1 Abstract

Wth the recent introduction of the ACCESS. bus product, Digita
has affirnmed its conmtnment to open systens and thus to facil-
itating better solutions for interactive conputing. This open
desktop bus provides a sinple, uniformway to |link a desktop
conputer to as many as 14 | ow speed 1/ 0O devices such as a key-
board, mouse, tablet, or three-dinmensional tracker. ACCESS. bus
features a 100-kil obit-per-second mexi mum data rate, hardware
arbitration, dynam c reconfiguration, a mature capabilities
granmar to support generic device drivers, and off-the-shelf,

| ow-cost 12C microcontroller technol ogy. [The BUS paper begins
here.]

As the cost of personal interactive conputing decreases, the
range of applications and the need for specialized |/O devices
is growing dramatically. Traditional personal conmputers were
designed to accept only a small nunber of standard devices;
addi ng devi ces beyond those originally envisioned usually re-

qui res specialized hardware or software. This custominterfacing
i s expensive for both vendors and users and thus limts the
availability of new devices.

ACCESS. bus provides a sinple, uniformway to |link a desktop com
puter to a nunber of | ow speed I/O devices such as a keyboard,

a nouse, a tablet, or a three-dinensional (3-D) tracker. De-
signed fromthe beginning as an open desktop bus, ACCESS. bus
facilitates cooperative solutions using equipnment fromdifferent
vendors. This paper describes the ACCESS. bus design and gives
sonme insight into how the i dea was adopted at Digital
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2 Design CGoal, Process, and Advant ages

The design goal for the desktop bus follows fromour experi-
ence within the Video, Inmage and Print Systenms (VIPS) | nput
Device Group with trying to support new devices on Digital ter-
m nal s and workstations. While various new devi ces have been
successfully prototyped over the years, the need for nonstandard
har dware and custom software drivers was al ways an expensive

ti me-consum ng obstacle. Even after successful prototyping,

t hese devices could not be readily adapted to our standard sys-
tems, limting their use to custom applications. In designing
the desktop bus, our goal was to nake it as easy as possible

to interface previously unavailable |I/0O devices to our systens
in a way that was both practical and marketable. This section
expl ains the benefits of using a desktop bus, describes the pro-
cess we went through to convert to a new bus architecture, and
sumrari zes the key advantages of the chosen design.

The basi c desktop bus concept is illustrated in Figure 1. The
bus allows nultiple, |owspeed |I/O devices to be interconnected
and thus interfaced through a single host port. Desktop bus
devi ces such as a keyboard or a tablet, which are not hand-
hel d, provide two connectors and al |l ow anot her device to be

dai sychai ned. A hand-hel d device such as a nouse can be pl aced
at the end of the daisychain, or a connector expansion box

can be attached to acconmpdat e additional devices that do not
provi de two connectors.

The desktop bus has the followi ng benefits:
Enabl es greater flexibility and variety of use
Reduces the cost of connecting multiple devices

Expedi tes bringi ng new technol ogy to market
Hel ps | everage third-party devices
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The first benefit, greater flexibility, can be sinply achieved
by allowi ng additional devices and nore nodul ar solutions. W
further extended this benefit by designing a way for devices

to be added at run tinme w thout disrupting system operation.
Configuration should be autonmatic; connecting standard devices
shoul d not require powering down or rebooting the system before
a new device can be used. The desktop bus supports nultiple |ike
devi ces without switches or junpers.

The second benefit, reduced cost, was crucial to having the

bus accepted as a solution across a wi de range of products from
| ow-end video ternminals to high-end workstations. We recogni zed
that contenporary electrical techniques could elimnmnate the need
for level translation circuits, -12 volt (V) power supplies,

and perhaps sonme of the protective conponents used with RS-

232 interfacing. Although many devices woul d now require two
connectors, system cost woul d decrease because we woul d need to
supply only as many connectors as the nunmber of devices to be
attached, or possibly one nore.

