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o Inwoduction o T

_ Durzng ear}y 1973 the }xemx Pal(} AI{(} Research Cezzter de512ned the Aito computer system N

_ {- Alto") as an. experzmem in pcrscmai camputmg ) swdv how a small lew-cost machme could be EE

R '-".ﬁsed t{} replace delllt§€5 then prov;cﬁed only by much Earger shared syszems Durmg the suc::eedmg_

. _. six years zhe {}rlglnai AltO mnderweni :-,exera] enginegring. Enhancements o EDCEEZSE its memo;y _
"."ca;jamty and reducc: 1£s cost., but the %Jasm capablhtses of“ the syszem have remamed essentlally' s

unchaenged E“here are mw (summer 1979) near].y % thousafzd A}tﬁs m fe{rular use. by eompuier P
sczence re&earchers engmeers and secreiaﬁes ' TR Pl

'Ihe pmmary gc:)aE i Lhe design Gf the ATLQ was zc:} pmvzde suf‘f' cxeni wmpumng power 10(:&1‘-[_
storage, and 1npu{~0utput capablhty 0 sausw [he cam;}mmuona‘i needs of a smgle user The.'

": standard sys{em mci&des

An 8?5 lme raster Scanﬁr:d dlsplay
A keybaard mouse p(}mimg dewce w1{h three but{ong and a five finger keyset'
A 25 Mbvte cartr;dge d1sk ‘ﬂe | . |

Lt A:} 1n§,erface ta {he Et,%iemet systcm ("Ethemet"} al Mbltfﬁecond COmmumcauon'_ :
 facility. ' o : "

A mzcmpr{wrammed pmcessor ma[ controls inpnt output dewces and supports
o emu}awrg for a nurﬂbef GI mstmcuon Sets L C '

641( E6-b1§ words- {)f':SEmiC(}nduct{}F memory, ekpaﬁ&a'blé to 256K words.' o

CAlof zhcse com;}oncnzs Wlih Lhc exceptmn {}f ﬂ*e user zermmal are packagea in a Gmaﬁ cabmet '

whmh is ai unobtmsne addmon to 'a normal ﬂfﬁce The £ermm31 keybc}ard and pomung dewce'

. are packaqed f()r deskmp use (Flcure }‘

Fhe Alto has. §ed 10 am enur&h Hew computmg envzmnmeﬁt "viany apphcaﬂcns devme {hé 3

'entzre machme o zmsracmng wnh & use;.and Saiisfymg, his - needs examples ate: d(}cnment-"

' prodacuon and illustration, m{eracme proorammmg ammamn simulation, and pi&ymg Husic. o
These individual apphcauens are supplememed by a iargr: number of semces available via =

S 'commumcat;aﬁs exampics are pﬂnzmg serv;ce maiibox semc&s for delwenng eiecgrmm mall and
e baﬂk ﬁ%e sterave services. ”i‘he Ethernet has aiso gwen rise w0 apphcatxoas that use severa A}tos : .

' : mnsurf{:ni{\f w ﬁz;msh adci:morsaz {:Omputmg pawer or w aﬁew sevefal perIe az zhur machmes 5@_

-'.'Imtsract wmh 0;}& anozhe; S : : ' ; S L _
The prmcmal char acterzsmcs i}f tba A];{} pmcegggr are desa“r;bed in Secuon ' Sectlens 3 0 6';: '
-'_descnbe mput oulplt csmreﬁerg f@r the dlsplay, dlsk E:zhemeh and prmter Secuon 7 surve:ys the E '_ .
R jenwronmcnt and apphcatz{}ns ;hat grew. up f{}r the Alto Secuon 8 {Jf‘f‘ers a br;ef retmspecﬂve f{}Dk R
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8 Coraﬁcinsiér’zé’ ST

As an experlmem in persenaé comgjutmﬁ Lhe AIEO has been \cxv successﬁz; The number (}f ':'3 ';' i
A}tos in jise: exceeda the Grmmdi expec[au@ns off n:s de%wners by morc than an’ Grder of magmwde :

The Am} has led (o ai enmreh new kmd E’jf compuuno emxrmmcm because it puzs compqtmc SR
pewer near the usez’ and. makas it poss;ble for h1m to do most of h:s work wﬁh(}ut relymg of a RENE
- centralized facﬂ;w The Aho environment prow.des ) hzgh bdndwzdm COmfortable user 1nterface SR
'exﬁ*emely rehabie because of its dxsmbuied z;ature and’ prowdes perfomzance thai scaies lmearly o

wn_h cost Oﬂe ﬂf the A?t_o 5 1most attracr;ve features is that il does not run faster at moht [M{}ms}

A few asgects of the Alto demgn did m}z wori: out” well The umztatmns on the size of‘ the :_ |
address” space and on the amount of real MEMOory have been serious. Ald’a@ugh some programming :
systems have been able 10 ta%&e advantave of tﬁe extended memory banks, not all Altos have: ﬂliS 3
extension, and a great deal of time has been spem: ‘iztmg stanciard sefiware that mist run {m al‘i'i "

miachines into the limited space available. To a great extent, the memory size limitation is due m
the fact that the systern’s fifé Bas been fonger than pianned ' -

_ The facilities of the micromachine are not well suited for e*nulatmg emtmg archztectuz‘es wn;h: '
structured opcodes. Fortunately, the virwal machinés for which new emulators have been built use:
simple instruction ‘encodings that fit* well with the micromachine’s dispatch mechanism. "E‘he_ '

emulator for the Mesa machine mtcrprezs instructions just as fast’ as the emulator for BCPL, even‘
though the latter Ha$ some hardware assistance for decodmg and the former does not.

The shamg of the micromachine amom 10 acnwmes and emuianoa has been extremely._':_"
successful. The micromachine allows these activities to interact by sharing memory, and promdeg '
the high memory Bandwidth necessary t0 support the high-speed 10 requirements of the pe'rs'oﬁé_l__.
'com'pa[ér. Today, hardware costs are low enough that it is possible to replicate the Processor in"

~ every 170 controller, but if this is done without taking additional steps such as using cache memories
to dec:ouple the processors from the memory or using m{}re compiex multi- pemzd memories, shared"__:
- memory access will still limit the system’s perf{)zmance Since both these alternatives add aosg,_"._"

' whlle the mui{ltas%:mfr iy very mexpynswe we feel tha£ this architeciure is still viable today.

* Some of the early decisions in the desxgn of Lhe Alm C{)mputmg environment worked ouit vefy-.i" '
'well The arrangement by which all software is sandardued at the level of disk files and network'_;
'messages has macie it pesmble to build 2 wide xamty oz ccsperamng seftware subsystems. The disk
file system has pmven o be emmmely reliahle; pnman}\« due to the dzsmbumd ;edundancy.;"
ﬁlthm}gh the hardware and smﬁwar& have both had bijgs the rehabxhty as perceived by users has-:_.

ijeen excepmonaliy high, smce ﬁles arf: aimOSi newer z:remevably lost.

