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Because we are limiting the number of ERS copies that are going outside the group, we would
like to make sure you, or a person from your group reads and gives us feedback on the document.
" If you cannot or do not wish to participate in the review process, then please let us know so that
we can pass your copy on to someone who can give us the feedback we need to make the Jaguar
machine the best possible machine. The time to change anything in the Jaguar hardware design
is now. It is imperative that any feedback you have on the proposed design be given as soon as
possible. In the next month, the Jaguar team will be holding a series of design reviews to try to
encourage your feedback on the hardware ERS. Because of the complexity of the Jaguar design,
the design reviews will not be able to go into great detail on the design. These will mostly be
used as forums to encourage discussion of any controversial points in the design. Written
comments and feedback directly to individyals on the Jaguar team are quite welcome.

In short, by giving you a hardware ERS, we are asking you to participate in a meaningful way in
the success of the Jaguar machine. We expect that this will require a non-trivial amount of your
time. We appreciate and wish to be responsive to your feedback.
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am to define an archi
ily of machines.
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eviewing Jaguar’s g
rinciple directions.

“Develop a new family of machines that will extend the markets
already pioneered by the Macintosh.”

We will do this by developing a revolutionary baseline for personal computing
that will spark the imaginations of developers and customers. Jaguar will be the
most exciting personal computer you can buy for the desktop!

A tall order..... how will we do it?
Jaguar is maniacally focused on the user. Though the computer is very powerful,

it will seem extremely personal. The technologies embodied in the architecture are
there primarily because they can be used to contribute to the user's experience.



From the users perspective, Jaguar will certainly do all things accomplished by
personal computers today, only faster. In addition, his/her interaction with the
system will be different in three new ways:

Jaguar is as fluent with digital video and audio as Macintosh is with bit-mapped
graphics. All video and audio capabilities are fully integrated into both the system
hardware and software. The system is not only capable of editing and playing
back integrated media, it can synthesize it as well. In hardware, this means Jaguar
can draw 2D and 3D images at animation rates. In software, the graphics
primitives are provided, as well as tools to generate scenes and control movement.
These capabilities mean that Jaguars will be superb simulation and visualization
engines.

00 to $15,000 ASP.
first product out the  is the product comm
s cost is $1,700 to / 3
hi gh-end models are being planned to at least the block level to assure we do
achieve a scalable family.

Every Jaguar in the family will be capable of supporting the previously mentioned
functionality. This means all Jaguars have at a minimum: lots of Mips and
MFlops, digital signal processing, integral phone and ISDN connections, sound
in/out, and video decompression hardware. The attached Hardware ERS
describes in detail the first implementation of these and other capabilities.

The Jaguar Software ERS will be published approximately May 1. Other sections
to be also completed include: monitors, packaging, and power supply.

Once again, thank you for your interest and time.
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ember 15, 198

is the first of several ERSs be forthcoming to desc

ther ERSs are:

The Jaguar
product. A

Jaguar Monitor ERS

Jaguar Power Supply ERS
Jaguar Product Design ERS

In addition to the base machine, several expansion cards are anticipated to be available at product
introduction. These will be described in additional ERSs. Several cards have been discussed:

Jaguar Video Capture (and Compression?) card
Jaguar Network cards
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Jaguar CPU (CPU)

This chapter introduces some of the important concepts which are
contained within the processor (Motorola MC88110) used for Jaguar.
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Memory (MEM)

This chapter describes the Main Memory, Frame Buffer and System
Controller for Jagl.

INEEOAUCHION ...ttt st st st e st seesas e st ebeasasesesnebeseessssesssseensasenee MEM-1

SYSIEM MEMOIY ....c.veviriitiiitirinieeneerest et esseteserse s esessenss e e ebeses e ssessanessesaessessssesnen MEM-1
Parity
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------------------------------------------------------------------
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Video Back End (VBE)

This chapter deals with the output side of the Frame Buffer and how
data gets processed for both RGB and Video (NTSC/PAL) monitors.
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Video Decompression (VDC)

This chapter deals with the hardware which will support real-time
decompression of video data.
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Bus Like Thing (BLT)

This chapter deals with the expansion bus of Jaguar.
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Jaguar Hardware Introduction

The purpose of this chapter is to set the stage for the reader as to what Jaguar Hardware is all about
and what makes it different from existing personal computers. Following chapters will present each
of the functional blocks (introduced here) in great detail.

Ultimately, a separate "Jaguar Family Architecture" document will be produced. In the mean time,
this Hardware ERS will attempt to serve both as an introduction to the family in addition to its
stated purpose of descnbmg the first member of that famﬂy In order to make the distinction
between areas m f are discussing the family versus th
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New graphics and load /store instructions in the processor and the high-bandwidth system
interconnect and memory designs of the Jaguar yield the perfformance necessary to do "real time" 3D
animation. The result of all of this attention to performance makes the Jaguar a machine which is as
adept in a 3D world as the Mac has been in 2D.

Connectivity

The most obvious implement with which a person interacts on a daily basis is the telephone. Yet, no
direct access is available to today's personal computer user. Jaguar changes this by making the
telephone an integral part of the user's computer world. By providing direct support for telephone
connectivity (for both analog and ISDN phone systems), Jaguar enables new classes of applications.

Besides giving the basic connectivity (i.e. getting the signals into the box), the Jaguar's performance
allows the CPU to perform tasks which have traditionally required specialized circuitry (e.g., a
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modem)or special processors (e.g., DSPs). The base system is capable of performing complete
modem functions by using the general purpose CPU. For example, Jaguar can do all the processing
necessary to become a FAX modem, without specialized hardware. This flexibility allows adding new
services (e.g., supporting a2 new modem protocol) by a simple software module.

Ieated Media

Another class of data which has yet to be effectively tapped by existing personal computers is the
growing world of video.. Jaguar introduces video as an inherent data type which can be captured,
compressed, manipulated, stored and displayed. For example, instead of pasting a static graphics
object into a document, a video object would be used. The video would play back as the document
was later displayed.

In addition to video, Jaguar also enhances the utility of audio data. In addition to just playback,
Jaguar also includes hardware to capture audio data; even the voice input coming in over the
telephone provides a source of audio. The hardware also includes Sample Rate Conversion hardware
to ease the task of integrating multiple sources of sound, not all of which were sampled at the same
rate.

Note that the performance level of Jaguar's 3D graphics allows computer generated animation to be
yet another medium which can be integrated with the live video and sound.

Raising the Base

While adding features to directly support the above, it should be apparent that the Jaguar is also a
superior system for existing applications; its base level of performance will be unmatched. Thus, the
Jaguar family also enables applications which require the much higher level performance base of the
Jaguar family.

JHO-2



Apple CONFIDENTIAL . Jaguar Hardware Overview

New Concepts in Jaguar

The Jaguar has been designed with several new features which may be unfamiliar to the Macintosh
world. These concepts are discussed briefly here to set the stage for more complete discussions in
the various chapters of this ERS.
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By off-loading the CPU(s) from managing I/O at a very low level, the Jaguar greatly increases the
efficiency of multi-threaded systems, such as Pink.

Window DMA (Graphics Streams)

Jaguar includes hardware designed to support block transfers of graphics data between maim
memory and the frame buffer. This directly supports the concept of "back buffering" which is part
of the Pink (more specifically, Albert) model for graphics.

At the simplest level, it would seem that all that is required is to be able to move blocks of data from
one place to another; i.e., a simple DMA. However, transferring "windows" from one place to
another is not a simple DMA operation. DMA normally deals with a contiguous stream of data from
one place (or device) to another. Windows are not contiguous areas! Little details like "row bytes",
etc. make normal DMA's fairly useless (or, at least, very cumbersome) for window transfers. In
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addition, there are some simple transformations which could be done on the data (e.g., clip masking)
which do not fit the simple DMA model, but which offer large improvements in performance if they
could be done in hardware.

For this reason, Jaguar's "Window DMA" adds semantics to the fetching and storing of data which is
aware of the "windowness" of the sources and destinations of transfers. Such transfers are viewed as
consisting of three logically distinct pieces: the sourcing of data (which may involve "windowing",
the transfer of the data (which is always viewed as a stream of data) and the sinking of the data
(again, possibly by windowing).

In addition to simple transfers, Jaguar's Window DMA system allows several transformations of these
graphics data streams. At the abstract level, a "data flow" model is presented. Data can be
processed by "piping" source streams of data into transformation blocks. The output of these
blocks is just another stream, which can proceed to other blocks until, ultimately, the resulting stream
is placed into a destination (window).

A simple example of how this mechanism comes in handy in Jaguar would be the display of "frame
grabbed" video, sourced by an expansion card, being displayed into a window in the frame buffer.
The frame grab card merely needs to produce a stream of data. That is, it does not need to know
anything about the ultimate destination (e.g., the window location, row bytes, etc.); it simply
produces a stream of data (sequence of pixels, with no associated addressing). The window DMA
services will place this stream into the frame buffer, under control of a mask stream.

Video Decompression

In many potential uses of Jaguar, "video" is an important data type. While the display of live video in
a window is useful, it is only a small piece of the media integration. Video data must be able to be
stored and edited so that it can be incorporated into documents as easily as graphics is today.
However, raw video data is huge!! Without some form of compression, the resources of mass storage
and networking would be severely overtaxed.

Fortunately, several video compression standards are emerging which offer a tremendous reduction in
the resources required to store video data. These standards allow, for example, realistic video tele-
conferencing with transmission bandwidth requirements which are within reason for current LANs
and/or ISDN; or, for video sequences to be played back from a hard disc (or, MO drive) in real-time.

Jaguar will include hardware support for these standards. This is very important for any system which
claims to provide integrated media. The Jagl will have hardware designed for real-time
decompression ; the same hardware can also be used for non-real-time compression. Real-time
compression (especially from a "live" video source) will be supported by add in cards on BLT. For
details, see the section on Video Decompression.

JHO-4



Apple CONFIDENTIAL Jaguar Hardware Qverview

Jag1l Hardware Overview

In the following sections, we will introduce the major hardware components of the Jagl system.
Since each section is described in great detail in the remainder of this ERS, the descriptions
contained here are minimal. The intent is to give the reader a basic understanding of the parts and
how they fit together.

The System Block

Frame
Buffer

I

Frame Buffer|—® RGB
Backend }|—#» Video

E&W

Video
Decompression

System Block Diagram

The following overview of the hardware is organized to correspond to the above diagram.
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CPU(s)

The main processor for the Jaguar is a new version of the Motorola 88000 family which has been
enhanced (with input from Jaguar's team) in several areas over the existing implementation. This
processor (which will be the MC88110) will be referred to.as XJS in the ERS. The CPU chapter contains
more information about the XJS features. ’

I/0 Subsystem
Since there are many components involved in the 1/O Subsystem, the System Block Diagram does not
go into any detail of this block.; this section merely introduces the major I/O devices which form the

subsystem. See the I/O Subsystem chapter for a more detailed diagram of the I/O devices and how
they interconnect.

The 1/O Subsystem of Jagl is composed of many elements. While they are described as if they are
totally independent, some of these elements may share hardware and/or software. The following
devices and/or connectivity is provided in the base Jagl.

Low Cost Hard Disk (LCHD)

Jagl will have an on-board 80 MB hard disc. This disk is primarily designed to be used as the Opus
Residence and swapping disc for Pink's virtual memory system.

High Capacity Floppy

The floppy disc for Jagl will support all floppy formats; this includes all of Apple's plus industry
standard (i.e., IBM). In the Apple format, the disc capacity will be up to 5 MB.

ScCsI

In addition to the standard LCHD, additional discs (and other devices) can be added via the
traditional SCSI route. The SCSI support for Jagl, however, will include synchronous transfers to give
Jagl a higher throughput for SCSI transfers. This, along with the intelligence of Wankel, will result in a
disc system which has remarkably higher performance than current systems.

EtherNet

Every Jaguar will include an EtherNet port. The external connection scheme (Apple's "FriendlyNet"
standard) allows any of the standard EtherNet interconnects to be used (Thick, Thin and Twisted
Pair). Because of the intelligent I/O engine and DMA, this EtherNet interface is high performance
without requiring significant CPU resources.
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LocalTalk/Asynchronous Serial

While EtherNet provides high-bandwidth LAN support, Jagl will provide a LocalTalk port, which can
double as a normal serial port. Since the LLAP layer is supported directly by Wankel, LocalTalk does
not interfere with CPU activity.

ISDN

Jaguar is designed to standardly support the evolving world of ISDN. As with the other
communications connectigns, most of the low-level proto ling will be performed by
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When a Jaguar implementation is physically partitioned into two "boxes", connectivity for the /O
with which the user interacts most directly (e.g., Sound in/out, ADB) must be placed on the
"desktop". In such implementations, Jaguar will provide a high-speed communications path between
the "main" box and the "desktop". This interconnect will be fast enough to support all of the sound
and ADB traffic.

Main Memory

The Main Memory of Jag1 is composed of two banks of 128-bit wide DRAM . The base
configuration, with just 1 bank populated, will be 8 MB (with a possibility of a 4 MB configuration,
depending upon DRAM configurations), which can be extended with an additional bank of DRAM
SIMMs. Using 16 Mb parts, the Jagl can grow to a 128 MB machine.

Optional parity checking on Main Memory is supported. Parity is done on a byte basis, thus
requiring an additional 16 bits of DRAM. When parity checking is enabled, data path chips within
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the System Interconnect will generate parity on writes and check parity on reads.

System Interconnect

The System Interconnect provides a common path for data between the several masters (CPU(s),
Mazda, E&W ) and the two logical banks of memory. It provides sufficient buffering and control to
allow several memory transactions to be in progress at one time. For example, while memory is busy
performing a read from CPUO, a write transaction can be acted upon from CPU1.

Frame ffer

The Frame Buffer is composed of a 96-bit wide, 1.5 MB VRAM bank. This provides sufficient
memory (and bandwidth) to support the standard Jaguar monitors. The random access ports of the
VRAMs are connected to the System Interconnect; the serial ports connect to the Video Back End.
No parity option is provided for the Frame Buffer.

—Wdeo Back End

The serial ports of the Frame Buffer's VRAMs connect to the Video Back End sub-section. This block
provides gamma correction, video convolution, etc. with output ports for both RGB and video
(NTSC, PAL).

E&W

E&W is the chip which encapsulates two different, although related, functions. One part of E&W
(the W, for the Wilson) implements support for graphics and/or video streams ("Window DMA").
The second function (the E, for Expansion) provides the basic data and control paths for accesses
between the processors (CPUs and Mazda) and BLT slots; note that this also includes access
between BLT slots and the memories.

BLT (Bus Like Thing)

The BLT sub-system provides a high-bandwidth (~ 300 MB/s) pathway for expansion cards. This high
bandwidth is necessary for real time manipulation of data streams at video rates. Organized as a
packet-switched cross-bar, BLT allows multiple transactions to proceed in parallel. While providing
this performance, the interface presented to the card designer is simple. Thus, a simple card can be
implemented with minimal hardware.

Note that while all possible interactions are supported (e.g., Reads and Writes from the CPUs), BLT
and E&W are optimized to provide high-bandwidth transfers from BLT slots to memory. For
example, the maximum bandwidth is provided for data transfers from a video Frame Grab card to the
Frame Buffer.
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Video Decompression
This block performs the computations and data movement to support several different compression

standards. It connects onto the BLT side of E&W and functions as a "virtual slot" with respect to
data transfer requests to the System Interconnect.

Expansion Options
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Digital Audio Tape (DAT) Drive

Several DAT drives are already available for use as data (i.e., non-audio) storage. These devices allow
Gigabytes of storage on a small, cheap medium.