The third benefit, expediting the tinme to market for new tech-
nol ogy, allows us to better satisfy changing requirenments. Key
to this benefit is having the nmeans to connect new devices wth-
out changi ng the system hardware or software. Based on our ex-
perience with input devices, we devel oped the concept of device
capability reporting and generic device protocols. Standard
devices |ike keyboards and |l ocators, e.g., mce, tablets, and
trackballs, all work in simlar ways. For this class of device,
we define a sinple device protocol and a way to paraneterize and
report device unique characteristics. A single generic driver
can adapt itself to work with a class of simlar devices so that
no custom software is required for basic operation of standard
devi ces.

Leveraging third-party devices, the fourth benefit, is ained
at satisfying diverse custonmer requirenents. Because the use of
conputers continues to proliferate, the range of applications
far exceeds that which any one vendor can master. By meking the
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bus truly open, we encourage third parties to add value to our
syst ens.

The benefits of a desktop bus are significant. But converting to
a new architecture, especially one that is not backward conpati -
ble, is expensive in terms of the tine and effort required. How
does a large corporation build agreement to nmake such an invest-
ment deci sion? The desktop bus project started as a grass roots
engi neering effort and gradually built nonentum The process

was one of dialogue to attract partners. Initially, three groups
with slightly different objectives worked together to devel op
the bus. The visibility of separate groups jointly supporting
the bus concept was essential to transformthe idea into action.
People are nore willing to accept an idea that others around

t hem have al ready adopt ed.

The three groups that initiated the desktop bus project were our
VIPS I nput Device Goup in Westford, MA nentioned previously;
the Workstation Systenms Engi neering (WBE) Group, |located in Palo
Alto, CA; and the Video Advanced Devel opnent (A/D) Group in Al-
buquerque, NM Qur |nput Device G oup was | ooking for ways to
sinmplify the process of prototyping specialized i nput devices
and of getting related software support for our video termi -
nal s and workstations. WBE was devel opi ng a | ow cost, persona
wor kst ati on and needed a flexible way to support nultiple input
devices without greatly increasing the cost of the base work-
station. The Al buquerque A/D Group had been experinenting with
next generation |I/O devices, i.e., force-feedback joystick, 3-D
tracker, and real-time audio and video, and was interested in
havi ng these technol ogi es adopted by other Digital groups. This
A/ D Goup had used 12C technol ogy successfully in one of its
previ ous vi deo projects.

In January of 1990, engineers fromeach group realized they were
wor ki ng on simlar problens and began to col | aborate. The WSE
Group was to build the desktop bus host interface and software
drivers into their workstation; the VIPS Group was to hel p de-
fine the device protocols and supply desktop bus keyboards and
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m ce; and the Al bugquerque A/D Group was to support bus devel op-
ment and prototype additional devices. Wthin four nonths, VIPS
had defined the basic protocols and could denonstrate a worKki ng
|2C keyboard and nouse. These early prototypes hel ped persuade
WBE t o support the project and, in turn, helped reinforce the

i mportance of the project to the VIPS G oup.

We began presenting the desktop bus idea to interested groups
within Digital and received many useful suggestions including

0 Use the sanme keycodes as on the LK201 keyboard to elim nate
the need to rewrite keyboard | ookup tables.

o0 Store the country keyboard variation inside the keyboard so
users will not need to enter it manually.

o Keep the devices sinple, wthout nopdes.

In addition, third-party input device vendors nmade the follow ng
suggesti ons.

0 Use a nodul ar connector that is easy to plug and unpl ug
correctly.

o Provide enough power for several additional devices.

o Allow vendors to supply their own device drivers; tuning
their own device drivers is part of the value added by the
vendor .