The h;gh bandw:dth s{}mmumcamon pmvlded by the Fthernet has been more valuabie %:han L
.'anmmpated smce we undcrecumated the mpomnce of Servers. The nfﬂiwork and network services -
have been Lhc mamszays of thﬂ- equmnmcm and we fs;,ei that a faczhtv wmﬁ an order of magmmde_-

Iower ‘bandwidih wou?cﬁ havc, %‘sad a qualmtwciv diffcrﬁnt eff‘ect

© The ;a_'ita.-';zraees:sar L

. ThéAltoprocessor

Z{He mat{}; apphcauezzs cnvts;onﬁd for rhe Altc} were mieracmfe texr edmng fcsi documem and_.

o : program preparaiio*} Shppﬂz‘i f(}r Lhe pmﬁram develapmenz process expenmennng thh real m'ne_
_-"ammamon and music gezzeramon,_and operation’ of ‘a. number of expenmental office mf’ormar;lon e
.;'33 stems The hardware demgr} was s{;‘o;}gi} affected by ihlS v1ew of Lhe appllcatzﬁns ?he {ieszgﬁ is R

" "bzased t{}ward mteracaon with the user ané awav fmm mg*zlf‘ cant numertcai processmg, Lhere are o

exlensive user: mpui oatpui famhmes but no hardware for amhmeﬂc gther Lban 16 bu, ;nteger "

addman and subzracuoz}

The processor is: mlcr{}codeaﬁ whlch perm:tted the machme to-start” ouz wnh ramer g{}werﬁx%- _
f‘amhues and also allows easy expanswn as Tew gag}abﬂmes are reqmred The a.mount of control. -
szore provxéec% has evolveé over {;me as sh{}wn zn Flgme 2. En;i1a§§y, the macinne can!;ameci mﬂy

1K words; mp emenzed wzr_h PROM The mosz recem versn:an pmwées 4%«; words {}f’ whxch IK is
'mp}emeﬁted wm} PRGM anci 3§( is RA"\JI ' : S :

. " Main Memory' - | Control Memory Processor Memiary
Year . . S . D B .
o o Size Technology | - Size' - [Technology | Size - [Technology |
vaon b BT [iKxiDynamio | . aen L BEEXA L RERRT: " :
1973 ¢ Parity . - Mfal gate PMOS | - K PROM Schottiey bipolar _329’69_‘5‘% Schettky bipolar ¢
1 3'9?4 ' ' : - o K BROM P?}?Z&f;i&:‘ge' : ézﬁregfsié'rs' . 1'6><4'( L g
: - . 1K RA_M Schotliey bipolar | @Sregssters Sz.::hottkybapola.r
SIS R 84K L 4k£!bynar’nic
.19?5 Error Corréction {- Si gate NMOS
SO ol i ame 11K xaPROMS
176 .. ST S ﬁiﬁﬁ". Schotiky bipolar
DR I : / FLAM as above
e b zse . F ek T Bynamic
19?7 - Error Correction | 8igate NMOS
b 3 . [ER S pHG‘MaS.ab{WE.;:. SR 'Rrégsas.é_bove- |
1979 | el e el ol e
RN RN ML Static NMOS © = TRAISIEIS 1 senotiky binolar

Figure 2, Sizes and :te;;h_ndl'sjgies"uséé for ﬂzépmﬁipai"mgmbﬁés_ in the Alto,
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The micromachine s shared by sixtesn fixed priornity fasks. The emulator, which imer;n‘r'ets
instructions of the user’s program, is the lowest priority task; the remaining tasks are used for the
‘microcoded portions of input-output controllers and for housekeeping functions.  Control of the
micromachine typically swiches from one task to another every few microseconds, in response to
 wakeup requests generéﬂed by the 170 controllers. The emulator task requests a wakeup at all times,
and runs if no higher priority task requires the processor. There is usually no overhead associated
with a task switch, since the microprogram counters (MP{:s} for all tasks are stored in a special high
' speed RAM, the MPC RAM. The main memory is synchronous with the processor, which controls all
MEmOTY  Tequests, S ' ' '

_ " The task switching mechanism provides a way of multiplexing all the system resources, both
processor and memory cycles, among the consumers of these resources. In most small systems with
single-ported memories, the memory is multiplexed among the 1/0 controflers and the CPU, and
“when an 170 controdler is accessing the memory, the CPU is idle. In the Alw, the processor is
‘multiplexed, and multiplexing of the memory is a natural consequence. By sharing the hardware in
this way, it has been possible o provide more capable logical interfaces 1o the /0 devices than are
usually found in small machines, since the 1/0 controllers have the full processing capability and
temporary “storage of the micromachine at their disposal | ' '

~ The standard Alto contains controllers for the disk. the display, and the Ethernet. The disk
controfier uses two tasks, the display and the cursor use a total of four tasks, and the Ethernet uses
pne task. In addition to the emulator task, there is a rimed ask that is awakened every 33 ps, and a
Jault task that is awakened whenever a memory error occurs and is responsible for fogging the error
and generating an interrupl. The timed task refreshes the main memory, and maintains the real-
time clock and an interval tmer accessible from the cmulator. .

“The main memory size of the Alto was inidally 64K 16-bit words, implemented with 1K bit
semiconductor RAM chips.  As semiconductor technology improved, the memaory size was increased,
':a_s shown in Figure 2. The initial version of the machine provided parity checking, later
configurations employ single error correction and double error detection. Memory access time is

£50ns {five microinstruction cyclesy, and either one or two words can be transferred during a single
memory cycle. In machines with more than 84X, access to extended memory is provided via bank
- registers accessible to the micromachine; the swandard instruction set and 140 controller microcode
make use of the additional memory enly in Hmited ways. The reason for this clumsy arrangement
is that the lifetime of the Alto has been longer than originally anticipated, and the additional
memory was an unplanned addition, ' | - -

~ Because the machine was intended for personal use, protection and virtual memory facilities
- normally included .to support sharing were omitted. from the Alto. ' o

- The muliitasking structure of the processor led to an extremely sirnple implemeﬁmtiﬁnh The

processor is contained on five printed circuit boards, each of which contains approximately 70 small
and medium-scale TTL integrated circuits. Each of the three standard 1/0 controllers occupy a board
with about 60 1.  The main memory uses 312 chips. o o

- Applications o L 45

' provided to hold messages for a user until he wishes to receive them with the mail program.
“The mailbox service is often implemented within the same computer that provides network
file storage  [Levin-Schroeder]. - o . '
¢ Timesharing. The Alto can be used 25 a terminal on the MAXC timesharing sysiem [Fialal,
For simple applications, the Alio simulates a conventional video character display. More
ambitious applications use a "display protocol” to format text and graphics carefully on the
screen  [Sproutd], Dise, which provides display-oriented access 1o the Interlisp
programming enviromment, is the primary user of the display protocel [Teitelman77).
* Time of day. A simple but necessary service is to inform Altos of the correct time. A
time server is conveniently located in the same computer as & comununication gateway.
- Ervor Jogging  This service records a Jog of error information sent to it, and is usually

~operated by hardware and software maintenance groups.  Alios that are not in use run 2
diagnostic program that periodically sends error summaries to the logger. The maintenance
prganization examines the log to schedule service calls. '

* Bootstrap.  Alto microcode allows the computer to be bootstrap-loaded from either the
local disk or the Bthernet. An PBthemnet bootstrap service accepts a request for an Alio

_program, reads it from a local disk, and sends it over the network 1o the compuier making
the request. This service was first used to bootstrap the Scavenger program which rEpairs a
damaged disk file structure. Many programs are now distributed in this way, reducing the
demands on local disk storage. The ability to bootstrap diagnostic programs over the
Fthernet is especiaily useful 1o the maintenance staff.