Video Input Card

The base Jaguar does not provide direct video input. The model is that video will come from
"servers", the network or mass storage (e.g., MO-drive). For users who need a source of live video, a
BLT expansion card will provide this service.
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|
l

Real Time Compression

The Video Decompression hardware in the base Jaguar can support non-real-time compression of
video and/or audio data. To allow complete symmetric compression (e.g., for authoring), a BLT
expansion card will be provided. Since the video source may often consist of "live" video, a single
card which combines Video Input with Compression would make sense.

Network Supprt

While the base Jaguar includes ISDN, LocalTalk and EtherNet, some users may require additional
network (e.g., TokenRing) access. The simplicity of the BLT card interface should make the
"porting" of network cards to the Jaguar a fairly simple and straightforward process.
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Introduction

This chapter discusses the main features of the Jaguar processors (XJS). This chapter is not meant to
be a complete processor description; it deals primarily with those features which with the reader
should be familiar to understand some of the other Jagl design chapters.
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Dual-Instruction Issue

The primary advantage of the multiple units is that scveral instructions can be processed in parallel.
Depending upon the availability of data (and the state of the functional units required), 2
instructions can be issued during every clock. While data dependencies will reduce the throughput
somewhat, the average execution rate is expected to be close to 2 instructions per clock for
optimized code; this means that the peak execution rate approaches 100 Mips (assuming a 50 MHz
clock).

Unlike some other processors, the programmer does not have follow any special coding rules to
"force" the processor to perform this optimization. The hardware will always attempt to issue two
instructions per clock! Of course, utilizing this feature to the utmost will require that the compilers
be careful in their instruction generation. However, since no special encodings are required, logically
correct code will always run.
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General Register File (GRF)

As in the original 88K model, there is a general purpose register set of 32 32-bit registers which are used
for integer and graphics operations, addressing, bit-field operations, etc. (While the XJS has a
separate register set for Floating Point operands, the older style of 88K floating point instructions
(which utilize the general register file) are still supported for compatibility.)

Extended Register File (XRF)

A second register set (32 x 80 bits) is provided for floating point computations. Besides adding the
necessary width to support full Double Extended floating point formats, the additional registers free
up the integer registers for use by pointers, indices, etc. which allow more overlap of floating point
and integer operations in highly optimized code.

This extra register set is especially suited for some of our graphics transformation processing, where
the transformation matrix values can reside entirely in the register set while still providing scratchpad
space for the actual computations.

Control Register File (CRF)

The GRF and XRF are accessible by user code. Another (mostly) only accessible by system code is
used to present and/or maintain processor state. Of these, 5 are allocated for use by the operating
system; they are not used by the hardware. The most important use for such a register is to maintin
any "processor unique" data (e.g., its "id" and its system stack pointer).

Fast Floating Point

The Floating Point units of the XJS have been re-designed and optimized over those of the originaal
88K. The Floating Point ADD and MUL units are capable of producing their results in 3 clocks. Since
each unit is able to initiate a new operation every clock, the peak floating point rate (at 50 MHz) is
100 MFLOPs (i.e., both a FADD and FMUL being issued each clock)!

The XRF provides the large register set necessary to fully utilize these pipelined, parallel functional
units; it also provides the storage for the full IEEE extended data type.

Note: While use of the GRF for Floating Point has been maintained for compatiblity, Jaguar's Floating
Point computations will use the XRI

Graphics Instructions

A set of instructions is provided which allows operations on several pixels simultaneously, thus greatly
improving the graphics bandwidth for algorithms which can take advantage of them. The graphics
instructions can manipulate multiple pixels contained in a 64-bit unit in parallel. The graphics unit
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enhancement makes many rendering algorithms much faster than possible using normal instructions
on individual pixels.

Note that since the graphics instructions are supported by independent units, they are subject to the
same 2 instruction issue speedup as normal integer operations.

On-chip Caches
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before the new

Jaguar assumes

entirely on chip!

Cache Coherency Protocol

However, in order to effectively use CopyBack caches in a multi-processor environment, the CPUs
must implement a coherency protocol which guarantees that all processors see consistent, correct
copies of data, some of which may be present in the various caches. How the X]JS implements this is
discussed in more detail in the Cache Coherency section of this chapter.

Branch Target Cache
In a pipelined processor (like XJS), branches occurring in code can appreciably affect performance

because the processor is stalled while waiting for the new instructions to be fetched. In order to
alleviate this bottleneck, the X]S includes a Branch Target Cache (BTC).
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The purpose of the BTC is to allow fetching of instructions at the target of the branch while the
normal instruction sequencer is fetching the sequential instructions. The X]JS's BTC contains 32 fully-
associative entries which are able to store 2 instructions each. The BTC is accessed by the address of
a branch instruction. By the time that the decision is known, both the sequential and target
instructions are ready; the condition simply chooses the appropriate set.

After the correct path has been determined, the normal instruction sequencing will obtain the correct
"follow on" instructions beyond those chosen by the BTC (or, normal sequence).

Address -Translation Hardware

The XJS supports a demand paged virtual memory system (like Opus) by providing hardware
translation from virtual to physical addresses. The model provides a two-level address space with 4
KB page size.

A 32 entry translation cache is provided for each of the instruction and data paths. These translation
caches are fully associative and provide very high hit rates, thus minimizing the memory bandwidth
required for fetching page table entries.

If a virtual address is not found in the translation caches, the XJS will execute an entirely hardware
managed "table walk". The resulting page table entry will then replace the least recently used
translation cache entry.

In order to support shared pages efficiently, the table walk mechanism provides for "indirect" page
table entries. That is, the normally final entry in a page table can actually contain the address of the
real page table entry. The operating system can then maintain only one page table for shared data
structures, instead of manipulating each sharer's page table when the state of a shared page changes
(e.g., it gets swapped out).

Block Address Translation

For some parts of the address space (e.g., frame buffer or I/O), it becomes cumbersome to partition
the area into pages. The XJS provides 8 Block Address Translation Cache entries for each of the
instruction and data units. Entries in the BATCs can map areas up to 4 MB.

Interrupts

The XJS has only two interrupt input pins. One of these (INT*) is used for normal interrupts
processing. The hardware includes disable control to prevent nested interrupts until the system has
saved enough state to allow them. This INT* line is the one which is controlled by Mazda as part of
the interrupt system.

Another input (NMI*) is primarily designed for debugging. This Non-Maskable Interrupt is always
allowed to interrupt the processor, even when the state of the processor is not recoverable! The
primary intention of this interrupt is to allow analysis of "svstem hangs", where the system may be
non-interruptable (ie., via INT®).
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XJS Bus Interface

Because of its speed, the XJS requires a high-bandwidth memory interface with which to keep it
"fed". Several features have been supplied in the XJS bus protocol which can allow an implementation
(e.g., Jagl) to optimize:bus/memory bandwidth.
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By adding somewhat more complex logic external to the XJS, a complete "split transaction" protocol
can be implemented. That is, the request for a transaction (which uses the Address bus) can logically
be separated from that transaction's response (which requires the Data bus).

The protocol allows multiple Data busses to be used in a system, as long as a single Address bus is used
(for cache coherency reasons, as described below). Jagl plans to use this split response mechanism,
with multiple Data busses to effect the maximum utilization of memory bandwidth between the
various bus masters in the system (X]Ss, Mazda and E&W).

Cache Coherency

As mentioned in the XJS description above, the XJS implements a cache coherency protocol for
maintaining coherency between XJS caches and memory. The operating system has control over
those areas of the address space which it desires to be kept coherent. It does so by means of a
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"Global" bit in the page table entries. Only Global data is maintained using the cache coherency
mechanism which works as follows:

All XJSs must be connected to a single Address Bus. Whenever a Global request is made (via the
Address bus), all XJSs will "snoop" their data caches to ascertain if they have a modified copy of the
requested cache line. If one does (and, it will be the only one if everyone is playing by the rules), it
signals the requestor, which will then back off the bus anad try again later.

In the mean time, the processor which snoop "hit" will write its modified cache line back to memory
and mark the line as clean within its cache.

When the original requestor retries the access, it will get the correct, updated memory image.

Whenever an XJS does a read of a cache line as part of a write, it uses a special function code which
means "read with intent to modify". This code is used by all processors to invalidate any copy of
that line which it may have in its cache (assuming that its copy is not "dirty", which performs as
above) .

When an XJS attempts to dirty a clean line in its cache, it will make a bus transaction using a special
function code which means "invalidate". This will cause all other XJSs to invalidate any local copy
which they may have.

This protocol guarantees that their is at most one modified version of a cache line among any number
of XJSs. Any access by other X]Ss to that line will force a memory update and a subsequent read.

The System Controller follows a set of rules which guarantees that this coherency mechanism works,
even with the split transactions and multiple data busses.

Software Note: Careful attention to task (thread) migration issues should be made. Indiscriminant
use of coherency (e.g., threads accessing common data running in multiple CPUs) can have serious
performance impacts on system resources.
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System Memory

The system memory consists of either one or two banks of 128 bit wide DRAM with an optional 16
bits of parity. The memory appears to software as 64 bit wide memory, but is implemented as 128 bit
wide banks in order to increase the bandwidth. Each SIMM used for memory is 36 bits wide,
consisting of 32 bits of data plus 4 bits of optional byte parity, and uses 72 pins. Fast page mode 80
ns access DRAM parts are used on the SIMMs. The four SIMM types supported are:

* 1 Mbyte data using either two 256KX16 or eight 256KX4 DRAMs and 128 Kbyte of parity
using four 256KX1 DRAMs

¢ 2 Mbyte data and 256 Kbyte parity using four 512KX8 DRAMs and four 512KX1 DRAMs

* 4 Mbyte data and 512 Kbyte parity using eight 1MX4 DRAMs and four IMX1 DRAMs
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* 16 Mbyte data and 2 Mbyte parity using eight 4§MX4 DRAMs and four 4MX1 DRAMs

The memory configurations possible using the four SIMM types are:

Number of 1 Number of 2 Number of 4 Number of 16 Total amount of
MByte SIMMs in | MByte SIMMs in | MByte SIMMs in | MByte SIMMs in | system memory in
system system system - | system - | megabytes
4 4
8 or4 8
4 4 12
8 or4 16
4 4 20
4 4 24
8 32
4 04
4 4 68
g 4 72
4 4 80
8 128

The memory bandwidth will depend on the processor clock speed. The table below summarizes the

bandwidth for cache line reads and writes:

Memory type and operation Bandwidth for 40 MHz _| Bandwidth for 50 MHz
DRAM Read 128 MB/sec 145 MB/sec

DRAM Write 160 MB/sec 160 MB/sec

Parity

Parity is generated on a byte basis for all writes to the DRAM, and will only detect errors, not correct
them. To eliminate any performance penalty for using parity, the parity is generated for the write
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data as it passes through the Datapath ASICs that are between the DRAM and the rest of the system.
For reads, parity is generated for the data as it passes through the Datapath, but is also compared
with the parity value read from the parity DRAM. If the two do not match, and parity checking is
enabled, then a transaction error is returned to the master requestor. Parity errors can be forced to
allow the parity circuit to be tested. Parity can be disabled to reduce the cost of the system by
eliminating the need for parity DRAM on the SIMMs.

Frame Buffer
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The frame buffer bandwidth for cache line reads and writes depends on the processor speed, and is
summarized below:

Memory type and operation Bandwidth for 40 MHz Bandwidth for 50 MHz
VRAM Read 98 MB/sec 107 MB/sec
VRAM Write 107 MB/sec 114 MB/sec

Memory map

The memory map for the Jaguar architecture is:
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Address
0x00000000

2 Gbytes
DRAM

Address
0x80000000 | VRAM 64 Mbytes

0x84000000 | VO

0x80000000 | Slot 0 256 Mbytes
0x88000000 | WDMA

0x90000000 Slot 1

0x8C000000 | Utility space

0xA0000000 | Slot2

0xB0000000 | Slot3

0xC0000000 | Slot4

0xD0000000 | Slot 5

0xE0000000 | Slot6

0xF0000000 | Slot7

Slot 0 to 7 refer to expansion card slots on BLT, however slot 0 is reserved for system space and for
local card space. Utility space is used to provide each card with a fixed address to read its slot ID
from. Both DRAM and VRAM are aliased throughout their address spaces. Refer to the I/O subsystem
and the graphics subsystem chapters for further decoding of the 1/O and WDMA address blocks.

e————

—
—

Datapath

Having a silicon Datapath in Jag1 allows us to easily perform the following functions:
1) Allow frame buffer accesses to happen simultaneously with DRAM accesses.
2) Generate and check parity on-the-fly for the DRAM.
3) Reconfigure the VRAM for the different screen modes and depths.
4) Reduce system capacitance
5) Allow the I/O ASIC to use only a 32 bit databus

6) Perform read and write buffering
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Ideally each master and slave device would have its own data bus into the Datapath to allow
simultaneous use of all resources. However, due to pin limitations and complexity issues, the
Datapath masters are divided between two master busses going into the Datapath. Since the
expansion port and the window DMA engine both require a significant part of the bandwidth, they
are placed on their own bus, while the 88110s and the /O ASIC share the other bus. This allows the
processors to be running out of DRAM, while the window DMA engine writes a video window to the
VRAM. Both buses use the 88110 splxt transaction bus protocol for master transactions, and the 1/0
and WDMA ASIC additionally support slave transactions. The read and write buffering in the
Datapath allows the masters to transmit and receive data out of arbitration order. However, t
ensure cache cohere: minimal hardware, operations it be in order to each slave deyi
Additionally, th ocol requires all transaction tc rmed in order to each m
Below is a b f the memory subsystem.

128 bit Slave
data bus

16 Parity bus

96 bit Slave
data bus

1.5 MBytes
VRAM

Since the 1/0 ASIC uses only a 32 bit data bus, the Datapath ASICs in the system convert all I/O
master operations from 32 bit to 64 bit.

System Controller

The System Controller ASIC oversees all master and slave transactions feeding into and out of the
Datapath, as well as transfers between the 1/0 system and the CPUs. Cache coherency for the CPU
caches is maintained at all times using the 88110 snoop protocol.

The System Controller queues up to 4 requests. If a write is requested, and the write buffer for the
requested slave device is available, then the data bus is granted to that master, the write data is
immediately placed into the buffer, and the master gets an acknowledge. When the slave device
requested is free, the data is written to the device from the buffer. For reads, when the slave device

requested is free, the data bus is granted to the requestor, and the data from the slave is passes to the
master.
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There are two contraints that the System Controller enforces. To easily support cache coherency, all
transactions to a slave device must be performed in order of address arbitration. To follow the 88110
protocol, all transactions for each master must be done in order. Internally the System Controller will
keep a queue for each constraint, and coordinate them. The System Controller can perform
operations out of order as long as the two contraints are met.

When the system is powered up, parity will be disabled, and there will be 4K bytes of DRAM available.
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Section 2

Hardware Implementation

detailed description of the hag mponents of the memo

- Video Backend
- DRAM Control

Chip (Elmer) to transfer cycles. In addition, th

IO System Low Speed Bu.