The bus idea was el egant and generally well received. Mst of
the reservations centered around the |likely inpact on existing
system conmponents, the current problens, and whether conversion
to the bus was feasible. Because we recogni zed that other groups
were facing tight devel opnent schedul es, we did not pressure
these groups to support our desktop bus work. W presented the
desktop bus as a possible solution to interface problenms, nmade
our design information available, and worked to incorporate sug-
gestions. But as the devel opnent work progressed, nore partners
supported our effort.
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Once we decided to use a desktop bus, we | ooked at avail able
desi gns, including the Apple DeskTop Bus, the Misical |nstrunment
Digital Interface (MDI), and serial buses offered by other

sem conduct or vendors, and evaluated these alternatives with
respect to our design goal. Key advantages of the design chosen,
i.e., the ACCESS. bus, are

o Of-the-shelf interintegrated circuit (12C) mcrocontroller
technol ogy with 100-kil obit-per-second (kb/s) maxi num data
rate. This technology is | owcost, yet fast enough for so-
phisticated i nput devices like a 3-D tracker

0o Built-in hardware arbitration, which sinplifies the software
and allows reliable conmunication w thout inventing a new
pr ot ocol

o Dynanic reconfiguration. The hardware and software all ow bus
devices to be "hot-plugged" and used i medi ately, without
restarting the system The devices are recogni zed automati -
cal ly and assigned uni que addresses. This advantage results
in a plug-and-play user interface.

o A mature capabilities granmar to support generic device
drivers. An extensible free-formgranmar all ows devices to
describe their characteristics to a generic driver. Most
conmon devices can work with standard drivers.

Bus or network interconnection has beconme widely accepted as
a nmeans of providing flexible open solutions. To appreciate

ACCESS. bus, it is helpful to position its performnce capa-

bilities with respect to those of other network interconnect
technol ogi es, as shown in Table 1.

Table_1: Network_Interconnects

Bus Type Order of Magnitude Performance (kilobits per
second)
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Table_1 (Cont.):__Network_Interconnects

Appl e DeskTop 10- 100

Bus,

ACCESS. bus

Local Tal k 100-1, 000

Et her net 1, 000- 10, 000
FDDI 10, 000- 100, 000

At first glance, the 100-kb/s speed of the ACCESS. bus nay seem
adequate for | arge desktop devices like printers and nodens.

But these devices can transnmit |ong data streans i ndependent of
any user activity and, if not restricted, could conprom se the

i nteractive performance of the bus. Thus, ACCESS. bus is intended
for |l owspeed activities that people performw th their hands
and is fast enough to handle nmultiple interactive devices like a
keyboard, mouse, or 3-D tracker

3 Hardware Description

Bef ore di scussi ng the ACCESS. bus design, we present a descrip-
tion of the Philips 12C technol ogy upon which the design is
based. Details of the specific ACCESS. bus inplenentation follow.

Integrate Circuit Fundanental s

ACCESS. bus extends the Philips 12C bus to operate off-board
and, thus, connect desktop devices. The 12Cis a two-wire seria
clock and serial data open-collector bus. An open-collector

desi gn neans that the clock and data lines are normally in a

hi gh-i npedance floating state and are pulled up to a |ogica
hi gh state.
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A device that wants to send a nessage waits for any nessage
frame in progress to conplete, then asserts a START signa

to become bus nmaster and begins to generate data and cl ock
signals. The bus clock is synchronized anong all devices by

its wired AND connection. Each device, whether transmtting or
receiving, stretches the | ow period of the clock until ready for
the next bit to be transferred. When the | ast device is ready,
the bus clock is allowed to go high, generating a rising edge
on the serial clock. At this time, all active devices sense the
state of the bus data line. For a receiving device, the state
represents the received data bit. For a transmitting device, the
state determ nes whether the device has successfully asserted
its data on the bus. Atransmtter that is sending a |ogica
hi gh state and detects that the data line is being held | ow by
anot her sender, recognizes that it has lost arbitration and nust
try again later. When a "collision" or arbitration occurs, no
data is lost, one nessage is transnmtted and received, and the
remai ni ng messages nust be sent again.

I2C data nessages are transnmitted as 8-bit bytes, with each byte
bei ng acknowl edged by a ninth ACKNOALEDGE bit fromthe receiver.
I2C technol ogy al so defines unique START and STOP signals to
delimt nmessage frames. The first byte of any nessage frane is
al ways the destination address.