" The services outlined above are implemented on various server machines spread throughout the
internetwork,  Servers can be added or removed straightforwardly as needs grow or shrink.  All
application programs access the services using standardized protocols, which in effect define the
services that are offered. Standardization is necessary 1o allow sharing; applications that share a file
must obey the protocol standards of the service used to store the file. Thus the protocols constitute
a standardized interface, analogous to the file system on the disk, which is observed by all programs
in the enviromment iBoggs er ol |

In addition to standard services, individual applications use the network in special ways. For

example, the debugger may communicate with an identical debugger rumning elsewhere in the
network, essentially passing the user’s commands 1o the remote machine and returning information
1o be displaved. Thus a programmer in California can examine and fix a bug on a machine in New
“York, The Ethernet is used as a performance-analysis tool: the program 10 be apalyzed transmits

packets that summarize systemn status or that record the occurrence of a particular event. - An

~analysis program running elsewhere in the network records and displays the information {McDaniel].

The network is also used to couple programs together s¢ that two people can cooperatively edit and

‘llustrate documents i real fime, sending digitized voice as well as keystrokes and mouse

movements through the newwork.
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. today are the! v'ariolué"pm rams dexeloped f‘or docurment pmdum(m a tt’:’{t edsz thaz Suppoug a ': T D)
; --_';"_iw;de rdnce {}f forma{tmﬂ" %wm fmd ten ﬁm[q anci a sei of Iuszramr% on prcparc dlamams usmg'_"-z X
= geometrical ﬁvures such as hne% c1rc es and curves or raster nages oba:,amcd bv scaﬂﬂmﬂ exigting
"_'ﬁf_documems or by frcc hand drawmc ' R’Eam {)f Lhe d13p13» Lechmques lsed are deacrlbed m".
L [Newman- Sproull} camera- mad\ C{)py f(}r Lh&t book was produced with Alte dt]c:mnenr producuon
'-"_-'Software R R _ S _
' Some uses of zhc Alio suppor{ z‘eseazch i C{}mputer science wn_hm Xerox. The best f:xample g
& dcswn automatlon system used to aid deszsners of d}gztai hardv\ are, L Gmf‘ drawmﬂs are prepared- '
mth ar ﬂiustrator and are r,hcn azzalvzed bv a pr@cfam {0 dctermme what mteg:ated circuits are
'plcmre;;% in the dxagram and h{)w they are connected. Other software then checks 1oadmg rules,".
makes wire 11sts and drives serm automamf: wiring equment The Aito alse sérves as a console :

'computer 4] smpkf\f cicbuggmg ot dlagnoszs of expemmenml hardware, An umbilical cord connects

the Alto to the hardware so tha{ it can load registers and memories, issue control commands such a.s:.
'smgie step,” and read back 1m;:rortant internal state. A.n Alto program presents this information on
the display, ac:wmpamed by symbolic names of the registers or signals in the expenment&l-.'
g hardware. - The dls;}iav also presents menus of Gperanﬁns such as "step,”" that are invoked by'

poinﬁing with the mouse ané cursor In this way, the Alto is used to pmvlée a cﬂmfortable usér
mterface for an enginéer, techmman o1 system pmgrmmer workmg on the hardware.

7.3 Communication in applications

_ No Alig- users depend only on the resources available within a single Alio: all use
' t:c')mm_unié:ation to extend these services. Even thé user of document-production application reguires -

communication 10 obtain hardeopy output at & shared printer or 1o distribute a document file to

‘other iisefs Al appllcamons atid users depend on & w;de vanety of services 1mplemented dn serwz?‘ -

mac}zmes througheut the netwﬂrk

Prmfmg An apphcatzon program nmmng in any A§t0 may iransmla o the prmzmg server'_ _
descrzpnon of a d(}cumeni to be pﬁmed I’he pmnmng server is an: Alto that queues: '_ : "
' requests and later prm{s the files usmg the raster printer controller descnbed in Seczlon 6.
sze szarage Fﬂe services arée prowded b{}zh HA aﬂ@w sharmg of files among users and {9_ 5 _
* escape. the hmxiamons of the local sgorage 3vaz§ab§e on the smndard Aim The semce'-
machines have one Or more hzgh perfomancg dlsits aitached and {}f?er sevsral different S o
| 'sz:yles of file access Same provide a "page levei actess {Swmehaz’z e all, some ;'_1 “lile
uansfer access patterneé after the’ ARPA nezwgz’k file transfer ;acﬁ;tses {Crmksr et all, and' '
' -'seme a transa;:tmn aceess %un;able f{)r 1mp}emenizz§g a ﬁle servics zhai 1@ dzsmbuzed aver- .

' several machmes {Lampsen Smrg;s} [Esrael ef al] _ o : _
* Mailboxes. A popular applmaﬂﬂn of the Alzc} is an s‘iectmnm maﬂ semce The personai

'machme 13 used 10 prepare messagas for transmj.sszon to other Alto users, and o dzs;ﬁay:' _
'and retain on the dlsk messages ‘that hava been recewed A netwark mallbax service is -

_; 2 f-E;}z'u!aidrs-.-'-' -

Thcre are emulators for se\eral mmuu;m setc; mc udmg BLPL [Rmards] Smallt.alk [Kéiv :

' - }‘nﬂalla} Lzsp [Seumch] and ’vle%a [BV’IIEC}"ICH er. a!} The. BCPL emuiacoy IS cenzdmed ity th RO\EZ. :
"_'m1cr{}storc v\hﬂc zhe others are loadcd into Rm as ﬁeeded The BCPL zmtrucnan seL was Lh(}sen o '
becausc it zs strawhzfomdré [0 m.pfemen{ and because we ha{i preuousiv developed a BEPI_
:'camptier f‘er a smular mstmcmon set. B(LPL 1% 2 type&ss 1mp§cmentat;0n 1anguagc it has’ :rzuch o |
- cemman wn;h zts well- known desce;zdam c {thchze et .:z[j 'E‘he lanﬂuave was used ex{enswely [y

buﬁd Aho soﬁwgre ‘ven‘ little- assembiy 1anguage c«}de has beet. Wm[en fog the Alro.
The BCPL instruction. set and the wrmai machmc it prowdes are summanzecf in F1gure 30

Instmctz&ns are dw;ded into ﬁ::nur grcups

M- Grmxp mstructlans transfez 15 bxt words between memory and ‘one of the fOuI‘_
" accumulators ACO-AC3. These instructions pmwde f‘{}ur mdexmg modes, and one level of
Cindirection is alfowed, The effe{;zwe addrcss isal6- %:ut qum{xty, E%ewmg access 1o a 6L§K
word address Space ' L ' : '

J- Gmup msimcnor;s include uncandzt;onal wd submutine gumps and two mstmctz{}ns; that
increment and decrement a memury focation and te%t the resulimg value: for zero, The”
- effecuve address for these operauoras s ca]cuia{ecf in the same wa;v ‘as for the M- Group'

AGroug} mstmmmg provzde reglszer«mﬂfegmter anmmeuc operat.zons shifts by one or .
e;oh{ places, 311@ ‘conditional” :,kms based on: the’ ree;uh of‘ the Gpe;auon :

S- Gmup istructions prowde a number of ﬁmct;e}ns that do not ﬁt thhm the framework
) of the__ first three groups; Instructions are provided for loa::_img,. reading, and tra.nsfer_rmg o
control to special microcode in the writeable micrastore; operating the real time c]oc?c and.
intérval timers, Optlmszmg BCPL proceciure calls, a{:cessmg the extended memorg, and
: mam{ammg specxa Lzec% data qrmctures used by the d1splay ' '

?‘he BCPL emulai{}r prO\ 1c§es a vecmred mtermpt svs{em wﬁj‘; 16 mierrupt chdnnels There ES; :