The SC supports the interface specified in the XJS Bus Specification, operating as a slave on
this bus. Requests come from the 2 CPUs, Mazda, and Wilson. Mazda and Wilson can also act as
slaves. In this case the SC coordinates the data transfers between these slaves and their masters. In all
cases the SC will acknowledge the address and control the data transfer using special protocols
defined in this document. All resources can have a total of 4 requests queued for them in the System
Scoreboard before stalling the address bus. For the VRAM and DRAM, four corresponding addresses
are saved. All writes are acknowledged as soon as the data is stored in the write buffer contained in
the DataPath Chip. Resource management and data ordering is maintained by a scoreboard on the
SC. Data ordering is maintained such that requests to any slave will complete in order of being issued
across all masters. Also, requests by each master will complete in the order they were issued. The only
exception is when accessing Wilson as a slave. In this case, reads are performed in order and writes are
performed in order, but Wilson may chose to violate order between reads and writes. The following is
a block diagram of the SC:
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The XJSs and Mazda will access the SC as a slave as in the XJS Bus Specification. Mazda will
only use the most significant 32 bits of the Data Bus (63:32). This means for Mazda a one beat
transaction transfers 32 bits and a four beat transaction transfers 128 bits. The SC will use the address

and transfer size information to determine the correct word alignment for the 32 bit access and cause
the DPC to correct it to 64 bit alignment. In addition, Mazda will provide an interface to allow the

access to the SC Status Registers. This interface will use an 8 bit data bus, I0Bus(7:0), a 5 bit address

bus, I0Add(4:0), a write signal, IOWrite, and a chip select, IOSCSel, to access the SC Status
Registers using protocol specified in the IO ERS. Since the address bus is byte addressed, registers
which are multiple bytes require multiple accesses. The following registers are implemented.

Address

00-02
03-05
06-08
09-0B
0D
0E
OF

Register

Screen Address Register 17:0
Cursor Address Register 17:0
Screen Row Bytes 17:0
Cursor Row Bytes 17:0
Video refresh count 3:0

Low Power Control 7:0
Diagnostic Register 7:0
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10-13 Error Address Register 31:0
14 Error Type Register 7:0
15 DRAM Type Register 7:0

These registers will be described in more detail later.

When Mazda is a slave, the SC uses the control lines SlvRegM* (Slave Request Mazda), and
SlvAckM* (Slave Acknowledge Mazda), to coordinate data transfers. Since the SC acknowledges all
addresses, the scoreboard:for Mazda slave transactions must.be. functionally equivalent to th
SC and Mazda implicitly know if
Il be next. Mazda will only sup:
read is shown below.

L

1

1

1

1

In this case data is being read from Mazda by an XJS. The same protocol works for other
masters. When the data bus is free, the SC asserts SlvReqM®. This tells Mazda that it is free to drive
read data onto the bus. When Mazda drives data it asserts SIvAckM* to indicate valid data and
release of the internal address buffer associated with that request. Mazda must hold the read data
until SIvReqM* is sampled inactive, at which point Mazda must turn off its drivers. The SC will
deassert SlvReqM* one cycle before asserting TA®.

In the case of a write, data is written to Mazda by an XJS or another master. For a write, the
SC asserts SlvReqM* to indicate that valid write data is on the bus. Mazda asserts SIvAckM* to
indicate completion of data transfer and release of the internal address buffer associated with that
request. The SC then drives TA* to complete the cycle. A diagram for a write is shown below.
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Mazda Slave Mode Write
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Wilson shares the address bus with the X]JSs and the IO but has a separate data bus to the
DPC. Wilson acts as a Bus Master according to the XJS Bus Specification, with the exception of using
byte enable lines as described in the E & W ERS. Wilson also acts as a bus slave. When Wilson is acting
as a bus slave, the SC is responsible for acknowledging addresses and coordinating data transfers
through the DPC. To accomplish this the SC and Wilson use the additional handshake lines :

SlvWSel* Slave Wilson Select

SivWWR* Slave Wilson Write Reédy

SIVWRR* Slave Wilson Read Ready
SIVWTA* Slave Wilson Transfer Acknowledge
SIVWAR® Slave Wilson Address Ready

The SC scoreboard for Wilson requests will be functionally equivalent to the one in Wilson.
Both will know which the next read is and which the next write is. Wilson will acknowledge data
transfers independent of the state of its internal address buffers. Therefore, Wilson will assert
SIVWAR* to indicate there is an address buffer available. The SC uses SIVWAR®* to enable address
acknowledge for addresses in the Wilson address space. For a read, Wllson indicates that read data is
available by activating the SlvWRR® line. When the data path is ready, the SC will assert SlvWSel*. This
tells Wilson to drive read data. Wilson then drives data and SIVWTA* to indicate valid data. When the
read transfer is complete, the SC deasserts SlvWSel. A diagram for a read is shown below.
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Wilson Slave Mode Read
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The SC provides an interface to the Video Backend Chip (Elmer). Elmer, contains the Video
timing generation circuits. Elmer is responsible for initiating transfer cycles. After Elmer initiates a
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transfer cycle, the SC will perform midline transfers to stay a half scan line ahead of the shift clocks
until a new transfer is requested. To initiate a transfer cycle, Elmer issues a Transfer Cycle Start,
XFERSTRT®, along with a Transfer Cycle Opcode, OPCODE(3:0). Transfer Cycle Acknowledge,
XFERACK®, is a dual function signal controlled by XFERSTRT®. XFERACK* is normally an input to the
SC, but becomes an output when XFERSTRT" is asserted. Therefore, when Elmer asserts XFERSTRT®,
it must wait two cycles for XFERACK® to become valid. Elmer then samples XFERACK®. When the SC
completes the specified transfer cycle, it will assert XFERACK®, and wait for Elmer to deassert
XFERSTRT*. The SC XFERACK® will then become an input and Elmer may initiate another transfer. To

Apple CONFIDENTIAL

generate the Screen address for the transfer cycle the SC provides the Screen address generator shown
in diagram 2.1 which executes the opcodes in table 2.1. To perform the midline transfers, the SC must
count shift clocks. ShiftClock/2 is sent to the SC as a second function of XFERACK®. When

XFERSTRT" is deasserted, the bidirectional pin XFERACK® will be tristated in the SC, so that
ShiftClock/2 can be driven by Elmer two internal clocks later. A timing diagram for these signals is

shown below.

XFERSTRT*
(Elmer)

OPCODE(3:0)

\

]
|
|
(Elmer) :

|
|
|
|
|

|
V4
N\

XFERACK*

|
Shift Clock /2 M

El
(Elmer) | I

XFERACK* Z ,

(SC)

Refresh for the VRAMs will be done using CAS before RAS refresh cycles. A software
. programmable number of these will be done as an atomic transaction with each transfer cycle which
performs a screen address transfer. There is also a special opcode to allow Elmer to initiate a refresh
only operation. This is provided to allow Elmer to initiate refresh cycles during vertical blank.
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Video
Status
Registers

Screen Address Reg SAR

Cursor Address Reg CAR

> \

Screen Row B

Transfer Screen Address Register

Jaguar Memory ERS

VRAM Address

Curst
17
Transfer
Opcode
0
1
2
3 TCAR
4 TSAR+SRB
5 TCAR+CRB
8 TSAR*SRB
7 TSAR+SRB TSAR TSAR+SRB TCAR
8 TCAR TCAR+CRB TSAR TCAR+CRB
9 TCAR+CRB TCAR TSAR TCAR+CRB
10 SAR+SRB/2 SAR+SRB/2 SAR+SRB/2 TCAR
11 CAR+CRB/2 CAR+CRB/2 TSAR TCAR+CRB/2
12 SPECIAL REFRESH ONLY
13 RESERVED
14 RESERVED
15 RESERVED
TABLE 2.1

Diagram 2.1 shows the hardware mechanism for generating transfer cycle addresses. There are
four, 18 bit registers, the Screen Address Register, the Cursor address register, the Screen Row Bytes
Register and the Cursor Row Bytes Register. These are manipulated according to table 2.1 to produce

transfer cycle addresses for Bank 0 and Bank 1 of VRAM.
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The SC provides control lines for the two data path chips. A block diagram for the data path
chip is shown in the DPC section. Queues are associated with each of the four possible destinations
for each transaction. 21 control lines are used to control the DPC . Each queue has 5 control lines
associated with it except the VRAM queue which has a bits per pixel BPP bit. There is also a parity
error bit. For the VRAMS and the DRAMS the control bits are defined as follows:

1 Queue Output Enable

1 Queue Advance Enable

1 Queue Load Enable

1 Load Source Select

1 Load Hi/Lo Select

124 BPP mode (VRAM queue only).

For the CPU queue and the E & W queue the 5 bits are defined as follows:

1 Queue Output Enable Hi
1 Queue Output Enable Lo
1 Queue Advance Enable
2 Queue Load Select - these bits are encoded
0 - Load from input 0
1 - Load from input 1
2 - Load from input 2
3 - No Load

The SC is designed to control two 128 bit banks of DRAM and one 96/64 bit bank of VRAM.
Each DRAM bank can contain from 4 to 64 megabytes, configured with 1, 4, or 16 megabit DRAM
devices, while the VRAM bank is fixed at 1.5 megabytes. Optional parity checking is supported.
Software will enable parity checking by a bit in the SC control registers if all SIMMs installed support
parity. In the case of a parity error, the SC will signal the requesting master using the Transfer Error
line. The address of the last error detected will be logged in Error Address Register.

The SC performs the following operations to VRAM: read, write, page mode read, page mode
write, shift register reload, split shift register reload, refresh, and block write. The SC will support 100
nsec VRAMs. The cycles will be optimized to run at either 40MHz or 50MHz. The frequency can be
selected by a bit in the VRAM Type register. There are three kinds of system accesses supported, 8
bits per pixel, 24 bits per pixel, and 24 bits per pixel with address translation. The address translation
is a 7/8 reduction used for convolution mode video as described in the Frame buffer ERS. To
distinguish the type of accesses, VRAM is mapped into three address spaces. These address spaces
are defined below:
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Address Space hi address lo address total
VRAM Space O0x83FF FFFF. 0x8000 0000 64 Mbytes
8 BPP 0x807F FEFF 0x8000 0000 8 MBytes
24 BPP 0x80FF FFFF 0x8080 0000 8 Mbytes
(24 BBP AT Ox817F FFFF
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Datapath

The DataPath Chip (DPC), provides the point to point interconnect for the systems data
paths. There is no control logic or control state on the DPC. All control lines are driven by the SC. The
DPC contains four data queues; the CPU Queue, the DRAM Queue, the VRAM Queue and the E & W
Queue. These queues are associated with the destination of data they contain. The DPC is byte
sliced. DPC1 is defined as containing XJS Bus bytes 1,3,5,7. DPCO is defined as containing XJS Bus
bytes 0,2,4,6. Parity is generated and checked for data as it passes through the DPC. Error signals are
sent to the SC for reporting to requesting master. The DRAM Bus data has a two to one
correspondence with the data on the XJS Bus. Even double words appear on DRAM Bus(127:64). Odd
double words appear on DRAM Bus(63:0). For the VRAMs there is a different mapping for 8 BPP
accesses and 24 BPP accesses. In 8 BPP mode 8 pixels are written at a time and in 24 BPP mode 4
pixels are written at a time. This is diagrammed below. The top three line show how data appears to
the processor. The next two lines show the DPC byte slicing. The next two lines show how data in
8BPP appears to the DPC and how it is reorganized into the queue. 24 BPP data maintins its original
format as shown on the next line. The next line shows the physical interconnect between the 128 bit
VRAM Bus and the 96 bits of VRAM. Note that in DPCO, four bytes are unconnected. The final three
lines simply show the pixel format at the VRAM serial port.

1 - Data Viewed at Processor

Half Cache Line

127: | 119: | 111: | 103: |95:88 {87:80|79:72 | 71:64 | 63:56 | 55:48 | 47:40 |39:32 |31:24 |23:16 | 158 | 7.0
120 | 112 | 104 | 96

Word 0 Word 1 Word 2 Word 3
8 BPP Processor Format

Po | P1 P2 | P3 | P4 PS | P6 P7 | P8 | P9 | P10 | P11 | P12 | P13 | P14 | P15

24 BPP Processor Format

X Ro | Go | Bo X R1 Gt | B1 X R2 | G2 | B2 X R3 | G3 | B3

DataPath Chip Byte Slicing

DPCo |DPC1 |DPCO | DPC1 | DPCO |DPC1 | DPCO |DPC1 |DPCO |DPC1 |DPCO |DPC1 | DPCO {DPC1 | DPCO |DPC1
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2 - Data Viewed By Datapath Chip Slice

DataPath Chip 0 DataPath Chip 1

DPCO DPC1

8 BPP Data in each slice

PO | P2 P4 | P6 | P8 | P10 | P12 | P14 | P1 P3 Ps | P7 P9 | P11 | P13 | P15

8 BPP Data in each

P15

P7

7:0

X X P8 | P9 X X | P10 | P11 X X | P12 | P13 X X | P14 | P15

X X PO | P1 X X P2 P3 X X P4 | P5 X X Pé P7

24 BPP VRAM Serial Port Format

X Ro | Go | Bo X R1 G1 B1 X R2 | G | B2 X R3 | G | B3

Below is a block diagram of the DPC.
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DATAPATH CHIP BLOCK DIAGRAM

The datapath is TBD.

System Clock

The system clock is either 40 MHz or 50 MHz, and is distributed using a Motorola PLL clock
distribution chip. All chips on the board will receive the system clock with a jitter of +/- 1 ns.
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Read this

ERS introduces the basic b
erall picture of how graphig
ks are given in the foll

hics

Definitio

NTSC

PAL

VRAM ported dynamic RAM that is graphics frame buffers

CLUT gkup Table that is used

gamma correction in 24 bit frame buffers.

colors in 8 bit frame

DAC Digital to analog converter. A chip that converts digital signals into analog
signals that are required to drive monitors.

Back buffering A technique that allows for the instantaneous update of a window. Images are
rendered in main memory, and then transfered at high rate to the screen so that
the entire image is updated between successive frames. Without back
buffering, the process of rendering would be visible on the screen, and the
effect of animation would be lost.

Z buffering A technique for properly rendering overlapping objects when doing 3D

rendering. The Z buffer is an array in system memory that contains a floating
point number for each pixel in the window.
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True color True color refers to the ability of the graphics subsystem to display arbitrary
: colors on the screen. True color is often called 24 bit or 32 bit color because it
generally requires 24 bits per pixel, eight bits for each color component (red,
green and blue), and is represented in pixel maps in a 32 bit word. The
alternative to true color is pseudo-color.

Pseudo-color Pseudo color is a method by which colors are represented by an index into a
color table that contains the full 24 bits required to represent the color on the
screen. Since the index is typically 4 or 8 bits, this techniques reduces the
number of bits required to store the image on the screen. The disadvantage is
that the screen can display only 16 or 256 colors simultaneously.

Introduction: The importance of graphics on Jaguar

Jaguar will advance personal computing by incorporating new developments in processor, memory,
VLSI and ASIC technology to raise the base level functionality and performance available for personal
computing by at least an order of magnitude. This increase in computing power will enable the
development of new personal applications that are not currently possible.

Essential to these new applications will be the ability to collect, sort, manipulate, synthesize and
display images from a wide variety of sources. Photographic images will come from sources such as:
FAX, high quality digitizers, still video, and recorded and live video. Synthesized images will come
from 2D and 3D models of real and imaginary objects. Applications that perform simulation and use
data visualization techniques will synthesize and animate 2D and 3D objects to more efficiently
communicate with the user. Images will be scaled, enhanced, edited and otherwise modified in the
course of their use. In addition, images will also be viewed in windows and will be mixed and overlaid
with other images, such as pointers and menus and dialogue boxes.