ACCESS. bus Physi cal | nplenentation

Details of the physical inplenmentation of ACCESS. bus are as
foll ows:

o Basic electrical configuration. ACCESS. bus uses four-pin,
shi el ded, nodul ar-type connectors that feature positive
orientation and | ocking tabs. Data and power for the bus
are transnmitted over | ow capacitance, four-wire, shielded
cable. The four conductors are used for ground, serial data,
serial clock, and +12 V.
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o Avail able power. The nmaxi num avail abl e power for all devices
is 12 V at 500 nillianperes (m\). ACCESS. bus devi ces may
supply their own power from a separate source, if needed. A
power-up reset circuit nmust still be provided to reset the
devi ce when bus power is applied.

o Cable Iength. The meximum cable length for the entire bus is
8 nmeters. The limting factor is a maxi mum capacitance not to
exceed 700 picofarads (pF).

o Number of devices. The maxi mum nunber of ACCESS. bus devi ces
allowed on the bus is 14. Linmting factors are the device
addressi ng range and the power distribution (a total of 500
mA for all devices).

o Hardware interfaces. ACCESS. bus hardware interfaces are im
pl ement ed using standard 12C microcontrollers devel oped by
the Signetics Conpany or under |icense from Philips Corpo-
ration. (Signetics Conpany is a division of North Anerican
Phi li ps Corporation.)

4 ACCESS. bus PROTOCOL

Every device on the bus is a microcontroller with an I12C in-
terface and behaves as either a master transmitter or a slave
receiver, exclusively, as defined by the 12C Bus Specification.
Message For mat

A nessage transmts infornmation between a device and the com
puter or between the conputer and one or nore devices. There is
one exception: a device nay attenpt to reset other devices as-

signed to the sane address by sending a Reset nessage to itself.

ACCESS. bus nmessages have the follow ng format:
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Byt e Bit Nunber
Number [ 1 23 456 7 8]
1 [ destaddr |0 ]

Desti nati on address

2 [ srcaddr |0 ]
Sour ce address

3 [ P length ]
Protocol flag, |ength

(the nunber of data
bytes fromO to 127)

4 through

(length + 3) [ body ]
Consists of 0 to 127
data bytes

length + 4 [ checksum ]

Initially, devices respond to a default power-up address. Dur-
ing the configuration process, the conputer assigns a unique
address to every device on the bus. Messages are either device
data stream (P=0) or control/status (P=1), as indicated by the
protocol flag. The mininmum |l ength of a nmessage is 4 bytes; the
maxi mum | ength is 131 bytes (127 data bytes and 4 bytes for
overhead). The nmessage checksumis conputed as the |ogical XOR
of all previous bytes, including the nmessage address.

St andard Messages
The ACCESS. bus protocol defines the seven standard interface

messages summeari zed in Table 2. Paraneters defined within the
body of the nessage are listed in parentheses.
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Tabl e_2: _Standard_ACCESS. bus_Prot ocol _Messages

Conput er -t o- devi ce
Messages

Reset ()

I dentification
Request ()

Assi gn Address

(identification
string, new ad-
dr ess)

Capabilities
Request (offset)

Devi ce-t o- conput er
Messages

Attention (status)

I dentification
Reply (identifica-
tion string)

Digita

Techni cal Journal Vol. 3 No.

Pur pose

Force device to power-up state and default
|2C address.

Ask device for its "identification
string."

Tell device with matching "identification
string" to change its address to "new
address. "

Ask device to send the fragnent of its
capabilities information that starts at
"of fset."

I nform conputer that a device has finished
its power-up/reset test and needs to be
configured; "status" is the test result.

Reply to Identification Request with
device's unique "identification string."
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Table_2 (Cont.): __Standard_ACCESS. bus_Prot ocol _Messages_
Capabilities Reply Reply to Capabilities Request with "data
(offset, data fragnent," a fragment of the device's
fragnent) capabilities string; the conmputer uses

"of fset" _to_reassenbl e_fragnents.