" 1o hardware suppor{ for Lntermpts Lhev are 1mplen'zamed bnurefy in mlcmcode (\Iote that the
mtermp{ Systh is compietely separate from the task- swnchlng mechanism’ the latter muitmiexes

the mxcsomachme while the f@zmer mulzlplexes the emulator) When the microcode asscmateci w1£§z

an 3/0 C{}B[I‘OH@' wzshes 1o cauqe an mterrupt it {}Rs one er m{}re hzts 1n£o 4 micromachine regmter e

NIW (’\Iew Emermpis Wazun o). It {he ith i:nt of NIW is set, an mtemzpt on’ channel iis fequeste{i

At the sﬁ:ari: of every ma{:mmsmzcuon Mw is [ested if i is non:{ero “and if the cerrﬁs;)ondmg .

chanﬁet is actwc the emulatsr S macragrovram counier 1s saved inz ﬁxed 10catz{§n m mam memary :

-_aﬁd conm‘}% 15 iransferred 1o a location. takeq fram a s;xteen word Lable ihaz starts at a ﬁxed'

iocan(}n Irzdmdual cbannels are made a{iUVC‘ by settmg blzs n am}zher ﬁxed I{}Latzon There are 5-
group msime:nor}s to enabie and disable the entire mterx‘upt syswm and i reiurn controt from an

mtermpt rﬁuﬁne
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- ALTO:A PERSONALCOMPUTER © - 0o 0

:_':_coniml]er péuwed 111t() a stanciard A]to Although the page Prmung r.as%: is cnmplex the spemal o
hardware is not 1arge {about 300 ICs} befcause of euensne use of B’HCI‘(}CGdE anci MEMmOry. resources - '
4 m the sianoiarci Alm The des1gn mustrates how 2 pagc generatmn alooriahm was analvzed anid menf : .
'_ 1mp1emented asing appzr:)pnate fa{:ﬂmes macromstmcmn programs for y somng mlCZ’OCOdE for R
1efz-over table management and font Lable references and 9pec1a1 hardware f{}r the mner leogs of

] mlage anci v1dea generanon

hach 05 severa} dozen pr;gters in the Xer{}x rescarch em;r{mmem zs drwen by @ pnmer'{'f AN R zzfnpuz~oyzpuz

& The Almpmessm :

L’O dewces may be connea:{ed ) rhe Aiio m ane Gf {hree ways dependmg on 1he bandw1c§th"'-

.._-;._.:reqmred ‘oy ‘the devzce and {}n the: degree w which the conn‘oller 1s suppor@:ed b‘« spec:lahzed-_.
a5 mscmcsde The three methecis Of mnnectmn aﬂ{i ﬂze Levei of the machme used 0 mterface the-
hard’ware are summamed i {he ma‘tﬂx of Flgure 4' L : _ :

BCPL of Asm

Emulaios of Timeg = -

LOGICAL INTERFACE LEVEL.

" Private Task

L (i.aéds&_Smres}_ .. Task Microcode | - Microcoda-
h {rr'ipéct'pr'in!kar: R
RS 5 Prom';ir{'}'gramme_r . N &mchwe!qer_
Parallel et o Lowspeed . :
10 Port . GPUdebagger ©. . raster scanner
o . XY Input tablet - raster printer
H - - Cagsetle Taps B
123
i
C .
A
o Memo s Kgyéooard T © Terminal - o © Medium speed
L B Bus. W Keyget ™. - - : . B concentralors raster scanner
g . Console compliter " Modem interface Console computer
o
¥
.
o Disptay ™ * ' Disk*
8 _ T Ethernei”  Arpanst
L Mouse * 9 Track Taps
Processor SRR High spead
BL}S-_ ?mzdx.va{e Mutindier . -~ raster prmter
: Chwdio.
: Modem %nter‘faue

v included In standard Alto

" Figure .&i. Sﬁhematéb 'i'iiastzaéianﬂf iﬂpm/ouiﬁﬁt aiméhmzems used"cﬁﬂ the Altdﬁ S '

I}eme centrﬂllers thaz reqmre s;gmﬁcam bandwzﬁm or expimi tbe computamnai f‘a{:ﬂmes Gf

the mmrﬁmachme are cannected dzrec:ily to the pmcaﬁscr bus, and use oné 0 more of the sixteen
- macri}mée xasks. _The dzsk display, and Ememet csn{rﬁiiers whzch are part ﬂf the standard Aito

': are mterfaced in this way ’Fhe centmi}er for a high speed rasier~scanned prmt&r zs ‘an example Qf a

v nﬂn-standard 170 contralier mterfaced dl;‘er;ﬂy o the pmcessor ‘bus. These ciewces are descnbaé in

dﬁi&ll in latfr secuans
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Processor bus devices have one or more dedicated tasks that provide processing and initiate all
memory references for the device controller; the tasks communicate with programs through fixed

" Jocations and dawa strucures in main memory, and through interrups. By convention, the second

-page of the address space is reserved for communication with devices of this type. Since there is
only one processor, data structures shared between 140 controllers and programs can be interlocked
py simply not allowing task swirches in critical sections of device control microcode.
The amount of data buffering in a device controller, its task priority, and the bandwidth of the
' 'device trade off much as they do in sysiems which have DMA controllers competing for memory
*access, The controller must have enough buffering so that the wakeup latency introduced by higher
priority devices will not cause the buffer 1o over- or underrun before it can obtain service. The
disk, for example, has onlv one word of buffering {10us at 1.5Mbits/sec), and is therefore the
highest priority task. The Ethernet requires more bandwidth, but since it has a 16-word buffer, it
can tolerate much greater latency than the disk (§7us at 3Mbits/sec), and hence runs at low priority.
The display requires the highest bandwidth but it also has a l6-word buffer, so it can tolerate
slightly more latency than the disk (128 ps at 20 Mbits/sec), and is therefore between the disk and
"Fthernet in priority. - | |
It is also possible to connect a device directly to the processor bus without using a separate
“ask. The microcode of the tdmed task, normally used to refresh the memory, may be modified w
operate devices that require periodic service. When this is dome, the fmed task microcode is run in
the writeable microstore.  The mouse, a pointing device that provides relative positioning
.information by being roiled over a work surface, is operated by the timed task. At 38 us inlervals,
the mouse is interrogated for changes in position, and two memory locations corresponding Lo the
mouse x and 3 coordinates are incremented or decremented when a change occurs.  Specialized
" devices may also be operated directly by the emulator microcode; a hardware multiplier s an
example of this type of device. An S-group instruction is added in the writeable microstore that
ioads the registers of the multiplier from the ACs, initiates the desired operation, and copies the
resulis back inmigo ACs when the operation ferminates. | |
-~ “Devices with less demanding bandwidth requirements, or with computational requirements that
can be satisfied by an emulator program rather than by a microprogram, are interfaced 10 the
memaory bus of the Alo, The advantage of this method 18 that no special microcode is needed.
Communication between the hardware and a program is done using ordinary memeory reference
instructions, &s in the ppP-11. The device controller decodes the memory address lines and delivers
or accepts data under control of a read/write signal generated by the processor. The last two 256-
word pages of the address space are reserved by the hardware for this purpose. Since a memory
access requires five microinstruction cycles, i;hese devices cannot fransfer data as rapidly as those
- connected directly to the processor bus, where the transfer is controlled by the microiastruction and
requires {}sﬂy one cycle. In the standard Alto, the keyboard and keyset are examples of .de-vi_c:és
handled in this way. ' EERRE . L ' |

Processor Bus

A controller for a raster-scanned printer - L 41 .