The Jaguar graphics subsystem must provide the basic functionality and performance to enable these
kinds of applications. The graphics subsystem must significantly increase the performance of
existing rendering operations so that existing graphics techniques can be used to improve the quality
of the user interface. In addition, new real time 3D rendering operations must be provided to extend
the user interface paradigms beyond the current 2D space into 3D.

The Jaguar graphics subsystem must allow the display of full motion video images, and well as still
images. These images must be displayed in a window with overlaid graphics. In addition, high
resolution gray scale and color monitors that are properly corrected for high quality image and
antialiased graphics display, must be provided. NTSC video output will be required to allow for
storage and distribution of animated images on standard video tape formats.

Goals

The graphics functionality provided should be uniform across different Jaguar configurations so that
applications can take full advantage of functionality without having to create different codes for
different configurations. In practice, multiplicity of codes results in a combinatorial explosion of
cases that becomes impractical to code.
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The graphics subsystem should produce high quality images. The graphics subsystem is the window
through which the users sees the Jaguar world, and it is important that the display provide a
comfortable low stress display of this world. For example, high resolution fonts are easier to read and
are less stressful to the user than coarser fonts.

The graphics subsystem should enable applications to display and synthesize images in real
(interactive) time. Photographic images from stored or live sources should be displayed in full
motion, and manipulated interactively. Applications should be able to synthesize and animate
complex 2D and 3D images in real time.

s€
ssential. Since the mo
aguar monitors will be

The video back end converts the digital representation of pixels in the frame buffer into the analog
signals necessary to drive the high res graphics monitor. In addition to converting the digital image
into analog, the video back end must generate proper timing to drive monitors of different
resolutions, and to drive TV video signals in NTSC and PAL format. The video back end is usually
where gamma correction is performed to maintain proper color balance and saturation of displayed
images.

Frame buffer memory maintains a digital representation of the image that is displayed on the
monitor. The Jaguar frame buffer consists of 1.5Mbvtes of dual ported VRAM. This frame buffer is
large enough to drive the standard 16"Jaguar monitors.

System memory is used for many purposes related to graphics. System memory is used for back
buffering of pixel maps in order to obtain clean image updates. In this technique, an image is
rendered into system memory, and when completed transfered to the frame buffer. In this way, the
image is updated to the screen in a single frame time. In addition, to back buffers, system memory
will maintain alpha maps, Z buffers and display lists.
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Window DMA provides for the fast transfer of images between the frame buffer and system memory
or devices in expansion slots. The window DMA function will provide the capability to mask out
pixels so that images can be overlaid, such as a pointer overlaid over a live video image. Window
DMA is the primary mechanism for transfering back buffers to the frame buffer.

The Jaguar processor incorporates special instructions to enhance the performance of graphics
operations. Special instructions are included to perform 3D graphics and alpha compositing.

The Jaguar decompression accelerator provides real time decompression of video encoded in
standard formats such as CCITT P*64 or in Apple custom formats.

Expansion adaptors plugged into the expansion bus allow for extending the functionality of graphics
beyond the point that is economically reasonable in the base configuration. For example, an
expansion frame buffer adaptor will allow the use of a 21" monitor or provide a second display head
on a system. Other expansion adaptors will provide video compression, video input, and rendering
acceleration.

Configurations

Before getting down to the details of each of the individual components, the reasons for particular
configurations should be discussed. Display size, resolution and number of colors (gray scale
included) are the primary factors in the configuration that affect the graphics subsystem, and these
are the issues that will be discussed in this section.

Because of the multimedia focus of the product, Jaguar must have a color monitor at introduction.
Monochrome is important for high end publishing applications, but if we had to choose only one
monitor, it would have to be color, not monochrome.

Screen size is critical to the usability of a Jaguar. Large size is important to allow for enough
information to be placed on the screen simultaneously to be useful to the user. On the other hand,
larger screens also cost more, take up more physical space on the desktop, and make the machine less
movable a single person.

The current 13" monitor is clearly better than the 9" size of the MAC SE, but still feels small. Anyone
that has worked with a 19" monitor will attest to the ease that it affords in being able to display a
whole page, diagram or spreadsheet at one time. Unfortunately, the cost of such a monitor is quite
high as well, too much to be a main stream monitor. The weight of a color 19" monitor is upwards of
80lbs, too much for the average person to handle safely.

We felt that there is a step in usability with the ability to display a full 8.5"x11.5" page of paper on the
screen. It would desirable if this page could be displayed in both portrait and landscape

orientations. Unfortunately, a square monitor would be about 18" diagonal, and would be almost as
large and costly as a 19". A reasonable compromise would be a 16" rectangular format. Such a

monitor would weigh 40-50 Ibs.
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Since we believe color would be primarily targeted at media manipulation applications, such as
decompressed video and color photographic images, and since these are primarily landscape in
format, it makes sense for the color monitor to have a landscape orientation. Similarly, since we
expect monochrome to be targeted primarily at document preparation, and since most documents
are taller than they are wide, it would make sense for monochrome to be in portrait orientation.

One overwhelming response that we've gotten on monochrome is that there is a need for significantly
higher resolution than the current 72DPI. The drive hereis to provide a display screen quality
approaching that of paper. This is required for publishing and paperless office applications.
Traditionally, monochrome has been the cheap graphics altemauve but this view is changmg The

16K/mo)

The conclusion
important than
cost as the colo
display to be no
resolution is ac

While it would
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Colors True color
Resolutis 72 DPI
Monitor size 16" portrait 16" landscape
Refresh rate 75Hz 75Hz
Memory configuration ~870x1150 ~830x630
Total video memory  1MB 1.5MB

True color and gray scale

The standard Mac II provides 8 bit (minimum is actually 4 bit) color and one bit monochrome
graphics. In 8 bit color, only 256 different colors may be displayed on the screen at one time. One
bit monochrome ailows the display of only two colors: white and black. While these limited color
palettes were sufficient for Macintosh applications that display mostly symbolic images, this limited
color space is inadequate for the reproduction of photographic images or for 3D synthesized images.
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The standard Jaguar graphics system supports 24 bit true color and 8 bit gray scale. True colorand 8
bit gray scale allow for the display of arbitrary colors on the screen, and allow the high quality
reproduction of photographic or 3D images. The decision to provide this level of generality, rather
than psedo-color or less than 8 bit gray scale was a difficult one as the cost of the additional bits is
significant. While it would be desirable to choose the lower cost alternative, 8 bit color is
problematical in the image rich environment that Jaguar will exist.

Photographic images or 3D synthesized images that are‘composed of arbitrary colors and are true
color by nature. Techniques such as dithering that trade spatial resolution for color resolution , and
allow for the display of true color images in 8 bit frame buffers would degrade real time graphics
performance and image quality.

Even if the performance and quality of dithering were acceptable, there is the problem of allocating
the the CLUT resource in an 8 bit system between the different applications. The difficulty here is
that there are only 256 colors that are simultaneously displayable on the screen in an 8 bit system, and
these must be shared among all the applications. Today, in cases when two applications require more
than 256 colors in total, then entries in the CLUT are shared between the two applications, and the
shared entry is set to the color required by the active application. This causes the other windows
belonging to the other application to have it's colors changed into crazy colors, and it goes
"technicolor".

This technicolor artifact is acceptable today's MAC because there is really only one active
application, and the users attention is focused mainly on the windows belonging to that application.
The typical Jaguar user would often have several applications running simultaneously, such as a video
tutorial running simultaneously with a presentation graphics application. In such cases both
applications must maintain valid colors, and this is something that cannot be guaranteed with only 8
bit color.

We did consider making true color an option, so that users that did not want to display images would
not have to pay the additional cost. These users would loose the ability to display video and
photorealistic synthesized images interactively. The primary concern here is that the interactive
multimedia functionality of Jaguar would become a specialized function, since developers would be
tempted to code software for the lowest common denominator. We feel that the interactive video
and photorealistic images provide a strong enhancement to the power given to the user, and we feel

~ that this ability is general purpose enough that it should be universal.

The cost consideration is much less of an issue when the declining cost of semiconductor memories
is taken into account. While the cost of memory is declining, the amount of frame buffer memory
required for graphics is not increasing at a corresponding rate. The reason is that amount of frame
buffer memory is related to monitor technology, and that technology is not advancing at a
comparable rate. Consequently, the overall cost of frame buffer memory will decrease in current and
future generations of Jaguar,

Because of the declining cost premium for true color and 8 bit gray scale, and because we believe that
it is important to make use of interactive video and photorealistic images in applications and
become a natural part of the usér experience, we have decided to make these features standard in
Jaguar.
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Monitor

The previous section discussed the merits of different monitor sizes and resolutions, so that will not
be repeated here. The remaining issues with monitors relate to gamma correction and electronic
contrast and brightness control.

Because Jaguar will be displaying photographic quality images, it is very important that the display
subsystem produce consistent quality images. Contrast, brightness and gamma are the monitor
attributes that affect [hlS image quality. Because muluple applications will be displaying images
simultaneously, opti n of these attributes for a specific.application is not sufficient. Rather,

Jaguar monitors
effect. Initial a
statement is the

Current monitor:
room brightness
brightness contr
room brightness

restored to calib for individual user prefer

The video back end converts the digital image stored in the frame buffer to the analog signal required
to drive the monitor. It is comprised of a CLUT/DAC (like the Brooktree BT458), a pixel clock
oscillator and sync timing generation logic.

The Jaguar video back end will be programmable to support multiple screen sizes and resolutions as
well as support both color and gray scale. Both the pixel clock and the sync timing will be
programmable. Jaguar will support monochrome up to 100Mhz, and true color up to 57Mhz, which are
the frequencies required to support the 16" Jaguar monitors.

The back end will also be able to drive a TV or VCR with composite or S-VHS video in NTSC and PAL
formats. When driving NTSC and PAL, the Apple proprictary convolution digital filter will be enabled
to reduce the flicker inherent in interlaced display formats.

Gamma correction will be performed by loading the lookup tables in the RAMDAC with the
compensating function for the gamma of the monitor.
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The video back end consists of three VLSI chips. The ELMER gate array contains the necessary data
paths to multiplex the 96 VRAM data outputs down to the narrower RAMDAC inputs, has circuitry to
support convolution, and contains the sync generation circuit. The CLUT/DAC chip converts the
digital pixel data from ELMER into the analog RGB signals required to drive the highres graphics
monitor. The DENC (digital encoder) chip is similar to the CLUT/DAC chip, except that it generates
the output to drive the composite and SVHS NTSC/PAL outputs.

In addition to these three VLSI chips, a programmable phase lock loop chip is used to generate the
the pixel clock.

e __________________________________ e}

Frame buffer

Frame buffer memory contains the digital representation of the screen display. Frame buffer memory
is mapped into the CPU address space so that applications can render directly into it. This memory is
composed of 12 128Kx8 VRAMs for a total frame buffer size of 1.5Mbytes. This amount of memory is
sufficient to support monitors up to the size and resolution of the standard 16" Jaguar monitors.

The standard 16" 72DPI color monitor displays .5Mpixels, so the 1.5Mbytes of frame buffer memory
allows for 24 bits per pixel which allows true color to be displayed.

In 8 bit gray scale mode, only 1Mbyte of the frame buffer RAM is usable, rather than the full
1.5Mbytes. The reason is that the memory is that the 1.5Mbytes is actually distributed in a 2Mbyte
address space, with one byte missing every 4th byte, since this is the format that is required for true
color. In monochrome mode, we drop an additional byte out of every 4 to get 2 usable bytes every 4,
and these are multiplexed down to a 1Mbyte address space. To do otherwise would require pixel
twisting logic that would require additional interconnection between the two memory crossbar data
path chips, and would introduce much complexity in the addressing logic. Since the standard 16"
100DPI gray scale monitor, 1Mbyte is sufficient to drive this monitor.

The frame buffer also has special addressing to support the convolution feature on interlaced video
output.

Wilson

Because the display of interactive synthesized and digitized images is so important to the
multimedia aspect of Jaguar, special hardware is required and has been included in Jaguar to
facilitate the dynamic compositing of moving images from many sources onto the screen.
Synthesized images will be rendered by the processor into system memory or by accelerators added
to the expansion bus. Digitized images will be expanded from compressed data on disks or from
ISDN phone lines or come directly from video digitizers on the expansion bus. These changing
images must be composited onto one or more screens in real time with minimal artifacts.
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The E&W (Expansion interface and Wilson) chip is the hardware that supports screen compositing on
Jaguar. E&W supports the transfer of streams of 8, 16 and 32 bit pixels between devices, such as
expansion adaptors, system memory or frame buffers. Transfers to memory or to the mother board
frame buffer, map these streams into rectangular blocks by keeping track of rowbyte information
when incrementing the memory address. In addition to transfering rectangular blocks, E&W supports
the masking of a pixel transfer by a mask plane. This mask plane allows for overlays over dynamic
data, such as live video, and for non rectangular or translucent windows.

E&W must operate at high speeds, and must have the ability to synchronize transfers to the frame
buffer with the beam position. In order to animate windows and objects on the screen, the parts of
the screen that chan [
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Processor and graphics instructions

The Jaguar processor has a performance of 30-40 times the speed of a MAC IICX in integer
benchmarks, and up to 200 times in floating point benchmarks. In addition, unlike MAC II frame
buffers, which are limited by the performance of NuBus, the Jaguar frame buffer will have
performance equal to that of main memory. This level of raw performance will enhance the
performance of existing graphics operations, like those implemented in Quickdraw, by at least an
order of magnitude over IICX and even 68040 implementations.

This increased level of performance, combined with Window DMA, will enable better operation of
existing 2D graphics techniques. Higher quality animation will be possible, including the moving
display of stored color images. Using processor or window DMA operations, BLT rates greater than 8
Mpix are possible, which may allow for the smooth scrolling of windows.
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In addition to improving the performance of existing 2D operations, Jaguar needs to achieve good
performance in a number of new graphics areas. In order to allow extensive use of antialiasing to
improve the quality detailed graphics, such as text and cursors, it is important that Jaguar perform
alpha compositing efficiently. In order to allow the interactive rendering of 3D graphics images,
Jaguar should perform interpolation of true color shaded polygons, and Z buffer compare operation
quickly. More general pixel arithmetic, with saturation is important to allow for imaging algorithms,
such as scaling and rotation to operate quickly. Finally, because of the importance of animation,
high speed transfer of images from memory to frame buffer is 1mportant to allow back buffer
techniques to be used.

In order to increase the performance of these operations, the processor instruction set has been
enhanced to provide special instructions for some of these operations. In some cases, special
instructions were not cost effective because they could not provide much additional performance
beyond the performance provided by the general purpose dual ALU architecture. Specifically,
instructions have been added for interpolation, Z buffering and compositing.

Pixel arithmetic instructions have been added that perform multiple adds in a single instruction.
These instructions allow a true color alpha compositing loop to operate at approximately 10 machine
cycles per pixel, which yields a performance of approximately 4 Mpix. As a rough idea of what this
performance would mean (although this is not really a meaningful operation), the entire 16" screen
could be composited with another source at a rate of 8 times per second.

The pixel arithmetic instructions can also be used for interpolation of pixel values. In addition, a
special Z buffer compare instruction has been added that allows for multiple Z values to be compared
in a single cycle. These special graphics instructions, combined with the dual instruction execution
pipe, make it is possible to render one true color (32 bit interpolations), Z buffered (using 32 bit
floating point) pixel approximately every 8-10 machine cycles. Estimating 20 machine cycles of
overhead per scan line, and 100 machine cycles of setup, a "typical" 100 pixel triangle (15 scan lines
high) would render in 1200-1400 machine cycles, or 30-35 micro seconds. This yields a performance of
~30K triangles/second. Much of this time is taken by memory overhead. We are still tuning this
operation, and it may be possible to achieve even greater performance.