I dentification

Since the ACCESS. bus is a bus-topol ogy network, unique identi-
fication strings are used to distinguish devices. These strings
are structured as foll ows:

protocol revision:

1 byte (e.g., "A")
nodul e revi sion:

7 bytes (e.g., "X1.3 ")
vendor nane:

8 bytes (e.g., "DEC ")
nodul e nane:

8 bytes (e.g., "LK501 ")
devi ce nunber:

32-bit signed integer

The nodul e revision, vendor name, and nodul e nanme strings are
left-justified ASCI| character strings padded with spaces. The
devi ce nunber string is a 32-bit two's conpl enent signed integer
and may be either a random nunber (if negative) or a unique
serial number (if positive).

5 Configuration Process

The configuration process is used to detect what devices are
present on the bus, assign each device a unique address, and
connect devices to the appropriate software driver. Configura-
tion normally occurs at system start-up, or at any tinme when the
conputer detects the addition or renoval of a device.

12 Digital Technical Journal Vol. 3 No. 4 Fall 1991



ACCESS. bus, an Open Desktop Bus

Power - up/ Reset Phase

When reset or powered up, a device always reverts to the default
address and sends an Attention nessage to alert the conputer

to its presence. At systemstart-up or reinitialization, the
conput er sends a Reset nessage to all 12C addresses in the
ACCESS. bus devi ce address range (14 nmessages) to ensure that

all devices on the bus respond at the power-up default address.

I dentification Phase

To begin address assignnment, the conputer sends an Ildentifica-
tion message at the device default address. Every device at this
address nust then respond with an Identification Reply nessage.
As each device sends its nessage, the [2C arbitration nechani sm
automatically separates the nessages based on the identification
strings. The conputer can then assign an address to each device
by including the matching identification string in the Assign
Addr ess nessage. Wien a device receives this nmessage and finds a
conplete match with the identification string, it noves its de-
vice address to the new assigned value. As soon as a device has
a unique address, it is allowed to send data to the conputer

The 12C physical bus protocol allows nultiple devices on the
bus at the sane tinme if those devices are transmitting exactly
the sane nessage. In the rare event that two |ike devices report
the sane random nunber or are mistakenly assigned to the sane
address, each interactive device transnmts a Reset nessage to
its assigned address prior to sending its first data nessage
after being assigned a new address. The sel f-addressed Reset
message forces other devices at the sane address back to the
power -up default address, as if they had just been hot-plugged.
The nessage guarantees that each device has a uni que address,
but not until the device is actually used. The pseudo-random
nunber (or serial nunber, if available) distinguishes devices at
identification tine before they are used, allow ng the host to

i nventory which devices are present.
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Capabilities Phase

Device capabilities is the set of information that describes

the functional characteristics of an ACCESS. bus peri pheral

The purpose of capabilities information is to allow software

to recogni ze and use the features of bus devices w thout prior
know edge of their particular inplenmentation. By having | ocator
devices report their resolution, for exanple, generic software
can be written to support a range of device resolutions. Capa-
bilities information provides a | evel of device independence and
nmodul arity.

The structure of capabilities infornmation is designed to be

si nmpl e and conpact for efficiency, but also extensible to sup-
port new devices without requiring changes to existing software
or peripherals. These objectives are supported by meking the
structure hierarchical and representing capabilities infornmation
in a formthat applications (and humans) can use directly. The
capabilities information is an ASCI| string constructed froma
sinmpl e, readable granmar. The grammar allows text strings to be
formed into |ists, nested lists, and |lists with tagged el enents.
The capabilities string for a | ocator mght read as foll ows:

(prot(locator)

t ype(muse)

buttons( 1(L) 2(R) 3(M )

dim(2) rel res(200 inch)
range(-127 127)

dO(dname( X))

dl(dname(Y))

)