Status ] Conlroi
from Printer 1o printer
‘| Ghnitt Reg Video
P,
e Clala Band Buffer A
4K % 16
?' N enpt
addr
tmage %
Gen
Controt data Band Buffer B
4K x 18
R Bt bl
' ' addr
Syne 3 “gﬁg 3 . E Confrolier Status b
© cfrom printer 7 Cantrol S
: : 1 LCTASK w | Dispatch Maxi
: Lagie Agdress
F2[0:3] o, ’
P
21 Sregislers
, . . Timing
345 Microinsiructions : F1 '
. File3 3 Gongrol Wakaup Wakeun
200 M TTL ICS T Decods [ nalg Ferues! > Request
) Co Logic )

Figure 14, The printer controller.

. The design of the printer controller is extremely economical, because it takes maximum
advantage of the facilities already available in the standard Alto: substantial memory and a versatile
micromachine. This approach retains the flexibility to change easily the sizes, formats, and contents
of important structures: the font and character tables. The special hardware helps implement a
general mechanism for composing page images {BitBlt), a mechanism that places no restrictions on
the size, position, or content of characters, nor on the number of different character shapes that can
appear on a page. Indeed, the controller will generate arbitrary video patterns, including lines,
curves, and halfiones. The performance of the system is limited by two constraints: (1) the font
and character tables must not exceed the size of Alto main memory, and (2) the time available 10
genérate a hand diciates the number of mif:r{:umachiﬁé cycles a_vaiia__bée to read character patterns
fm_m memory and pass them to the c_ﬂnirqligr, ' ' ' L o
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- Size (bits*10%) Bandwidth (bits*105/page)

Eand buffers ST R U

Clear buﬁer I SRS b

* Generate imagé' S I SRR S Y 5

Qutput vzde@ R ok 123
Fonttable " . 3684 L 244
Character table =~ 80+ . 08+
Leftoverlist .~ - - 64+ . 54

Numbers ending in "+ ifcrease roughly linearly with page complexity.

6.1 }mpfemenz'dimn

Tﬁe ofganization of zhe pnn{er controller is shown in F‘wure 14. Et is log;cally divided 1n€0 two' .

parts that operate concurrendy, the video: genemmr and the image generator, The video generaw;”

reads data from one of the two band buffers converts it into'a video sigial, and transmits the” SIgnal :
0 the printer. As each 16- bit word is read from the buffer, zeroes are written back to clear the o

buffer for mhsequent image- E{encrauen When the video geaerator has emptleé a buffer it swntches
buffers and begins emptying the other One. ' ' e

The image generator portion of the controller r::{}mpases the lmaae i the buffer ihat is ot - :
being sent o the prznter ‘under control of microcode in the pi’m!mg task. The mmfumachme sets' _
several parameter registers Lhat deséribe the dimensions and position of a character to be- adda,d w0 '
the bancﬁ buffer {widih, hezghi x, and Y. Then it enters a tzght loop, reading the character’s bf[mao .

pa{[ern from the font table and passing wo Eﬁ bit words 0 the C{}QUOHET‘ every microsecond. This
pauem passes ihr{}ugh a FiIFO and s shlfmd m aiwn it wnh the word bouﬁéanes of the band buffer

After fnaskmg o account for the ends of a ci’zaracter these 16 values are used to enab%e w*’mnﬂ new .
data valﬁes into selected blts of a paruz:a%ar band huffer word An ik mem{)ry pr{}vzdee the data
0 be wzztten at ihese posmons 'Fhus zhe ‘character pa&em shifter and mask determme w}iere A
"eharacter appeals in &‘m barid, while the ink mefnory’ determines the video data values, an{i thus .
' allows charac{ers to appcaz W have EQK[UI’E or halﬁ;cne pattems When the interface ssgrais © t%:e'_ :
' pr{}CeSSOI‘ that it is ﬁnzahed processzng the current chaz-acter the microcode reads the centmﬁe: o
- status, mt]udmo Lhe height register, io ‘determinie whether the character wag compleied {}r whcther a'_.
' lef[*t)ver emry rmxst be made and records the icﬂ: over emry ;n Mtc} memory if necessar}f }"he_ :
_ mscrocaée repeats IhlS process for a;E the characters ihaz agapear in the band. When the nmge er :
. the band is «:{}mpleted ‘the prmnng fask sleeps umﬁ the video geﬁﬁramf swmches buff‘ers mdlcatmg

thal: %.he Lask must becm generamng the ;mage mf the” HEKL band

_ ""r}ezwa}lk giteway 't _
o ._"mp]ememed i this way. The scanner hardmre consists 0f a single bgt of: buffsxma for the output <+

It is. a}so possmiu [0 pmude specxa nncrocodc f@r dcx iees {hai mterface m the merne}rv bus

at’cumects 64:300- ~baird - commumcamm hneq LG the Pihemcz has. been_

: imcs and Evci con\ersmr for zhe mput Imcg Ss.rlaiuduon and aesenalma[zon of CEG]I bxt' '
charaf:zcrs 15 done bx mICmCUde i’lai 5a part of zhe timed zask characters are passed [O ‘a
macmpmaram na QL‘EEUC; mamzamcd in main memory by thﬁ mlcmcode Ti}e _r_rzacm;arogram .
- 1mpiemem5 t.‘ne higher level communi cati(}n protocois ' ' L

Ihe S?andard Alto pmv;des a thi?d merhed of connemmg sunp e dewges the para!!el J/O part

fhis 15 a “ﬁemcry bus de\ice and mnszs&s of'a smgle 16- blt reglster thaf can bc loaded by a store

1%15{1“11(2{:0{% and & set 0f 16 mpm Tlines that can be read by 2 load :nstmcum T‘he device ctmtr{}ﬁc;-"
does - m}{ occupy' a card slot m the backplane but is external to the machme and atmches vid a_

cable to a standard connector on the back of the machine, which in turn is wired to the mem{)ry
control board. A 1argf3 number of dewces izave bccn connected (0 the Alto through this simple

;nferface *m:]ucimg low speed lmpact prmters 4 PROM programmer, 4 stitchwelding mashme for the .
f‘abmanca of circult boards, and several types of low-sgeed raster printérs. Most devices that use

' speed inisensitive handshake protocols can be interfaced via the paraﬁe] 140 per{ such devices

reqnzre neithér specmlued hardware nof mzcr{)c:(}de

2.3 Details of the micromachine— control .
The microinstruction format of the Alto is shown in Figure 5. and the principal data paths and
registers of  the micromachine areé shown in Figure 6. Fach microinstruction * specifies: - -
* The scurce of processor bus data (RS ' '

L

The operation 1o be gerfomzcd b} the ALU MLLF}

- Two spemal funci;ons controlled b“ the F1 and 12 ﬁeids

: O;ﬁuona{ loading Oi zhe T d}’id L Tegisters (LT, Ly

}"hc ad{ifﬂss Gf the zzem ]TllCTOm‘SiI’UCiiOn {\f\(?)

AII micr omss;rucnons requ;re one cﬁock cycle {170115} foir their cxecut;on If a microinstruction.

' epeufies that Gne or morc reg;sters G:m W0 be Eodded this happens at the end of the cycle.