While not specifically part of the graphics instruction set, the floating point instructions provide
exceptional performance for graphics operations. A 4x4 matrix multiply used for 3D transforms, can
be performed in 21 machine cycles, which results in a performance of 2 Million transforms per second.
Based on published work of the number of machine cycles taken by machines with similar
architectures, we could expect the traditional display list traversal, transform, light model, and setup
for a single 3D triangle to take approximately 600-800 machine cycles, or 15-20us.

Combining transform and render performance estimates above, we could estimate Jaguar
performance for the traditional 3D transform and render operation, at approximately 20K
triangles/second. This level of performance is comparable to the level of perfformance available in
todays 3D graphics workstations.

This rough estimate follows the traditional workstation model for graphics, and is useful for
comparing Jaguar to traditional implementations. Newer architectures for graphics will represent
surfaces directly, rather than specifying individual triangles, and may be able to reduce the
transform/light model time. Even so, the limit will be the rendering time, which is still limited by the
inner loop performance of 4 Mpix (10 machine cycles) for Z buffered operations. Non-Z buffered
operations would operate faster, and could perhaps double the performance of the inner loop.
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Because the Jaguar architecture uses the CPU to perform the graphics operations, and because there
is much parallelism inherent in graphics algorithms, Jaguar graphics will be able to take advantage of
multiple processors to increase performance. The graphics algorithms can either be divided
functionally: using one processor for rendering, and one for transforms, or divided uniformly: using
processors to transform and render complete triangles in parallel.

A major difference between the Jaguar CPU and traditional CPUs is the relative performance of
floating point. In traditional machines floating point operations are usually much slower than integer
operations, this is not the case with Jaguar. The Jaguar CPU can perform a floating point add and
multiply in a single machine cycle, which is just as fast as what is possible with integer operauons In
general, it can be ar. that the fundamental limits of ALU designs dictate that for equal
floating point multj ill always cost less and be a littl - than integer multiplies, w
adds will be a and cost less than floating po
‘ ng point performance appr
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The manipulation and storage of video requires compression and decompression of video because
the dat rates of uncompressed video are just to great to allow for storage and transmission with
available technology. The raw bandwidth required for NTSC video is about 40Mbytes/second, while
compressed video requires 300 times less, or about 150Kbytes/second. At 150Kbytes/sec, one hour
of video can be stored in about 500Mbytes, or one optical disk. That data rate is also achievable
over standard LANS,

Video teleconferenceing over 64Kbit ISDN channels requires a high degree of compression to get
moving images down to 64Kbits/second

There will be international standards for both teleconferencing and high quality video compression.
Currently CCITT has developed a standard for teleconferencing known as P*64. This standard has
gained wide support and is based on DCT compression techniques. [SO is working on a standard for
video compression known as MPEG, but this standard is still quite early in it's evolution. MPEG will
be based on DCT techniques as well, and will also be upward compatible with P*64.
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Because we expect the important standards to be P*64 and MPEG, and because the quality of DCT
based algorithms are good for these applications, Jaguar will support decompression of P*64 and
MPEG formats, and also be generally programmable to support other formats that are DCT based.

While it is important that Jaguar support as many of the industry standard formats as possible, in
order to be able to import and export data to other environments, it is also important that Jaguar
promote a single standard to be used by the typical application.

While Jaguar will provide decompression as standard, compression will be optional. Real time
compression is a much harder problem than decompression and will cost correspondingly more. In
addition, real time compression is also not generally useful without a video digitizer. The cost of
video input combined with compression is much greater than that of decompression, and would add
much additional cost to the system. An expansion card will be provided that provides compression
and video input. '

There are three choices here: 1) have no standard support for video compression or decompression,
2) support only decompression, 3) support video input, compression and decompression. Jaguar has
chosen option two. The argument here is that decompression is more important than compression,
because it is required to view video documents, and it is most important in a network is to make all
information in the network readable by all users. If video documents were readable only if one had a
special card in one's system, then video documents would not be generally distributed. While
compression is required for recording video, authoring of video material is still possible with only
decompression if all the components have already been digitized; compression only buys the user the
ability to digitize and record video in real time.

The argument also says that if one wants to digitize video, one would not want to do that in one's
office, but rather one would want to have a space allocated with proper lighting conditions, space
and a backdrop. This resource could be used much the same way that shared printers are used today.

The only really strong argument for providing video compression and digitizing is for video
teleconferencing. In that case, much like a telephone, it would be desirable to have the video input
at the users desk. On the other hand, one could also have a conference room set up for
teleconferencing. The conference room could have controlled lighting and sound conditions that
would solve some of the problems with desktop teleconferencing. We cannot justify the cost of
video input an compression in every Jaguar on this application at this time.

The problem of decompression on a personal computer in the Jaguar price range is a difficult one,
and to our knowledge, it has not been solved for DCT based algorithms. At the time of the writing of
this ERS, not all of the problems have been solved, and there is a risk that we may not achieve all of
our goals.

Typical graphics scenario
This section presents a typical graphics scenario and shows the flow through the graphics subsystems.

The scenario shows two applications running simultancously: a 3D graphics application and a live
video application with data coming in over a local area network.
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The 3D application takes it's data from a data base on the local disk. It transforms and renders the
object into the image buffer, and uses the intermediate Z buffer on each frame that it renders to
perform hidden surface removal.

The application takes the objects in the data base and alternates between the geometry and lighting
operations and the rendering operations for each triangle. The geometry and lighting operations are
floating point intensive and produce the coordinates of triangles that are to be rendered into the
frame buffer. Each coordinate consists of six components: the X and Y position in screen
coordinates, the Z value and the three color components: R, G and B.
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Once the image is completed, the decompression application requests the Animation toolbox to
update the screen with the new image. Again the image buffer will probably have to be double
buffered to allow the application to continue on without waiting for the buffer to be transfered. A
typical decompression format would generate an image 360x288 pixels at a rate of 30 frames/second.

The Animation toolbox is not shown in the picture, since it does not actually touch any of the data.
The Animation toolbox talks to the E&W manager to schedule the requested screen updates. The
E&W manager schedules the events and requests the Wilson Driver to perform the operation. The
Wilson driver finally sets up E&W to perform the actual data transfer. The data is transfered to the
frame buffer. The mask plane is used in performing the transfer to the screen to properly clip the
window if it is partially obscured.

Each of the updates to the screen were scheduled so that they completed between successive screen
refreshes. This is important to insure that the frames do not "tear" as they are updated.
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The image in the frame buffer is sent to the screen 75 times per second by the video back end. The
frame buffer is composed of dual ported video RAMs, and the serial port goes to the video back end.
Frame buffer data is Scanned out serially from left to right and top to bottom. The pixels are passed
through the CLUT that has been programmed to compensate for the gamma distortion of the
monitor. The output of the CLUT goes through D/A converters that convert the pixels to analog
voltages that are required to drive the Jaguar graphics monitor.

The final result is two animated images, one in a partially obscured window. The images have proper
saturation and color balance for being properly gamma corrected.
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Section 1

Introduction

This external reference specification covers the hardware support on the motherboard for the entire
video backend. As illustrated in the block dlagram below,:it:cvers the frame buffer organization
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MEMORY INTERFACE/CONTROL

The frame buffer organization section provides a brief description of how the different pixel ,
formats are mapped into the frame buffer RAM. This defines the frame buffer RAM as seen from the
processor and the video refresh hardware. Related document is the Memory ERS.

The interface/controller section describes the proposed functionality of the frame buffer glue chip,
Elmer. Elmer serves three main purposes: 1) to multiplex, buffer and reorganize the four 24-bit, Video
RAM serial ports into a high speed CLUT/DAC interface; 2) to generate the video timing to support a
wide range of monitors and to control the Video RAM serial ports; 3) to enhance the JAG frame buffer
by adding functionality as possible, such as 24-bit, true-color, convolution filtering and limited
hardware cursor support.
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The video output section details the CLUT/DAC and digital video encoder (DENC) subsystems which
convert the digital pixel data to the component RGB and encoded NTSC/PAL video outputs,
respectively. Finally, a short section is presented on the programmable pixel clock generation and
critical timing parameters.
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Section 2

Frame Buffer Organization

of bits per: pixe
bit bus, or 8 pi
byte missing, o

is seen as a 64-bit
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A 64 MBy address space is allocated for the frame buffer in the system memory map. The 64 MBy
address space is further divided into 8 MBy address spaces which are redundantly mapped into the
VRAM for the different modes of operation: 8-bit/pixel, 24-bit/pixel and 24-bit/pixel convolved. 8-
bit/pixel convolved is not supported because of the added complexity and degradation in
bandwidth.
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This frame buffer organization can support the following pixel formats and monitors.

24-bit/pixel, True-Color

NTSC 640 x 480 Convolved, full-screen

PAL 768 x 576 Convolved, full-screen

13" Landscape 640 x 480

16" Landscape 830 x 630 (preliminary)
8-bit/pixel, Grayscale -

13" Landscape 640 x 480, 72 DPI

16" Portrait 640 x 870, 80 DPI

21" Kong 1152 x 870, 72 DPI

Convolution Address Translation

The convolution filtering to reduce flickering on interlaced displays must be performed transparently
to the processor. This requires an address translation in the system controller to map the processors
address space into the convolved address space. A derivation of the convolution address translation
is provided below for 24-bit/pixel, full-screen PAL (768 x 576) with video mask and scanline cursor
memory. The same translation can be used for NTSC with extra memory distributed throughout the
frame buffer.

The software's view of the frame buffer in convolution mode is shown below. Each scanline in the
frame buffer contains cursor information (both mask and image data), video mask information, and
pixel information. The base address of the first scanline of pixel information is defined in the system
controller by the Screen Address Register (SAR) and the amount of memory between scanlines, is
screen row bytes (SRB). Both SAR and SRB must be 16-byte aligned.

LINEO
LINE1

. 0x380 Ox3FF
LINEn Jv:-;ifzfgi::g:.- BT l

Mask Image Unused Video Mask

Cursor Organization
Software's View of the Convolved Frame Buffer

To allow the line number and pixel offset to be easily separated in hardware SRB is set to 1024 words
in software: 128 words of cursor and video mask data; 768 words of pixel data; and 128 words of
unused memory to make 1024 words. To recover the extra memory on each scanline distributed
throughout the frame buffer (required for full-screen PAL), the address translation hardware must
scale SRB to 896 words (a multiply by 7/8 - a shift and an add). This has the effect of mapping the
last 128 words of unused memory from the current scanline into the first 128 words of the next
scanline. Overlapping the scanlines in this fashion doesn't create a problem because the software
never accesses the last 128 words of each scanline address space, so the memory is not redundantly
used by two scanlines.
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The hardware's view of the frame buffer in convolution mode is shown below. Since the cursor and
video mask information are mapped into pixel formats in the frame buffer and the address
translation is performed to all read/write transaction to the frame buffer, all the information in the
frame buffer is twisted into the format required for the filter. Treating everything as a pixel,
successive scanlines are interleaved on a dual pixel basis to form line pairs and successive line pairs
alternate between Bank 0 and Bank 1. This allows pixel information for four successive scanlines to
clocked out of the video RAM serial ports in quick succession.

Bank 0 Bank 1
95 48 47 0
0x00 S

The linear addr
number or off:
together into a
pixel offset. T
down into the
pixel offset as

ne pairs be

. ne
emaining line address is then

by 7/8 and added to nheg

o b i b b B
n{c CAS- . BS D?L_WDH
Ig JUNE 0-57¢ DX OFF 72 14— pPx—H
7 ALT P o
Ay B LALA, Ao
LP_DPIX_OFF > DPD(—P{
0-7682 § O 0
ALT_LP_BASE
11 l [—‘TJNE BANK
INTERLEAVE | INTERLEAVE

Convolution Address Translation
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A[21:12] Line Number
Line Pair (LP) = A[21:13]
Alternate Line Pair (ALT_LP) = A[21:14]
\ Altemate Line Pair Base (ALT_LP_BASE) = A[21:14] x 7/8
A[11:0] Pixel Number
DPIX = A[2:0]

Dual Pixel Offset (DPIX_OFF) = Ai)ll:'j]
Line Pair, Dual-Pixel Offset (LP_DPIX_OFF) = (DPIX_OFF << 1) + A[12]

A[21:0]

Convolved Address = (ALT_LP_BASE << 11) +{LP_DPIX_OFF << 4) + (A[13] << 3) + DPIX
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Section 3

ELMER

Introduction

below, followed by a

the Video RAM fran
CLUT/DAC and The internal multipl
and reorganizin
decoupling the

allows the framy

24-bit/pixel, true-color
8-bit/pixel, gray. 1" true-color or 16", 14

grayscale

Elmer contains a programmable video timing generator, SWATCH, which supports Apple's current and
future monitor line. The VRAM interface block between Elmer and the system controller synchronizes
the video timing generation with the video address generation. The interface allows Elmer to
interrupt the system controller to initiate row transfers to the VRAM required for video refresh.
Additionally, the Video RAM serial port control allows video mask and cursor information to be
buffered into the device on a scanline basis during horizontal blanking.

Elmer supports 24-bit/pixel, true-color, convolution filtering to reduce flicker in interlaced video. A
dual set of input buffers provides an efficient true-color convolution implementation specific to
JAG's frame buffer organization. A 768 x 1-bit video mask buffer is contained on chip to control the
convolution filter on a pixel by pixel basis. A single scanline of the video mask data is loaded into the
buffer during horizontal blanking. The video mask indicates regions of the scanline that contain
video data and that should not be filtered. This allows the image quality of the video data to be
maintained by passing the video data through unfiltered, while applying the convolution filter to
computer generated graphics.
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Framé Buffer Interface

The frame buffer interface is designed to directly interface to the serial ports of the Video RAM. The
96-bit input is logically divided into 4 24-bit pixel ports, PD[23:0}{A) - {D}. On the rising edge of the
VRAM serial clock, VSC, pixel data is latched into the device,

vsc _/—\__,m

PDi[23:0] (A} - (D} DATAT | W__DATA+L__X_DATA2 X

The mterface can:i

are latched in e
mapped into

Video mask data clocked into Lhé device during horizontal blanking is mapped into the 24-bit/pixel
format as shown below. Bit 23 of the pixel port contains the least significant mask bit.
23 15 7 0

1-bit/pixel mask data |,!||||||||||||||||||||||$
bit i bit i+23

1191

Convolution

To reduce flicker due to graphics data on an interlaced display, Elmer implements Apple's
Convolution filtering on 24-bit true-color pixels. The FIR filter is applied to pixels from three
successive scanlines according to the formula

(2 + <line n-1> + 2* <line n> + <line n+1>) / 4
To maintain the image quality of video data, the filter is only applied to graphics data. To control
the convolution filtering, Elmer contains a video mask which identifies each pixel as video or
graphics data. The mask data is loaded into 768 x 1-bit video mask buffer on a scanline basis during
horizontal blanking and turns the filtering off whenever video data is being displayed.
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To support convolution, the frame buffer is partitioned into two 64-bit wide banks. Successive
scanlines are-interleaved on a dual pixel basis to form line pairs. Successive line pairs then alternate
between the even and odd banks, such that line pairs 0/1, 4/5, 8/9, ... are stored in BANK 0 and line
pairs 2/3, 6/7, 10/11, ... are stored in Bank 1. This allows pixels from four adjacent scanlines to be
clocked out of the video RAM serial ports in quick succession. The pixel data stream is illustrated in
the diagram below.

