1. Source register read

Cycle n: Destination register write (external memory subject to bus
latency)

Matrix Multiply

Start systolic matrix element multiply, the source register is the
location of the register source matrix, the product is written into the
destination register. Refer to the section on matrix multiplies. The
flags reflect the final multiply/accumul ate operation:

Flags

Z - stif theresult is zero

N - set if the result is negative

C - represents carry out of the adder

Register Usage

Refer to the discussion of multiply/accumulate

Move Register To Register

32-bit register to register transfer.

Flags

ZNC - unaffected

Register Usage

Cycle 1. Source register read

Cycle 2: Destination register write

Move Program Count To Register

Load the destination register with the address of the current
instruction. The actua value read from the PC is modified to take
into account the effects of pipe-lining and prefetch, to give the
correct address. Thisisthe only way for the GPU to read its own
PC.

Flags

ZNC - unaffected

Register Usage

Cycle 2: Destination register write

Move From Alter nate Register

32-bit alternate register to register transfer, the source register
lying in the other bank of 32 registers.

Flags

ZNC - unaffected

Register Usage

Cycle 1. Source register read

Cycle 2: Destination register write
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38 MOVEI n,Rn

35 MOVEQ n,Rn

36 MOVETA Rn,Rn

55 MTOI Rn,Rn

16 MULT Rn,Rn

Move Immediate

32-bit register load with next 32-hits of instruction stream. The first
word in the instruction stream is the low word, the second the high
word.

Flags

ZNC - unaffected

Register Usage

Cycle 3: Destination register write

Move Quick Data

32-hit regigter load with immediate value in the range 0-31.

Flags

ZNC - unaffected

Register Usage

Cycle 2: Dedtination register write

Move To Alternate Register

32-bit register to alternate register transfer, the destination register
lying in the other bank of 32 registers.

Flags

ZNC - unaffected

Register Usage

Cycle 1. Source register read

Cycle 2: Destination register write

Mantissa To I nteger

Extract the mantissa and sign from the |EEE 32-hit floating-point
number in the source register, and create a signed integer in the
destination. The most significant bit is bit 23, but it is sSign extended.
Flags

Z - st if theresult is zero

N - set if the result is negative

C - not defined

Register Usage

Cycle 1. Source register read

Cycle 3: Dedtination register write

Multiply

16-bit unsigned integer multiply, the 32-bit result is the unsigned
integer product of the bottom 16-hits of each of the source and
destination registers, and is written back to the destination register.
Flags

Z - st if theresult is zero

N - set if bit 31 of the result isone

C - not defined

Register Usage

Cycle 1: Source register read & Destination register read

Cycle 3: Destination register write
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8 NEG Rn

S7 NOP

56 NORMI Rn,Rn

12 NOT Rn

Negate

32-bit two's complement negate, the result is the destination
register contents subtracted from zero, and is written back to the
destination register. Note that 80000000h cannot be negated.
Flags

Z - st if theresult is zero

N - set if theresult is negative

C - represents borrow out of the subtract

Register Usage

Cycle 1. Source register read

Cycle 3: Destination register write

Do Nothing

Flags

ZNC - unaffected

Register Usage

none

Normalisation | nteger

Gives the floating point normalisation integer for the value in the
source register, which should be an unsigned integer. The
normalisation integer is the amount by which the source should be
shifted right to normalise it as an |EEE 32-bit floating point value
(the normalisation integer can be negative), and is a so the amount
to be added to the exponent to account for the normalisation.
Flags

Z - st if theresult is zero

N - set if theresult is negative

C - not defined

Register Usage

Cycle 1. Source register read

Cycle 3: Destination register write

Logical NOT

32-bit logicd invert, the result is the Boolean XOR of FFFFFFFF
hex and the destination register contents, and is written back to the
destination register.

Flags

Z - st if theresult is zero

N - set if the result is negative

C - not defined

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Dedtination register write
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10 OR Rn,Rn

63 PACK Rn

19 RESMAC Rn

28 ROR Rn,Rn

29 RORQ n,Rn

Logical OR

32-bit logical or operation, the result is the Boolean OR of the
source register contents and the destination register contents, and
iswritten back to the destination register.

Flags

Z - st if the result is zero

N - set if theresult is negative

C - not defined

Register Usage

Cycle 1: Source register read & Destination register read

Cycle 3: Destination register write

Pack CRY Pixel

Takes an unpacked pixel vaue and packsit into a 16-bit CRY
pixd. Bits 22 to 25 are mapped onto bits 12 to 15; bits 13 to 16 are
mapped onto bits 8 to 11; and bits 0 to 7 are mapped onto bits 0 to
7. Theregl field should be st to zero to differentiate this from
UNPACK. See the section on Pack and Unpack

Flags

ZNC - unaffected

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Dedtination register write

Multiply/Accumulate Result Write

Takes the current contents of the result register and writes them to
the register indicated. Intended to be used as the find instruction of
amultiply/accumulate group.

* - refer to the section on Multiply and Accumulate instructions
Flags

ZNC - unaffected

Register Usage

Cycle 3: Destination register write

Rotate Right

32-hit rotate right by the bottom 5 bits of the source register. Can
be used for ROL functions by complementing the value.