. The ‘Alto doss nm have an incrementing mlcroprocram counzef I:nstcad gach mmmznsnmcu{}n

' 'épemf“ es e Teast szgn,ﬁcant ten bits of the addrcss ‘of its successor using the NEXT field in the '
: mszfmuor Tms %uccess;{}r address imay be modzﬁed b*y the brane:h ]ogxc o7, b\, the 1/0 controlfers.
'-._T‘herc are specza] funcuons to swxzc:h banks m zhe mzcr@s{ore aﬂowmg dceess’ 16 the entire 4K

addrcss space. : The addrec;s of‘ the next’ m;cmmstmc&{)n to be execmcci by each of ihe 14 tas%s

' &upp{)rlcé by the mia:fomachmc 15 C{}muzncd i the 16- woz’d ‘»%P{Z’ Rmf; 'i“hls RAM is addressed by, '
the \?ASK rcgismr which comams the numbc; of the Lask Lhat will have csmrol {}f ﬁze processor in
" the next ¢cycle e The ‘vIPC RAM @a}uc for the cmrcm task is updated ewery mlcmmszmcuon cycle -

MheAligprocessor o s T e g
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Execcution of a microinstruction beging when the instruction is loaded into the Microinstruction
Register {Mir} from the control stere ouipuis. At this time, the information on the NEXT bus is
writen into the MPC RaM at the location addressed by the NTask register. This value is the address

of the next instruction: within a short time, it appears at the cutput of the MPC RAM, the next

©instruction is feiched from the conirol store, and the cycle repeats.

i i T 7 i T T k] H 3 E 3 1 i T 1 T T - T 1
RSEL ALUF B 1 2 LLTLY NEXT
d i 1 k] i i 1 i ] i b i L. 1 H i J. ) i 3, J.
ALY Funclion Bus Source Function 1 Function 2 3t

Q. Bus o «R o o -

T 1 Re T MAR = 1 Bus={?

2 BusORT® 20 2 Task 2 L<o? ? = Branch congition:

3 BusANDT 3 «8 3 Task Specific A L=07 MNexl.D ~ Next.9 OR condilion

o4 BusxXORT 4 B 4 e LLSH1 4: Mext = Next O Bus

5 Bus+1® 5 MDD 5 < LRBH1 & AluCarry?

£ Bus.1* B eMouse 6 «[LCOYS8 & D

¥ Bus + 7 7: =IR[B15] T+ Corslant 7.+ Constant

100 Bus-T 10-17: Task Specific 10-17: Task Speclfic

10 Bus 1.1 .

C12 Bus + T 417
13 Bus + Skip”®
14: Bus ANDT*
150 Bus ANDT
16 notused
17 notused

* =3 T is lnaded from ALL
resull, not from the Bus

Figure 5. Alto microinstruction format.

Conditional branches are implemented by ORing one or more bits with the NEXT address value
supplied by the conwrol store.  The source of the data 1o be ORed is usually specified by the 72
field; it may be a single bit, for example the result of the BUS=0 test, or it may be several bits
supplied on the NEXT bus by an 1/0 controller or by specialized logic. When thé value consists of
an n-bit field, a 2"-way branch, or dispaich is done.  Because the next instruction is already being
fetched while the instruction is being execuled, conditional branches and dispaiches affect not the
address of an instruction’s immediate successor, but the instruction following that one. It is possible
10 execute branches in successive instructions, providing this pipelining is taken into account by the

- microprogrammer,  This branching scheme constrains the placement of instructions in the |

- microstore, but the constrainis are satisfied semi-automatically by the microprogram assemibler.

Characlers
slarting in
bang 1

Band |

Band i+1

Fégure 13, Schematic diagram of the émag&generatian‘ process for printing a page. The band

buifers show a character that does not corpletely fit in band £ It has a "left over" part extending

£
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End Bang

Char Cods

X Y

Eng Bang

N

- Gharacter Table

' _I—)am Height
SR - o Wigth

"

Font Table

“into the next band.



2 zable al ows eaby zdemxﬁcaum Gf “new characreré ah{}se that Sidﬂ: w;thm the band bemg genez‘a{ed

: Bfeakmg ihe Dage 1mage m!:ﬂ hands menmhh causes seme Lhﬁ?HCEEE’S m span zwo Gr mgre . _
'_bands en,hea because t,hey are ‘more than 16 scan hnes hx b or because thszf ;maoe c}n tbe page R
- 'happens to cross a band boundar}f' For’ mef;e charaf“ters the mage ceneran{m prc:}cess is, n{x 2 - _
'comple[ed when a bdnd is generated mstﬁad d pormgn of ihe character is Eeﬂ aver and must be. S -
continued in: ﬂze succeeémg band {?;gure 13, The image- generaﬁon alaomhm retﬂrds eft- over L
- characters i oa hst that contains sufficient gnfonnation o C{}ntmue m’sace generamim {BIEBEL) in the
'n&xt band. © The’ campamon data stmcmres for naw and e f"-sver characters are charactensac of
" many incrémiental 1mag&-gen&ra£10n d‘gorzthms sua:h as those for S{}Eid poivge}ﬁs and hu:lden surface _ .

"}mages [‘\Iewman-Spmull} T’he a%g{}nthm 10 gencmt& tize Jmaﬁe of baﬁd is

1 Clﬁar ;:he band buﬂ"er 0 ZEr0
2) For each - character in the character s,a‘aie fm’ %:"ns band

" 2a)y Use the character code extracted from the character table 1o enter the font mb%e :

and find a character bitmap, together with a width and height

2b) OR into the band buffer the image of the character, at the specified pt)sition :

2¢)  If the character’s image does not terminate in this band, save a lefi-over entry,

specifying the x position of the character, its width, its height (now reduced), and’.

a pointer 1o the beginning of the next scan ling of character bzmzap mfermatx}n m
the font “table

3} For each character in the ?eﬁ -“Over tab e formed when generaung ‘the prevmus hand »

3hy Same as step 2Zb.
3¢} Bame as step 2c.

4y The image in the band buffer iy now ready 10 %e {:enverted into a v1de{} algnal and sem :

o the pﬂﬂ[&t‘ :

The a]gc«rithm was anaiyzed"cafeﬁiﬂy 1o design an implementation for the Alto. Table 1 gives

several prcpertiééfe{;uized of the memories used in the algorithm, obfained bﬁ; software simulations
of the pnmmn of typmai pages. These simulations lead 1o a number of deswn decisions for me'
algomhm and cemmiier Consider the ‘%]Z(ﬂ of a band 16 ‘map dines.: The greater the number of
' _Scan nnes in 4@ band the %arger ‘the band buffezs and hence the expense. The smaller the number )
of & scan lmes Lhe more ffequenilv the left-over mbiea must be read and written whzie generamng a-'_ L
page, The tabie shaws that 2 band size @f 16 scan hnes vields both medesL ]ef;-s:}vez bandwidths
© and mexpenszve band buffers, It akso %h{}w% that the memories reqmred dmde into two classes g
mall and fasz {band bnf‘fers} aﬁd }a?ge it slow {1(}1”1?, chamczﬁr and %ef‘£~m ar tab;ss) This division’ B
leacis {0 an zmpiementﬁzxfm strategy fsr the Aito the main memow ‘will hoid the font, character
and left-over tables; and the ‘,e’.}mralicr will hoid the band buffers, g{}geﬂaer with Sﬁme zmage-
B geﬁeratsav azds Swh 2 émsmn ig feambie only becams; me iﬂz{} mmmmachms can mnmatelv
C{}ntrol the unage genemmn hardwaz‘e uszng charagter ;ﬁaramézcrs azzx;i :mﬂcm mf{mnauon read_

frem mam msmory

U The Alto protessor

L N T R T T T R _ RSEL[Gd] SR
SREETE

- oyl i erom o E
FLMEC e Control Memory T ) MIR S e
R KPR cOKC 2!-(wx32 N T Fiital
L AR B R R i

F{AM
C::mtmi Memmy
TS Iwx32,

" Mext Address Bug (10’5‘;{55 '

F’rao»—x%y e e e = = T
- Encoder % Wakeupﬁeauests(ﬁfree} e L - i " g!