CONVOLUTION
P00 P10 P02 P1.2 |
Pixel 0, 1
Line pairs 0/1, 2/3 PO,1 P11 P03 P13 |
Pixel 2,3 P20 P30 2 P32 |
Line pairs 0/1,2/3 P P31 P23 P33 ]
BANK 0 BANK 1

Not Populated

* Convolution pixel labeling : Byg e

Input Buffering and Reordering

In convolution mode, the device can only be operated in 4:1 multiplexing mode. Pixel data is
clocked into the device at four times the standard interlaced bandwidth. The 4 24-bit pixel ports are
logically combined to form 2 48-bit line pair ports. Pixel ports A} and {B} are combined to form the
EVEN line pair port and pixel ports {C} and {D} are combined to form the ODD line pair port. Each
line pair port latches a dual-pixel chunk of the interleaved line pairs on the rising edge of VSC.

Elmer contains a pair of convolution input buffers to resequence the line pair data for the
convolution filter. Each buffer contains 8 24-bit pixels, two pixel chunks from four adjacent
scanlines. The buffers are operated in a ping-pong fashion, such that while one buffer is being loaded
from VRAM the other is supplying data to the filter.

Internally, the pixels in the convolution buffers are reordered in an order convenient for the filter. The
pixel above and below the pixel being displayed are sequenced to the filter in the following order: line
<n-1>, line <n>, line <n+1>. The pixel data for the fourth line is ignored. It is not shown, but the pixel
reordering changes in an alternating fashion on a line-to-line basis, as well as on a field basis.

Loading Video Mask

The video mask data to control the convolution filtering is loaded into the device during horizontal
blanking. In the simplest case, only a single scanline of video mask data is required to turn the
filtering on or off. A problem arises when the filtering is applied across a video/graphics boundary
because the pixel above/below a video pixel may contain graphics data and create weird edge
effects. The solution is to apply the filtering when anyone of the three pixels being convolved
contains graphics data. This insures that a component of the graphics data will bleed into the video
data and reduce potential flickering. To eliminate extra video mask buffering, the video mask data
for all three scanlines used in the filtering are combined into a composite video mask as the data is
read in during horizontal blanking,

Video mask data is mapped into 24-bit pixel data as indicated previously. To simplify the hardware,

768 bits of video mask, 32 24-bit pixels, are stored at the beginning of each row in the frame buffer
for both NTSC and PAL. This allows the video mask data for the 4 adjacent scanlines to be accessed

VBE-10



Apple CONFIDENTIAL Jaguar Video Buack End ERS

in quick succession. The mask data is stored just prior to the video data of each scanline such that
only one row transfer operation is required during horizontal blanking to clock in the mask data and
initialize the serial ports for video refresh. After the video mask data is buffered into the device, the
serial ports will be at the beginning of the line for active video. The transfer of all four scanlines of
mask data requires 32 serial port accesses at the standard, convolution video refresh bandwidth; it is
completed in 32 dotclks. The mask data is buffered in the convolution input buffers and
resequenced similar to pixel except that the final destination is the video mask buffer.

CURSOR

The unplementatxon
an optional feapy

rsor / overlay region is tentati
tware fallback position must be
multiple cursors, anti-aliase
rovides a generic mechanig
resh, but the goal is to pr

is point and should be con;

implementation
region over acti
for all monitors
scanline of cur.

Overview

Given the fixed
buffer to store

buffer and 64 x i llowing cursor sizes

8-bit/pixel grayscale

(Note: The cursor size in convolution mode is limited to 16 x 16 because three scanlines of cursor
information are required to properly convolve the cursor. Also, the cursor size for some monitors may
be limited due to available memory in the frame buffer.)

The cursor overlay region can be arbitrarily positioned on the screen by changing a few control
registers (via a channel program - eek!). When the video refresh traces across the overlay area, the
contents of the scanline buffer are merged with the standard video refresh (background image).

As defined for the current color cursor, the display of the cursor involves a relationship between the
mask and the image. The data pixels within the mask (bit==1) replace the background pixels. The
data pixels outside the mask (bit==0) are displayed using an XOR with the background pixels. If
data pixels outside of the mask are white (R=G=B=0xFFFF) the pixels are transparent an the
background image is unchanged. If pixels outside the mask are black (R=G=B=0x0000), the two
most significant bits of each component of the background pixel are complemented. This
guarantees at least a 25% contrast between the background and complemented cursor region. All
other values outside of the mask cause unpredictable results.
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Cursor Region Control

The rectangular, cursor region is defined in memory by a base address and rowbytes. The base
address points to the beginning of the first line displayed and rowbytes is the offset between
scanlines. Both the base address and rowbytes must be 16-byte aligned. The size of the cursor region
on the screen is defined by two registers, height (HGHT) and width (WDTH). The height and width
only change when the region is completely redefined. The position of the cursor hotspot, the upper-
left hand corner, is controlled by the x position (XPOS) and y position (YPOS) registers. The x and y
position of the cursor hotspot is defined relative to the beginning of the horizontal and vertical front
porch, respectively. Both XPOS and YPOS are 12bit, signed values which allows the region to
positioned off screen.

ddA

P =

f——XPOS—>> WDTH |[&—

YPOS

Cursor Hotspot = +

S~ ;

HGHT

Cursor A ¢

Overlay Region
Display Screen

To simplify the cursor address generation hardware required for the VRAM serial port control, if the
cursor region moves off the top of the screen, then the cursor base address register, CAR, in the
system controller must be updated such that it points to the beginning of the first line displayed.

‘Cursor Refresh

The cursor region refresh process is similar to the standard video refresh except that cursor
information is only fetched when the cursor region covers a portion of the current scanline. During
horizontal blanking, the cursor information for the next scanline is clocked out of the VRAM serial
ports into a scanline buffer. The address generator in the system controller provides the same
functionality for both the cursor and video address generation. When the first line of the cursor
region is active, the VRAM interface provides an opcode to the address generator to load the transfer
cursor address register, TCAR, with the cursor base address, CAR. The system controller performs a
VRAM read-transfer memory cycle to TCAR and split-read transfer cycles as required to maintain the
shift register. The serial ports are clocked until a single scanline of cursor, as defined by the width
register, is buffered into the device. Guidelines will be developed such that software can insure that
there is enough time during horizontal blanking to reload the VRAM shift registers for active video
and buffer the convolution video mask when appropriate. On successive scanlines, TCAR is
incremented by the cursor rowbytes, CRB, to refresh the cursor region on a line-to-line basis.

The cursor image data is stored in the extra frame buffer memory at the same pixel depth of the
frame buffer. The 1-bit/pixel cursor mask data uses the 1-bit/pixel format. The cursor mask and
image data for each scanline must be organized sequentially in memory. For each scanline, 96-bits of
mask data is clocked into the buffer, followed by up to 64 pixels of image data, as defined by the
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cursor width register. In 24-bit/pixel true-color and 8-bit/pixel grayscale modes, successive scanlines
of cursor information are grouped sequentially in memory, as shown below. Each scanline of cursor
data must be 16-byte aligned, as defined by CAR and CRB.

saR | LINE 0 ]
SAR+SRB | LINE 1 |
| LINEn |

Due to the addr
the video mask

Mask

MPU Interface

Elmer provides a standard 8-bit MPU interface to access all internal control and status registers. All
registers are indirectly addressed by first loading an internal, 8-bit index register. Address bit AO is
decoded to select the internal index register (A0=0b) or the register space (A0=1b). To support
block read/write by Mazda, the index register is automatically incremented after every access to the
register space. When the index register reaches 0xFFH, it will roll over to 0x00H on the next access.
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A0 RW Bus Operation
0 Load Intemal Index Register (Index)

1 1 Read Register (Index)
Increment Index Register (Index++)

1 0 Write Register (Index)
Increment Index Register (Index++)

The timing for the MPU interface is shown below.

D[7:0] (READ) LI > S

D[7:0] (WRITE)

Video Timing Generation

To allow the motherboard to support a wide range of monitors, both MAC and JAG monitors, in a
consistent fashion, a programmable video timing generator developed in SEG will be ported to Elmer
to generate the sync and blank monitor timing. A detailed discussion of the video timing generation
is not presented in this section, rather only a brief description of the interface between the video
timing and address generation is presented. For a detailed description of video timing generation,
refer to Appendix A, "Stopwatch Theory of Operations, Version 3.1".

The video timing generator has 4 major components: horizontal timing circuit, a vertical timing
circuit, a composite timing circuit, and a large register file to store timing parameters for all three
timing circuits. The horizontal timing circuit can be in one of four states: the front porch, the sync
pulse, the back porch, and active video. A pixel counter maintains a count of how many pixels have
passed in the current horizontal state and is compared to the horizontal timing parameters to
transition between horizontal states (front porch, sync, ... etc). Similarly, the vertical timing circuit
can be in one of four states : the front porch, the sync pulse, the back porch and active video. A half
line counter maintains a count of how many pixels have passed in the current vertical field state and is
compared to the vertical timing parameters to transition between vertical states. The composite
timing circuit is concerned with generating the proper equalization pulses and serrations, and
compositing them with vertical and horizontal sync/blank pulses to generate CSYNC~/CBLANK~
output. SWATCH contains additional circuitry to lock on to the horizontal sync of an external signal
and synchronize the horizontal and vertical timing circuits to compensate for pipeline delays and to
maintain correct status information

The current SWATCH video timing generator is flexible enough to handle existing and future
monitors. HDTV will not be supported because the CLUT/DACs do not support a tri-level sync. An
area of concem is the frequency of operation for a high DPI grayscale monitor. For higher frequency
monitors, the horizontal timing circuit is clocked at a divided down dotclk and thus maintains a
count of how many multiple pixel chunks have passed in the current horizontal state. For a 220 MHz
Hi-DPI monitor, if the circuit can not run at 55 MHz, the transitions between horizontal states will be
constrained to 8 pixel boundaries, but this should not be a problem.
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Vertiéal Line Interrupts

To help Wilson avoid frame tears when transferring regions of data, Elmer provides eight vertical line
interrupts that can be programmed to occur at any vertical raster position. The 12-bit vertical line
interrupt registers define a line count relative to vertical front porch. When any one of the 8 vertical
line interrupt registers equals the current line count, as maintained in the vertical timing generator, a
vertical line interrupt signal, LNINTRP, is asserted to Mazda for n clock cycles. Mazda latches the line
interrupt signal and passes it on to the XJS.

To allow XJS to qu’ ki i o iotar i ote Maoda e :
vertical beam :

is connected to VSYNC~
is connected to HSYNC

or video and cursor refresh i
ystem controller contains
Elmer contains the contro
iating all read-transfers to

The address gen
controller and E
cursor address §
Elmer is
opcode address generation and
read-transfer memory cycle. After a row transfer has been initiated, it is the system controllers
responsibility to initiate split-read transfers, as required without Elmer's knowledge, to maintain the
serial port data. Refer to the Memory ERS for details on the register and opcode definitions.

The 4-bit opcode encodes 6 types of operations for cursor and video refresh as defined below:

1) INIT - XFER Initialize transfer address registers (TAR) and perform read-transfer (RT)
2) INC RB/2 - XFER Add ROWBYTES/2 to TAR and perform read-transfer

3) INC RB - XFER Add ROWBYTES to TAR and perform read-transfer

4) XFER BO - XFER B1 Perform read-transfer to banks independently

5) XFER BO - INC RB - XFER B1 Read-transfer Bank 0, add ROWBYTES to TAR, Read-transfer Bank 1
6) XFER B1 - INC RB - XFER B0 Read-transfer Bank 1, add ROWBYTES to TAR, Read-transfcr Bank O

The first two operations are performed during Vertical blanking to initialize the address generators to
the base address of the frame buffer or cursor memory. For interlaced video without convolution
filtering, ROWBYTES/2 is added to the base address for the ODD field. During horizontal blanking,
the third operation updates the address registers to the beginning of the next line. Operations 4
through 6 are used for interlaced video with convolution. In convolution mode, the frame buffer is
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seen as two 64-bit banks which must be independently controlled. The three operations perform
transfers to each bank separately and updates the transfer address register to the beginning of the
next line-pair in an alternating fashion between banks. A summary of how the operations would be
used to control the cursor and video address generation is shown below.

Non-Interlaced Displays:
During VBLANK:  INIT - XFER

HBLANK: INCRB - XFER

Interlaced Displays w/o convolution:
During VBLANK (EVEN Field): INIT - XFER
(ODD Field ): INIT - XFER
INC RB/2 - XFER
HBLANK: INCRB - XFER

Interlaced Displays w/ convolution:
During VBLANK:  INIT - XFER

HBLANK:  XFER B0 - XFER Bl
HBLANK: XFER BO - INCRB - XFER Bl

* Depending on the line-pair grouping, the operations alternate for successive
HBLANKSs

The interlocked handshake interface between Elmer and the system controller is illustrated below.
The read-transfer cycle is initiated by supplying an opcode and asserting the XFERSTRT® signal. The
system controller acknowledges the completion of the read-transfer cycle by asserting XFERACK®
until the XFERSTRT" signal is deasserted. The XFERACK® signal is bi-directional and provides slow
serial clock, divided by four, to the system controller when XFERSTRT® is deasserted.

XFERSTRT* — _\l ) S
OPCODE[3:0] X i
XFERACK*

CLUT/DAC Interface

The CLUT/DAC interface is designed to support TTL transfer rates of up to 57 MHz. The interface
can be programmed for grayscale or true-color pixel formats with 24-bits, 32-bits or 48-bits valid.
This supports true-color video bandwidth up to 110 MHz and grayscale video bandwidth up to 220
MHz. The 32-bit grayscale format is provided for compatibility with the 8-bit Chunky pixel format
defined by AC/DC. (Note: The awkward byte lane positioning is to provide footprint compatibility
between 32-bit and 48-bit CLUT/DAC interfaces). The pixel formats and output modes are illustrated
below.
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24-bit Output Mode 47
24-bit/pixel True-Color B

23 0
[ R0|Go|Bo]

47 3123 0
8-bit/pixel Grayscale | Pir1 |
32-bit Output Mode
47 ) < N 0
8-bit/pixel Grayscale Pis1 | Piv2 | Pis3 |
48-bi M
47 31 23 0
24-bit/pixel True-Color [ Rt | a1 | Bl | Ro| Go | BoO |

Output Pixel Formats

¢ below, the output pixel da
LD~ is generated from eith¢
I'L clock input, DBLCLK
e CLUT/DAC chip.
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ECL clock, or fi

explanation of

LD~
PDo[47:0]

CSYNC*, VSYNC
HSYNC*,BLANK

For composite

pipelined to

separate CSYN ypa

timing. Thus, , Portrait, 16" Landscape an portrait monitors, the
information mu lly delayed in ELMER to co for the pipeline delay in
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programiti

Monitor Sense Lines

The monitor sense lines are used to uniquely identify the type of monitor connected to the frame
buffer. Sense[2:0] are bidirectional signals with open drain outputs and are mapped into the
RDSENSE and WRSENSE control registers. By driving a single output low and reading the two other
resultant signals, and repeating the process for all three signals, software can determine the monitor
connected to the frame buffer and generate the proper video timing. The sense lines must be
continuously monitored to insure the low frequency SYNC timing for NTSC/PAL is not connected to a
non-interlaced monitor.

After system reset, the sense lines come up in input mode. The current state of the sense lines can be
determined by reading the RDSENSE status register. The sense line inputs are sampled after each
write to the WRSENSE register. After initialization, hardware will determine if the sense lines change
unexpectedly (the user disconnecting the monitor cable) and blank the CLUT/DAC output and gate

VBE-17



Jaguar Video Back End ERS

Apple CONFIDENTIAL

the syncs until the sense lines return to the initialized state or are re-initialized. This is intended to

protect the monitors form improper timing and to minimize EMIL.