After assigning a unique address to a device, the conputer re-
trieves the device's capabilities string as a series of frag-
ments using the Capabilities Request and Capabilities Reply
nmessages. The conputer then parses the capabilities string to
choose the appropriate application driver for the device. The
parsed string is also made avail able to application prograns
usi ng the device.
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Nor mal Operation

During normael operation, the conputer periodically requests

i nactive devices to identify thenselves. |If a device is found
to be m ssing, or a new device appears by sending an Attention
nmessage at the default address, the conputer sends an |den-
tification Request nessage to each devi ce address previously
recorded as in use (up to 14 messages) to confirm which devices
are still present. The conputer also sends a Reset nessage to
each device address previously recorded as not in use. The com
puter then begins the address assignnent process by sending an
Identification message to the default address and assi gni ng each
device that responds to an unused devi ce address.

6 Generic Device Concepts

ACCESS. bus uses the concept of generic device drivers to support
famliar 1/0O devices using only a few drivers. Generic speci-
fications for keyboards, |ocators, and text devices have been
devel oped.

Keyboar ds

The keyboard device protocol attenpts to define the sinplest

set of functions fromwhich a Digital LK201 or a common per-
sonal conputer keyboard user interface can be built. A generic
keyboard consists of an array of key stations assigned nunbers
between 8 and 255. When any key station transitions between open
and closed, the entire list of key stations currently closed or
depressed is transmtted to the host. This reporting schene is
functionally conplete; the host can detect every key transition,
and the schenme provides information about the full state of the
keyboard on each report. No special resynchronization reports
are required.

In addition to reporting key stations, the generic keyboard de-
vi ce can support sinple feedback nmechani sms such as keyclicks,
bells, and light-emtting di odes. These nechani sns are con-
trolled explicitly fromthe host so that nininml keyboard state
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nodeling is required. The capabilities information is used to
identify the keyboard mapping table and the feedback nechani sns
avail abl e. The keyboard mapping table can also be stored in the
keyboard itself as part of the capabilities string.

Locators

The | ocator device protocol is designed to acconmpodate a range
of basic | ocator devices such as a nouse or tablet. Mre conpl ex
devi ces can be nopdel ed as a conbi nati on of basic devices or can
provi de their own device driver, thus mninizing the burden on

t he protocol

A generic locator consists of one or nore dinensions described
by nuneric values and, optionally, a small nunber of key
switches. The standard driver requires the |ocator device to
identify the type of data it will report froma small |ist of
options and adjusts to handle this data type. These options are

0 Nunber of dinensions, e.g., two, for a nmouse or a tablet

o Dinension type: absolute, i.e., referenced to sone fixed
origin, like a tablet; or relative, i.e., changed since | ast
report, like a nouse

0 Resolution in divisions per unit, e.g., counts per inch or
counts per revolution

o Dynanic range of values that can be reported, i.e., the
m ni mum and maxi num val ues

0 Nunber of key switches, fromO to 15

The assi gnnent of scal ar-val ue di nensions returned from one or
nore devices to the user interface functions is left to the
application. However, to accommpdate npost conventions, the
scal ar di mensions and the key switches can be |abeled in the
capabilities string.
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Text Devices

The text device protocol is intended to provide a sinple way to
transmt character data to and from character devices such as

a bar code reader or a snmall character display. A generic text
device transmits a streamof 8-bit bytes froma character set.
Si npl e control nessages are defined to support flow control and
to sel ect conmunication paranmeters that m ght be used to inter-
face with a nodem The capabilities string contains information
that identifies the specific character set and conmunication
paranmeters used.

7 Sunmmary

The ACCESS. bus network interconnect offers the possibility of

a standardi zed, | owspeed, plug-and-play serial comunications
channel that can untangl e peripheral interfacing and open the
way to new applications. As the advantages of this open desktop
bus desi gn becone well known, we expect wi der adoption of this
product. The ACCESS. bus is currently inplenmented on Digital's
Per sonal DECstation 5000 workstation, with inplenentations
underway for the next generation of RISC workstations and vi deo
term nal s.
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