0 O

CTasK S Y K SENTE QSEK:[.O:QT_ o
_ : L Byitaxis ) | aswxis K mﬁ:ﬂ S I stk :ﬁus;aiay_. :_Ethemei
Constants|] . K al 34 - — : Qmir_cl | quispi Cu.:n.tqu .

Bs[o:al
i ) ) . Dispateh
ALY resulis - Logic

LW Processor Bus (16 bits) N R A SETRT I O

I_ " Drivers and Farity j

ZEGwWx 16 [

" Ship | [Carry

Flag _Fi’ag

_ Data . e 5313
S _ E MBH’% Memory . | Memury Bus'-
CMAR D E T BaK - 268K % 168 © | 1/0 Devices |
: ['?i?ec'é'}dé}'.: . : : error(:{)rr&niecj : Vo SR
Cands e . Ad:iress : P Address -
" Control ) ; -

" Figure 6. Alto micromachine structure, . . -
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“Task switching in the Alw is done by changing the value in the NTASK register. As long as the
~value In this register does not change. a task will remain in control of the processor. A iask gives
up conrol of the processor by executing a microinstruction containing Fi=TaSk. This function
loads the NTASK register from the output of a priority encoder whose inputs are the 16 wakeup
request lings, ome per task. An 10 controller indicates its need for service from the processor by
‘asseriing the request line associated with s task, If it is the highest priority requester when the
running microprogram executes the TASK funciion, NTASK will be loaded with its task number; after
-2 one instruction delay, the new task will acquire the processor. In the microinstruction following a
TASK, a microprogram may not execute a conditional branch, and it must not allow a task swiich
-when it has state in the L or T registers, since nene of the sate of a task other than the MPO value is
saved across a task switch., With these exceptions, there is no overhead associated with task
switching. | -

The conditions that cause 170 controllers o request wakeups are determined by the controller
hardware, and are usually simple—an empty buffer requires data, or a sector pulse has been
received by the disk controiler, for example, When the microcode associated with the controller has
processed the request and commanded the conwoller © remove the wakeup reguest, the
-zhicmprogram then TASKs, relinquishing comtrol of the processor.

. By convention, eight of the possible values of the F1 and F? fields of the microinstruction are
- task-specific; that is, they have different meanings depending on which task is running. Fach 1/0
controller can determine when its assoclated lask has control of the processor by decoding the
NTASK lines. When the task associated with a controller is running, the controller decodes the Fi
and F2 lines and uses them o convrol data transfers. to specify branch conditions, or for other
device-specific purposes.  This encoding reduces the size of the microinstricton.

The intimate coupling between the micromachine and the /0 controllers has proven 1o be one
of the most powerful features of the Alto, When a new 140 device is added, the controller not only
has at its disposal the basic arithmetic and control facilites of the micromachine, but it can also
implement specialized  functions conwrolied by  the task-specific  functon  fields of the
micromstruction. This has led 1o extremely simple hardware in the 1/0 controllers, Most controliers
consist of & small amount of buffering 1o absorb wakeup latency, regisiers and interface logic to
implement the electrical protocols of the device, and a small amount of logic to decode the Fi and
F2 lines, generate wakeups, and do whatever high speed housekeeping is required by the device,

- Since the processor makes all the memory requests, controllers never manipulate memory addresses,
and the usual DMa hardware found in most minicomputers is eliminated. S
It might appear that sharing the processor in this way would result in 2 significant degradation
in performance, particularly for low priority tasks such as the emulator. This is in fact not the case:
the mgjor bottleneck in the sysiem is the memory. Since most compulation can be cverlapped with
mcmer} operation, the performance of the Alte compares faverably with other systems emplowno

_ Smgle ported, nozz*mterlea\ed memory at comparable /0 bandwidths,

.
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6. A controller for a raster-scanned printer

the Alto is predominantly a versatile 10 controller: the design emphasizes the needs of high-

bandwidth /0 for personal computing, and relegates instruction interpretaticn o secondary

importance. One of the objectives of the design is 10 provide a convenient framework in which
build experimental or special-purpose 170 controllers, in addition 1o those for the standard display,
keyboard, mouse, disk, and Ethernet.  This section illustrates how the resources of the Alio are

 harnessed 0 4 complex task: an interface to a high-speed raster-scanned page printer, The design

shows how the page-generation algorithm is first analyzed, and then divided into parts that are
implemented in software, microcode, and hardware, ' '

The objectives of a printer are very similar to those of the Alo display: several thousand
characters may appear in arbitrary sizes, rotations, font styles, and positions on the page; text may
be proportionally spaced; characters may overlap one another (e.g., overstrikes); non-text imagery

- such as lines and curves may appear. Printing quality generally exceeds that of a display by using

higher resolution—a typical device might print in one second an 8.5 by 11 inch page defined with
350 dots/inch {roughly 4000 horizontal scan lines of 3000 dois each).
These observations suggest that the same techniques used to generate a digital video signal for

‘the Alto display be used 10 drive a printer. The modest average data rate of 12 Mbits/sec means

that an image of the page could be buffered in Alto memory and read out to generate video, using
the same sort of controfler as the Alto display. The image of the printed page can be created the
same way as that for a display: using a character table that gives the x and y position and characier
code for each character that appears in the image. and a fons table that defines a rectangular bitmap
pattern for each character. BitBlt is used to OR each character’s pattern into the bitmap buffer at the
gﬁropef coordinate positon. Unfortunately, this simple approach fails for two reasons: the Alto does
not have enough memory to buffer a full page image (12 million bits), and the processor cannot
execute BuBlt fast enough 0 generate & bivnap for a moderately complex page in one second.

These two problems force changes in the image-generation algorithm,  Afier describing the new

algorithm, we skeich is Alto implementation.

Because buffering the entire page is impractical, an incremental algorithm must be used 10
generaze portions of the image in seguence, using a smaller buffer. The image is divided into bands
of 16 scan lines each, and the entire page image is generated by creating the image for each band in

;- turn.  This scheme requires two buffers, each capable of holding the biumap for a single band:

while one buffer is being converted into a video signal and sent o the prxmer the image of the
next band is being prepared in the other buffer. ' '
The incremental approach requires modifications to the image-generaton algorithm described

for a full-page buffer. The problem is to identify those characters that lie wholly or partly in the
band being generated. Although the entire characier table can be scanned to compute, for each .
lemsy, whether the character Hes in the band, it 18 more efficient 1o sort the table by the band
number in which the character begins (l.e., by y coordinate of the topmost scan line). The sorted




U ALTOD A PERSONAL COMPUTER + 0

_ _Pdh}(m add!GbS ﬁ Etrmﬂ is dcm(: bv {he micmcuée W]en the hczrdv\ 1= ha& 3ccumuzated Lhcf._'.'."
nm v\md uf d pagkm u waxes up ihf* mmmcodc w0 ch'*ck the des[mauez; &ddnss bvte lhei )

' mu,rowdx, acecp{s the packet and copies! it into muno;y Jf any Qf’ the fol wmﬁc ccmdmom & met:

block _ : : o . _ .
* the dcstmat on addrcss is /cro {m thas CdSQ z,he packet isa broadcasi packeE ané is
recewed m al machmes}

: {he host address is 2810 (in zhis case iﬁe machme is sald 1o be promzscuous and re‘,ewes-_ '

ail packets)