Control / Status Registers

A rough cut at the control and status registers for Elmer is provided below. The video timing registers
are as defined in the "Stopwatch Theory of Operations, v3.1" .

A channel program is required to read/write any registers~ through Mazda. The MPU interface and
register addressing will be defined in such a fashion so as to allow block transfers of logical groups of

registers, ie. timing registers, interrupt registers, control and status registers.

Stopwatch registers

Horizontal timing control -
Horizontal Front Porch
Horizontal Sync Pulse
Horizontal Back Porch
Horizontal Active Pixels
Pixels to half line
Horizontal Pixel start number
Horizontal Counter Load
Horizontal Counter Stop
Horizomal Timing Halt
External HSYNC Enable
HSYNC-~ Active High

Vertical timing control --
Vertical Front Porch
Vertical Sync Pulse
Vertical Back Porch
Vertical Active Lines
Vertical Line start number
Vertical Counter Load
Vertical Timing Halt
VSYNC~ Active High

Composite timing control --
Pixels to Serration
Equalizing Pulse Enable
Serration Enable

Reset control
Soft Reset
Status Registers —
QOdd Field State
Horizontal State:
Front Porch
Sync Pulse
Back Porch
Active Pixel
Vertical State:
Front Porch
Sync Pulse
Back Porch
Active Line

Horizontal Line Count
Vertical Line Interrupts
Line Interrupt 1
Line Interrupt 2
Line Interrupt 3
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Line Interrupt 4
. Line Interrupt 5

Line Interrupt 6

Line Interrupt 7

Line Interrupt 8

Interrupt Mask
Convolution

Convolution Enable

Video Mask Disable
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VRAM Interface and Control
96 I PDi(23:0] {A}-{D}
2 0 VRAMSC
0] XFERSTRT*
1/0 XFERACK®
0 OPCODE(3:0]

N

Video Output Interface
48 o) PDo[47:0]

1 I VIDCLK

1 I DBLCIK
1 0 LD~

1 0 LDv~

Video Output Timing and Control
3 1/0 CNTRL
1 0] CSYNCv~

1 0] CSYNC~
1 0] VSYNC~
1 0O HSYNC~

1 I CSYNCi*
3 I/0 SENSE(2:0]
1 0 LNINTRP*

MPU Interface
8 1/0 D[7:0]

1 1 A0
1 I R/W~
1 I CS~
Misc
1 1 RESET
5 TBD  JTAG
26 I Power/GND
211 Total

VRAM Interface

VRAM Serial Clocks
Serial Port Transfer Start
Transfer Ack. / VSC
Transfer Operation

CLUT/DAC Interface
Divided Down Pixel Clock
TTL Pixel Clock
CLUT/DAC Load Clock
DENC Load Clock

DENC Serial Port Control
DENC Composite Sync

CLUT/DAC Composite Sync
CLUT/DAC Vertical Sync
CLUT/DAC Horizontal Sync

External Composite Sync
Monitor Sense Lines
Vertical Line Interrupt

MPU Data Bus
Address Select
Read/Write
Chip Select

System Reset
Boundary Test
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Section 4

Video Output

To meet the user demands of a multi-media machine, JAGUAR provides two sources of video output
on the motherboard: a:}igh-resolution, non-interlaced compgnent RGB output; and an encod

> a highly integrated, low cost &
video equipment. As illustra

DB-15
DBLCLK CLK/CLK*
L j
ECL
FREQUENCY .
SYNTHESIZER
XTL

The CLUT/DAC and DENC share a common pixel data input and refresh hardware such that only one
output is active at a time. To prevent garbage form being generated from the inactive device when
the CLUT/DAC is used to drive a graphics monitor, the DENC clock is gated to disable the output.
Similarly, when the DENC is used to generate the NTSC/PAL video output, BLANK® is asserted to
blank the graphics monitor and the component RGB SYNC signals are gated.
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The transition between the graphics and video outputs is under software control. The video timing
generation and control registers in ELMER, and the video address generation parameters in the
system controller, must be updated to support the different monitor timings. Also, Quickdraw's
view of the frame buffer must be updated to support the different frame buffer format. Current
system software does not provide this functionality under multifinder without rebooting. Local
copies of global parameters stored off of (A5) (ie. base address, rowbytes, ...etc.) can not be
dynamically updated and the machine must be rebooted.

NTSC/PAL Video Output

The digital encoder (DENC) chip provides a low cost, consumer quality, encoded video output
capability. It generates component Y/C (S-VHS) and composite video encoded to NTSC and PAL
standards. No GENLOCK support is provided. DENC supports a 24-bit digital interface compatible
with the CLUT/DAC, requires no adjustments in manufacturing and uses minimal external
components. :

DENC performs the entire encoding process in the digital domain before performing the digital to
analog conversion. The 24-bit RGB data is converted to YUV data and digitally modulated into the
NTSC/PAL format. Triple on-chip DACs (of sufficient resolution) generate the final Y/C and
composite analog outputs.

Third-order elliptical filters are required on the outputs for sample-hold elimination and to attenuate
glitch impulses and aliased frequency components. The filters can be constructed with passive,
surface mount components. Finally, the outputs are AC coupled into 75 ohm termination to eliminate
any signal when the NTSC/PAL output is not being displayed and DENC is inactive.

The 24-bit pixel data, PDo[23:0], and composite sync, CSYNCV~, is latched into the device on the
rising edge of LDV~, similar to the CLUT/DAC interface. Separate load and sync signals are required
to isolate the two output blocks. Separate load clocks are required to protect DENC during non-
interlaced modes of operation and separate CSYNCs are required to prevent the non-interlaced
monitor from free running when the encoded output is being used. Special attention to the layout
will be required to minimize loading on the data port. Also, setup and hold requirements will be
defined to be compatible with AC/DC to maintin the high transfer rates required for the CLUT/DAC.

Component RGB Output

The component RGB output is generated by the AC842 CLUT/DAC chip, commonly referred to as
AC/DC. AC/DC is an Apple proprietary, triple 8-bit CLUT/DAC chip which supports up to 100 MHz
grayscale video and 64 MHz true-color video bandwidths. This is sufficient for a 21", 1152x870
grayscale KONG monitor and a 16", 830x630 color landscape monitor (preliminary). AC/DC has a 32-
bit pixel bus interface capable of sustaining TTL transfer rates of up to 64 MHz. AC/DC supports
numerous pixel formats of which only the 8-bit Chunky and 24-bit/pixel formats are used.

Because gamma correction can not be performed in the CLUT prior to the convolution filter, the

convolution circuitry in AC/DC is not used. Instead, 24-bit/pixel true-color convolution filtering is
performed in Elmer and the triple 256x8 CLUT is used for gamma correction only.
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The output video is compatible with RS343A voltage levels with a programmable blank pedestal of 0
or 7.5 IRE units. For grayscale over 50 MHz operation, SYNC information bypasses the CLUT/DAC
and the output video is generated by the BLUE channel.

A Built in Logic Block Observation (BILBO) circuit in the CLUT/DAC allows software to perform
signature analysis of the video data immediately prior to the DACs.

The 8-bit MPU interface is connected to Mazda to access the CLUT and internal control and status
registers. A channel program must be generated to read/write the CLUT and registers in block mode
fashion. To prevent frame tears, the CLUT should only be updated during vertical blanking.

1o the AC842 Data Sheet.

P
x 10 CLUT and £
The 48-bit pix
color and 165
are constraine
color.)

Clock Ge

To support a

(MCLK/N) d
divided down'by2

As illustrated m previously, the two clock
operation to e video timing. When pixel :
than 30.Mk ock of the CLUT/DAC nerated from the differen
clock inputs, CLK/CLK®. The CLUT/DAC chip provides a TTL clock output (max. 30 MHz), VIDCLK,
divided down a programmable amount (1, 2, 4 or 8) from CLK/CLK®. When pixel data is latched into
the CLUT/DAC chip at greater than 30 MHz, the differential ECL clocks inputs should be grounded

and the internal dot clock is generated directly from the LD~ input. In this case, VIDCLK is invalid

and the TTL clock, DBLCLK, is used to generate the video timing.

Currently, the TTL clock output of the Endeavor chip has a maximum clock frequency of 50 MHz, one
half of the maximum ECL clock output of 100 MHz. This is insufficient for 24-bit/pixel PAL which
requires a 59 MHz TTL clock for the convolution filter. An ECL to TTL converter would be required to
use the Endeavor part. The National part can generate several TTL clock outputs of which the PCLK is
rated at up to 64 MHz. Also, it contains two reference inputs to lock on to the HSYNC component of
an external reference. This implementation requires further study because the 15 kHz horizontal loop
frequency is slightly below spec and generates some horizontal jitter on the output.
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Read this

Scope

This documen hardware acceleration architecy -video decompression o

The architez designed to work on the CC tandard but is also desig
programmable é handle other compression as MPEG or Apple cu
formats.

The architectu

especxally in algg

Definitio
CCITT P*64

MPEG
DCT
quency n. CCITT and MPEG cormpression algorithms are based
transformation.
RGB, YUV RGB and YUV are two commonly used representations for color. RGB represents a

color by three scalar values that represent the intensity of red, green and blue
components of a color. YUV represents a color by three scalar values also. Y
represents the over all intensity, while U and V represent color difference between Y
and two of the color components. RGB and YUV are related by a linear transform.

The problem

One goal of Jaguar is to provide full motion video as a fundamental data type. We envision that
motion video will be used in recorded as well as interactive applications. Recorded applications
would include the annotation of documents with video sequences or the perusal of a news event in a

video data base. Interactive applications would include teleconferencing or the editing of a personal
video tape sequence.
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Unfortunately, full motion video has large bandwidth and storage requirements. For example, NTSC
video requires about 50Mbytes/second of bandwidth, which would consume 180Gbytes of storage
for one hour. Today's networks, and mass storage alternatives for personal computing provide about
one megabyte/sec of bandwidth, and less than one gigabyte of storage.

Fortunately, there is much redundancy in video information, and it is possible to compress a video
sequence in both space an time dimensions. The CCITT "P*64" standard is designed for video
teleconferencing, and allows for the compression of a 30Hz 360x288 pixel image at a rate variable
from 64Kbits/second to 2Mbits/second. The variable rate allows for the reduction of bandwidth by
reduction of reproduction quality.

P*64 applied to NTSC video can yield an arguably reasonable quality reproduction at a bit rate of
1.25Mbit/second. This is a compression of 300 times the full bandwidth, and would lower the
bandwidth requirement enough to allow compressed video to be transmitted on local area networks
and stored on magnetic or optical mass storage. An hour of video would require 550Mbytes of
storage, which is still not small, but is small enough to be stored on a single optical disk, or on hard
disk.

There are other compression standards under development as well. JPEG is a still frame compression
standard that has been developed over the past few years, and is reasonably stable. MPEG is a high
quality motion video standard that is under development, and is still quite early in its evolution.
MPEG is not currently well enough defined to begin complete hardware implementation. In addition
to MPEG and JPEG, it seems likely, that Apple would want to develop it's own format for
compression that would better meet the needs of personal computing applications.

It would be reasonable to expect sources of video information to come from many different sources,
and to be encoded in all of these formats. With ISDN connection integral to Jaguar, P*64 encoded
images would be transmitted through the phone networks. Higher quality recorded images encoded
with MPEG or and Apple format would be stored on file servers, be transmitted over networks, or be
available on optical disks.

It would seem that there is a terrible complication in this multiplicity of formats. Fortunately, all
these compression formats are based on a DCT (discrete cosine transform) frame differencing
techniques, and consequently are similar in the bulk of the computation that they perform. It seems
possible that a single general purpose computation accelerator used in conjunction with software
could be used for all these algorithms.

Unfortunately, because of the undefined state of MPEG, there is a risk that the hardware presented in
this document may not be able to decode the final standard. It will be a race between our hardware
schedule, and the evolution of MPEG. Our strategy here is to use expert advice to understand the
range of possibilities and make the Jaguar decompression hardware programmable enough to handle
the range.
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While it would be highly desirable for all Jaguars to provide the ability to both encode and decode
video in real time, it would be acceptable to make real time encoding an optional feature. Many of
the applications, such as document annotation, data base perusal or editing can be performed with
only a decoder. In addition, real time encoding would only be generally useful when used in
conjunction with a video input digitizer for capturing the output of a camera, or other live video
source. Encoding would most likely add an additional cost beyond the cost of the decoder because
it requires about four times more computation than decoding. This additional cost added to the
cost of a video digitizer would be hard to justify in all Jaguars.

In addition to the hardware architecture presented, we are looking at the alternative of working with
other companies to dev lop a decompression chip set for Ja This chip set would most hkely
have many of the of the architecture presented heg“In particular, another chip set'w

~ interface to Wil me bus, and would share sys ory for its memory requ

Goals
The Jaguar dec

The Jaguar dec
video. P*64 is
provides a usab;
accelerator mus

The Jaguar dec
other than P*64
has no provisio
hardware to be
the accelerator

Itis a goal
We beli 4
features and quality better than P‘64 for stored video. Because of the early state in the evolution of
this standard, this goal may be quite difficult to achieve.

It is a goal that the decompression accelerator cost less than $50 (manufacturing cost). Since
decompression will be part of every Jaguar, it is essential that the decompression accelerator burden
the cost of the base system as little as possible.

Itis a goal that the decompression accelerator rely on software as much as possible. This will allow
for programmability and minimize the cost of hardware. It is important that the decompression
algorithms not use all of the CPU bandwidth so that other operations may be performed
simultaneously with display of compressed video. For this reason, it is a goal that the
decompression algorithm not use more than 50% of the bandwidth of a single CPU.
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Architecture

The architecture for the decompression engine applies hardware to the computation intensive
portions of problem, but leaves the more complex task of data formatting to software. So for
example, a hardware engine is provided for the Huffman decodmg of coefficient block data, but
header extraction is performed in software.

Where possible, commodity VLSI is used for generic opémtions, while ASICs are used for system
interface,and more obscure and unavailable functions. The most compute intensive part of the
problem is the inverse DCT, and it is performed by a commodity VLSI chip.

While the goal is to make the architecture generally programmable, there are some fixed attributes
that cannot be avoided. In particular, the accelerator is based on DCT compression of 8x8 blocks.
Support of other block sizes would require larger blocks of memory in both the commodity DCT VLSI
and in the ASICs. In addition, the leading proposals for MPEG algorithms use an 8x8 block size.
While the block size is fixed, the particular ordering of the blocks, or how the transformed blocks are
used is totally programmable. The transformed blocks may be used to encode intensity or color
information, they may be used in a 4-1-1 or 4-2-2 or 4-4-4 ratio, and may be used to transmit
difference or absolute frame information.

The architecture will be presented in the context of decoding the CCITT P*64 standard, and it is
assumed that the reader is familiar with this standard. Figure 1 shows the data flow for the
decompression process of the P*64 decompression format. The diagram shows both software and
hardware functions and indicates hardware functions by highlighting them in gray boxes.

The raw data comes in the top, and is placed in a data buffer by the /O subsystem. A software
process examines the raw data and extracts coefficient run data and header information for a whole
frame, and places the result into two separate buffers. At the highest data rate, the software process
must decode 640K Huffman encoded symbols per second. Preliminary estimates indicate that this
would consume about 10% of the cycles of a single 40Mhz CPU.