Flags

Z - st if theresult is zero

N - set if the result is negative

C - represents bit 31 of the un-shifted data

Register Usage

Cycle 1: Source register read & Destination register read

Cycle 3: Dedtination register write

Rotate Right By Immediate Count

Immediate data version of ROR. Shift count may be in the range
1-32.

Z - st if theresult is zero

N - set if the result is negative

C - represents bit 31 of the un-shifted data

Register Usage

Cycle 1: Destination register read

Cycle 3: Destination register write
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32 SAT8 Rn

33 SAT16 Rn

62 SAT24 Rn

23 SH Rn,Rn

Saturate To Eight Bits

Saturate the 32-bit signed integer operand value to an 8-bit
unsigned integer. If it isnegative it is set to zero, if it is greater than
255 it is set to 255. Thisis useful for computed intensities and so
on, to counteract the effect of rounding errors.

Flags

Z - st if theresult is zero

N - cleared

C - not defined

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Destination register write

Saturate To Sixteen Bits

Saturate the 32-hit signed integer operand value to a 16-bit
unsigned integer. If it isnegative it is set to zero, if it is greater than
65535 it is set to 65535. Thisis useful for computed Z, audio
values, and so on, to counteract the effect of rounding errors.
Flags

Z - stif theresult is zero

N - cleared

C - not defined

Register Usage

Cycle 1: Destination register read

Cycle 3: Dedtination register write

Saturate To Twenty-Four Bits

Saturate the 32-bit sgned integer operand value to a 24-hit
unsigned integer. If it isnegative it is set to zero, if it is greater than
16,777,215 it is set to 16,777,215. Thisis particularly useful for
computed intensities, to counteract the effect of rounding errors.
Flags

Z - st if theresult is zero

N - cleared

C - not defined

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Destination register write

Shift

32-bit shift left or right given by the vaue in the source register. A
positive vaue causes a shift to the right. Vaues of plus or minus
thirty-two or greater give zero. Zero is shifted in.

Flags

Z - stif theresult is zero

N - set if the result is negative

C - represents bit 0 of the un-shifted data for right shift, or bit 31
for left shift

Register Usage

Cycle 1: Source register read & Destination register read

Cycle 3: Destination register write
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26 SHA Rn,Rn

27 SHARQ n,Rn

24 SHLQ nRn

25 SHRQ n,Rn

47 STORE Rn,(Rn)

Shift Arithmetic

As SH but right shift is arithmetic, i.e. sign shifted in.

Flags

Z - st if theresult is zero

N - set if the result is negative

C - represents bit 0 of the un-shifted data for right shift, or bit 31
for left shift

Register Usage

Cycle 1: Source register read & Destination register read
Cycle 3: Destination register write

Shift Arithmetic Right With |mmediate Shift Count

As SHRQ but arithmetic shift right, i.e. sign shifted in. Best
mnemonic.

Flags

Z - stif theresult is zero

N - set if the result is negative

C - represents hit 0 of the un-shifted data

Register Usage

Cycle 1: Destination register read

Cycle 3: Destination register write

Shift Left With Immediate Shift Count

32-bit shift left by n positions, in the range 1-32. Otherwise like SH.
(The shift valueis actually encoded as 32-n, thisis handled by the
assembler).

Flags

Z - stif theresult is zero

N - set if the result is negative

C - represents bit 31 of the un-shifted data

Register Usage

Cycle 1: Destination register read

Cycle 3: Destination regster write

Shift Right With Immediate Shift Count

As SHLQ but shift right, zero shifted in.

Flags

Z - st if theresult is zero

N - set if the result is negative

C - represents hit 0 of the un-shifted data

Register Usage

Cycle 1: Dedtination register read

Cycle 3: Destination register write

Store Long

32-bit memory write. The source register contains a 32-bit byte
address, which must be long-word aligned. The destination register
contains the data to be written.

Flags

ZNC - unaffected

Register Usage

Cycle 1: Source register read & Destination register read
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49 STORE Rn,(R14+n) Store Long, With Indexed Address

50 STORE Rn,(R15+n) 32-bit memory write, write as STORE, with address generation in
the same manner as the equivalent LOAD instructions.
Flags
ZNC - unaffected
Register Usage
Cycle 1: R14 or R15 register read
Cycle 2: Source register read

60 STORE Rn,(R14+Rn) Store Long, To Register With Base Offset Address

61 STORE Rn,(R15+Rn) 32-bit memory store to the byte address given by the sum of R14
and the destination register (the address should be on along-word
boundary). Otherwise like instructions 49 and 50.
Flags
ZNC - unaffected
Register Usage
Cycle 1: R14 or R15 register read & Destination register read
Cycle 2: Source register read

45 STOREB Rn,(Rn) Store Byte
8-bit memory write. The source register contains a 32-bit byte
address. The destination register has the byte to be written in bits
0-7. This gpplies to externd memory only, interna memory will
perform a 32-bit write.
Flags
ZNC - unaffected
Register Usage
C