The coefficient run data for an entire frame is picked up by the DCT Unit, which expands it, performs
inverse quantization, and finally performs an inverse DCT. The resulting 8x8 blocks are then
transfered to buffers in main memory. The maximum data rate out of the DCT unit is less than
4.5Mbytes/second, which is only 12-25% of the bandwidth available through commodity VLSI DCT
chips.

While the hardware is transforming the coefficient data, a second software process analyzes the
header information for the frame that is contained in the side info buffer, and generates a command
list for the Block Update Unit. This software process must decode and analyze on the order of 12K
macro block headers per second.

The block update unit is a hardware unit that combines the previous frame with the transformed
blocks to create the next frame in the sequence. It reads commands from the command list
generated by the header analysis process. It can update a block of the current frame by copying a
block from the transformed data or from the previous frame, or add the transformed block to the
block of the previous frame. In addition, it can extract an off grid block from the previous frame for
motion compensated blocks. The output of the block update unit is a completed fixed size frame in
8x8 YUV format blocks ordered in the sequence that they would be received.
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The block update unit must process about 72K blocks per second. Each block is 64 bytes, which
results in a maximum data rate of 4.5Mbytes/second. In the worst case, each block requires a
command from the command list. Since the block update operations are really more data
movement, and not so much computation, the 4.5Mbyte/second bandwidth through the hardware is
easily achievable.

The frames are kept in a round robin buffer arrangement, that allows for some elasticity in the
decompression rate. The last frame in the round robin buffer is picked up by the RGB Conversion
Unit which converts it from YUV color space into RGB color space, and also generates a scan line
ordered stream that is fed through a window DMA channel to its final destination. This unit may
provide some post filtering to remove artifacts due to the block nature of the encoding schemes,
and may also provide,f; g for scaling.

on unit to provide a sca
this not possible, the
required in order to ¥
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In general the data processed by the computational units is in the form of 64 byte blocks. Read and
write requests to the processor's memory are performed in 64 byte blocks, which allows for a 70%
efficiency of the processor's burst memory bandwidth. The final decompressed output is in the form
of a window DMA stream that is passed through Wilson to get to the frame buffer.

In other cases, such as motion compensation, random access is required. Serial accesses tend to be
more efficient than random accesses, since the memories may be left in page mode between
accesses, but even the random block accesses are reasonably efficient, since a 64 byte block allows
the memory system to stay in page mode for four consecutive cycles.

For operation of the pipeline as shown in figure 1, the memory bandwidth requirement is a little less

than 50MB/sec in the we#st case. The average requirement ig:legs, since not all blocks require:motion
compensation, ang: blocks in a frame are coded, tion will have to be don
: the average bandwidth.

Random Function
1.3M
4.5M
4.5M
4.5-18M
4.5M

4.5M

24-38M

DCT uni

The DCT unit
transform. T

€ most compute intensive opg: compression: the discre
2 commodity VLSI chip for-th
The DCT unit is capable of performing five functions: 1) Huffman decoding of run data, 2) expansion
of run-data into 64 coefficients, 3) inverse quantization of coefficients, 4) arbitrary mapping of
coefficient order into 8x8 blocks, and 5) forward or backward DCT. There are bypasses provided, so
that software can perform any of these functions if desired. In the P*64 example described earlier,
the Huffman decode is performed in software because P*64 requires that the coefficients be
decoded in order to determine beginning of the next header. On the other hand, MPEG will probably
provide a forward pointer to the next header, because this makes random access of frames easier.

In the worst case P*64 could require as much as 4.5Mbyte/sec output out of the DCT chip.
Commodity parts have bandwidths of 20-40Mbyte/sec, which should provide sufficient bandwidth.

The next figure shows the logical data flow through the DCT unit.
The serial input stream is optionally passed through a programmable Huffman decoder. The Huffman
decode tree is maintained in a small RAM that can be reprogrammed for different codes. While P*64

does not require hardware support for Huffman decoding, it is felt that MPEG will require higher
bandwidth, and could possibly swamp the CPU.
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The output of the Huffman decoder goes through the inverse quantization function that scales the
level data to produce a 12 bit coefficient from 8 bit data. The scaling constants, g and T, are
provided by the header decode process. The inverse quantization function is simply a multiply and
add.

The level data is then passed with the corresponding run length, to the run expander that expands the
single coefficient to a sequential stream of the length indicated by the run length value.

The resulting sequential stream must then be mapped into the 8x8 coefficient block. P*64 has a
zigzag map that fills the 8x8 block in a zigzag pattern starting at the 0,0 point. This pattern is
efficient, since most of the energy in coded blocks is close to the 0,0 point. As it turns out, a 4:2:2
chroma sample ratio would benefit more by a different zigzag pattern than the pattern used in a 4:1:1
sample ratio. For this reason, it is desirable to allow the zigzag pattern to be programmable, and to
allow for a the selection of different tables for chroma blocks than for luminance blocks. The block
mapper includes a loadable table that allows the zigzag pattern to be programmed.

The block buffer is double buffered, so that one set of coefficients can be assembled, while the
previous set is being transmitted to the DCT VLSI. The DCT VLSI is a commodity part that performs
an 8x8 inverse DCT. The output of the IDCT then is passed out to memory.

There are several bypasses that allow the input to the DCT unit to bypass the Huffman decode or
inverse quantization logic. This allows software to perform these functions should some algorithms
require operations not supported by the hardware.

The DCT unit reads commands from memory, and produces 64 byte blocks of expanded and
transformed data. In some cases, the data is included in the data stream, in other cases, the daa is
pointed to by a data pointer.

The DCTOpRunCodedBlock command indicates that the data following the Op code and length is
run coded data that should be expanded and transformed to produce a transformed output block.
Run coded data consists of a series of two byte events. The level field indicates the value of a
nonzero coefficient, while the run field indicates the number of zero coefficients following the
nonzero value,

The DCTOpHuffmanCodedBlock command requests that the Huffman coded data pointed to by
the command be passed through the Huffman decoder before it is passed through the run code
expander and transformed to produce an output block.

The DCTOpUseBlockMap modifier to the CodedBlock commands indicates that the block map ram
should be used to remap the order of the coefficients. The block map is a 64 by six bit RAM that
indicates the new coordinates (u, v) of sequentially recicved input samples. The BlockMap data
type defines the format of this table. If this modificr is not used, the standard zigzag block map is
used.

TheDCTOpQParms command sets the quantization parameters g and T that are to be used in the
inverse quantization operation.

The DCTOpHalt command tells the DCT unit to halt.
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Block update unit

The block update unit is shown in the middle highlighted block of figure 1. It merges the
transformed blocks from the DCT unit with the previous frame to generate the next frame in the
sequence.

The block update unit reads a command list that is generated by the header analysis software
process. The unit supports three basic update operations: block replacement (from either
transformed block or previous frame) delta block update, and motion compensated update.

The computation required for block update of non-motion compensated encodings is relatively
small, and would probably take <20% of the CPU. Unfortunately, panning can cause almost every
block in a frame to require motion compensation for many successive frames. This would totally
swamp a software motion compensation algorithm. For this reason, the block update unit is a
necessary part of the decompression accelerator.

The block update unit is contained in an ASIC. Its function is not compute intensive, rather its
purpose is to move data around. There is no intelligence built into the BU unit about a specific
coding format. Rather, this kind of intelligence is built into the software that generates the
command list for the block update unit to execute.

The block update unit operates on 64 byte blocks. It merges inverse transformed blocks from the
DCT unit with blocks from the reference frame to generate a new frame. There are six address
pointers that keep track of the location of these blocks: DestPtr, DeltaPtr, RefPtr, RefXPtr, RefYPtr,
RefXYPtr. DestPtr points to the location where the updated block should be placed in the current
frame being computed. DeltaPtr points to the block from the DCT unit that will be merged with a
block from the Reference frame. RefPtr points to the block in the reference frame that is at the same
position as the block in the destination frame. RefXPtr, RefYPtr and RefXYPtr point to blocks that
are adjacent to the Reference block. These blocks are required for extracting a motion compensated
block from the reference frame.

There are six instructions for loading the six block address pointers. The pointers are incremented
after they are used, so that they need not be reloaded on sequential accesses. For example, since the
destination blocks are generated sequentially, DestPtr nced be loaded only at the beginning of a
frame. The format of these six instructions is defincd by the BUPtrCommand structure type.

There are eight basic block update commands. There are four flavors of reference frame selection,
and to each of these four operations, the transformed Delta block can optionally be added to the
reference data. The resulting block is written to the address pointed to by DestPtr. DestPtr and
RefPtr are each incremented on each operation. If addition of the Delta block is specified, then
DeltaPtr is also incremented. A count can be specified that indicates the number of sequential
blocks to perform the specified operation on.

The BUOpZeroRef command indicates that a value of Zero should be used for the reference block.
This operation is useful to pass the Delta frame on unchanged.

The BUOpUseRef command indicates that the block pointed to by RefPtr should be used as the
reference frame.
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The BUOpUseRefMC command indicates that a motion vector compensated block should be
extracted from the four blocks pointed to by RefPtr, RefXPtr, RefYPtr and RefXYPtr and used as the
reference block. The motion vector can be loaded by the BUOpSetMCdeltas command.

The BUOpUseRefMCandLoopFilter operates like the BUOpUseRefMC command except that it
additionally applies the loop filter to the extracted block. The filtered block is then used as the
reference frame,

The BUOpAddDelta is a modifier to the previous opco&es that indicates that the block pointed to
by DeltaPtr should be added to the reference frame to produce the destination frame. If this
operation is specified, then the DeltaPtr is incremented, otherwise it is not.

ts the X and Y offsets to be
ence blocks. The format of d
DX and DY are bytes and ¢z

The BUOpSetM n extracting a motion co

DCT and

The DCT unit
from an input

utilization of
buffer can ho
memory acce

lines, which allows for doubf

,,,,, d DCTIP are byte poi indicate the current pos
instructio parse. When one half of an instruction buffer is empty, a memory request is initiated to
refill it to the next sequential 32 bytes. The halves of the instruction buffer are direct mapped to
memory, so a given memory address always maps to the same buffer.

The least significant byte of each unit's control word (DCTentl and BUcntl) maintain status bits for
the sequencer. The [Bstate bits indicate whether each half of the instruction register is full or empty.
There are two bits, one for each half.

The singleStep and halt bits in the control register are used to control execution. When the halt bit is
high, the sequencer will stop executing instructions at the completion of the current command. When
the singleStep bit is high, the sequencer will sct the halt bit high at the completion of the current
instruction, so that only a single instruction is executed if halt is reset. In this mode, the processor
resets the halt bit to begin execution of an instruction, and can subsequently poll the halt bit to
determine when the instruction has completed.
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Because the instruction buffer is accessible to the processor, a useful immediate execution mode is
available. This is accomplished by setting the instruction pointer to zero, writing the instruction
packet into the first few bytes of the instruction buffer, setting the IBstate bits to indicate that the
buffer is full, and finally setting single step mode high and halt low. The instruction will be
immediately executed from the instruction buffer, and the sequencer will halt at it's completion. The
processor can poll the halt bit to determine when the instruction has completed.

Immediate execution would be desirable when using the Huffman decoder on the P*64 format. In
P*64, the end of the block can only be determined by performing a complete Huffman decode of all
the preceding data. Since it is necessary to find the end of a Huffman coded block to find the next
header, the Huffman decode must be done immediately, and the resulting position of the end of
data must be read back by the software to continue processing the next header.

RGB conversion unit

The description for this unit is still a little sketchy. In particular, the conversion from block to scan
line requires a large memory of 128Kbits as it is described, and it may be more desirable to burn a
little more system memory bandwidth than use a local memory of that size. This particular tradeoff is
still being studied. :

The RGB conversion unit reads in an 8x8 block organized frame in YUV color space, converts it to
scan line order, filters the YUV components, and then converts YUV color space to RGB color space.
The result is a scan line order RBG pixel stream that passed out through a window DMA channel to its
final destination.

Figure 3 shows a logical data flow for the RGB conversion unit. The unit is controlled by an

instruction stream that tells it the relative addresses of the blocks to read in. These blocks are read in
and placed in a 16 scan line by 360 pixel buffer. Since the blocks are organized as 8 pixels by 8 scan
lines, an entire 8 scan lines worth of blocks are needed before the topmost scan line of that group can
be scanned out. The sixteen scan line buffer allows for overlapping the reading and outputting these
8 scan line groups. The scan line buffer would probably be implemented with an external SRAM, since
it would require around 128K bits of storage.

The scan line data is read from the scan line buffer and filtered to produce a stream of scan line
ordered YUV encoded pixels. The filtering is required to up sample the color difference components
to the sample rate of the luminance channel. This filtering may also be useful for performing arbitrary
scaling, but more work has to be done here before we include this functionality. The filtering is a 4x4
kernel that is implemented as two passes of a 4x1 kernel. The computational requirement turns out
to be about 16 MAC's per pixel, so at the 3MPIX data rate of P*64, this is a 48MAC/sec computation
rate.

These pixels are then put through a YUV to RGB converter which is a implemented as a 3x3 matrix

transformation from YUV coordinates to RGB coordinates. At the P*64 rate of 3Mpix, this requires
27MACs/second of computation.
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Implementation

The most logical place for the decompression hardware to connect to the system is on the Wilson to
BLT bus. This bus allows for both random accesses and sequential Window DMA accesses. The three
hardware acceleration units are partitioned onto two ASICS that each interface to this bus.

Wilson g BLT
B e

DCT and
Block . DCT
Update VLSI
units

. YUV-RGB Scan

- copversion <] i€
, unit memory

System Connection of
Decompression Acceleration Units

The block update and DCT units are combined into one ASIC, the DCT/BU chip. The two units
operate essentially autonomously. They each maintain independent buffering, memory sequencers
and instruction processors. The two units do share a single bus interface. There is a connection
between units that allows for the direct forwarding of transformed blocks from the DCT unit directly
to the BU unit. This connection is useful in some configurations because it saves the memory
bandwidth required to buffer the transformed blocks.

In addition to interfacing to the BLT bus, the DCT/BU chip is also connected to the commodity DCT
VLSI chip that actually performs the computation for the inverse DCT.
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The RGB conversion unit is on the second ASIC. Since RGB conversion requires a significant amount
of computation, and will require a corresponding amount of silicon. This unit is not well defined at
this time. At this time, it will probably require a 128K bit scan line store, that would probably be
maintained in a2 RAM external to the chip.

There is still a possibility that the overall gate and pin count may be low enough that all three units
could be put on a single ASIC, but it is to early to tell.

oy

DC

son Interface

similar instruction scc memory controller desi
med into and out of ort time multiplexed RAM
memory controller fetches and stores data to/from the addresses specified by a pool of memory
pointers in 32 or 64 byte blocks. The memory controller also responsible for incrementing the
memory address pointers. The instruction sequencer reads instructions form the instruction buffer in
the RAM block, and sequences the data paths through the specified operations. The RAM block,
memory pointers, and other state within the unit are directly readable and writable by the software,
as well as by the operation of the instruction sequencer.

The DCT unit data paths include a Huffman decoder that decodes bit data into events. The decode
table is maintained in a RAM that may physically be the same RAM block that is used to store data.

The DCT unit also includes a block map function with a loadable map that allows for remapping the
order of events. The mapped data is placed in a cocfficient buffer. After all the events for a single
block are received, the block is sent to the commodity DCT VLSI chip. for transformation. The
transformed data is returned and placed in a buffer in the shared RAM block, from which it is sent
over the BLT bus to the processors memory.
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