'Omemlse the mlcrocode tclls the hardwar; 0 1gm}re mL rest of the curfent packeL and go 10 slee,p "

- untﬂ the begmnmg of the next packet The acﬁdrcss filter takes about 2 mmr{)mstmcmms d{)ne it
hardware it wouéd take: ahout 8 iCs“. '

: E‘he flexibitity afforded b} this ﬁlxe;mg saheme has many applicatl()ﬂs Anif maéhine can
substitute for another bv using the other machine’s addmss in the host address field. Promiscuity is
invaluable for debugging protocols, since a machine can peek at all of the packets flowing between
two others. It is also easy to study the performance of the net by monitoring all the traffic;

Broadcasts are used to locate resources and to distribute globally useful information. A less

deszraij ¢ cenqequence is {haz the Etheme[ itself prowdes ng SCCUHt appiicauons which need securef

communication must use encrypﬂ(}n . : : _ _
" The choice of an emht hit aédress has pmved o %)e uz}f‘emnaze since it means s‘.hai a machme

cahnot have a unique hard-wired serial number which is normally used as its host address, Ens&ea{i' '
each Alto has a station address spccxﬁcd by jumpers on the backplane, which is umque o*ziv amonz-

the machines on the parucu?ar Ethernets' it happens to bé on.

Two or more Fthernet transmitiers collide when they mmukaneously decide that the }rther is

* free and begin transmitting, When a traﬂsmltier detects collision, it aborts transmission and waits a

' random nme ;ntervdl heﬁ}re trying again, 50 as not to co]llde repeateél As [he load 6n the net
1zzcreases a Lransmmer zemes less \Woroms]w by doublmg the mean of its random mzerva] cach

: time it pamclpatcs in a ceﬁisz{}n T‘ms exponem;a} backoﬁ" algor 1tbm is done by me microcode and f
a small amount 6f hardware The software 781028 zhe LOAD. f0cation m the Etherriet cc}mmaﬁd '
] block each time it issues an outpui. cammand and the microcode shifts a one bit inito it each timea .
COHISIGI’I happens. The mlcrccode generates a rand@m retransmission interval by maskmg the LOAD -

focation with the real tlme c‘io:.:k 1R fegister mamiamed ?Jy the umed task; and then waiting for {ha{

mienal by te%imv the hardware to wake it up each ume me L;mad task wakes u'J and decremenimgf :
the interval régister at each wakeag When the reozster goes 10 ?ero the’ mzcmcc}de again Uies to 9

' 'zransmu Aﬁer }.6 comecutwe C!DHIS]GHS the LOAD Iocation over*‘iaws and the m:crocode gwes ups

and posts a failure cade in. the command block. Thzs a g{nzthm takes ab{mt 20 mxczomsrmctz{}ns B

é{me in hardware it wea?d gequnc ab{}ut 10 ICS

zhe desunauon address in the pdrka mamh“s Ll’*e kmz addreas ﬂcid in thc command.' '

S 741’)9)‘5111’5 of!fw mzcramachme fzmimzem Vo

i‘hc amhmeuc scu:z{m of Lhe A}m conwms thc fQ]]OV\rll‘l" compancms

5 A 16 b;z pr@cessor bm uaed (o, aans*mz data Detween L‘ﬁe subsectxons of‘ zhe precessor the

'memorv and the I/O mntmuefs Ihe g{}ufce {)f bux data is cc:-ntrol]ed bv ‘Lhe BS and the o

'Fl. ﬁems GF EhL mszmcman

A bank Qf 32 16 bi[ R regssiers and elﬁht bank% Gf 32 16 blt regzssers Thes& regs%ters o

Chave s znhﬂy d1fferen£ propezues aﬁd mgeahcr c&nsmute the hlgh speec siorage of the
pmcessar “As ?aeuer nnegzated circuit tec‘nm}lﬁgv has beceme available, she number of § :
regisiers has becn mcreascd as sizown m P;gure 2 R and S are adéressed by {he RSEI_._'
fiefd of the instrucdon: enher R oor 8 (but not b:JLh) can be used dunng a Slngk’, .
instruction. Readmg and loadmg of R and S aze cantmlled bv the BS ﬁeid L’}f Ihe_
mstmctzon ' : : |

A 16- bl{ T regﬁter T is Eaaded when zhfz LT blt 15 Se[ in Ihe microinstruction, T“he source
of T daia s detenmned by the xLU function bleng executed it is usual]y the bus b%;t may -
be the Ompu[ of {he AL T 15 Une m the mputs of the ALU. " '

A 16 bit Arlthmemc/f-{)gm U“nt fALL} ]he AL[J is mplemented w1th four SK’MSISE ICs.
These devices cdn pmwde 64 arithmetic and logical fusrictions; most of mhich are useless.
The fourteen' most useful functions . are. selected by the four bit ALUF field of the: :
m;cr{}msimctzon which is mappcd by a PROM mf,o the C{}mro‘i GlgnaEs requ1red by {he' '
chips... : : ' '
A 16-bit L rcgzsu’:r 138 loaded from the ALU 0L1tpi11' when the 11 bit is sef in the -
'mmromsmzcuem : v o L o . '

A shifter capable of shzfmng Lha data from L left or ngm by one bxt posm()n and _
exchangmﬂ the two halveg 05 a wGrd Slmp}e shifts are contmlled by the. Fi-field of the .

: mszructz{m {?1w4 5, 6). In the cmulamr task. {hcse ﬁ.mcuons mag he augmented b} che.'_ _

1 field to do Spemahzed shifts reqmred bv the BCPL imstruction set, and to do double:—
ienz{h shzf{s f{}r mjcmcodeé my uply and dmde ' S

A 16 bﬂ: ‘\écmor‘v Ad{iress Revzﬂter i‘vi/z.R} descnbed later

'A 256 werd by 1&- bn ‘constant memor) 1mplem-emed w*ih PRGMS Thﬁ memory 15_

_ 'addressed by the coma{mauon of the RSEL and BS ﬁeids or" ihe mszrucuon “when Fl or
' : Fi= CO\STA\? the n{)rmal acnons evoked b» RSEL ‘and BS are suppressed and ti’ie
' 'lselec:[ed constant is péaced on the bus App{-ox;mazely 200 of zhe 2_5( available cons*cams_ :
have becn used BRINTA CURNE PR R

'Ap §nstmcuop Remster (ZR} that ho!ds the currmt macromsmmon bemg executed by Lhe_
' BCPL emulamr ' ' B
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The main memory is synchronous with the processor, which initiates all memory refergnces by
- loading MAR with the I6-bit address of 2 locaion. During a memery reference, dala may be
transferred between the memory and any register connected 1o the bus, including registers in the 140
controllers. The memory can transfer a doubleword guantity during two successive instruction
eycles, as part of 2 single memory cycle. Using this access method, which was provided to support

high performance peripherals such as the display, the peak memory bandwidth is S_Zbitsf(é*lj{}ns}

= 313 Mbis/sec.

The arithmetic section of the Alto contains a small amount of hardware 1o support the emulator
for the BCPL instruction set. ‘There are special paths 1o supply part of the R address from the SreaC
“and DesaC fields of IR, logic to dispatch on several fields in IR, and hardware (o control the shifter
and maintain the CARRY and skIP flags, The total amount of specialized hardware is Jess than ten
ICs. o ' '

No special hardware has been added to support emulators for other instruction sets. These

usually specify the operaton to be performed with a single eizht-bit byte, followed by one or two
bytes that supply additional parameters for some of the operations. The standard dispatching
imechanism s wsed to do an initial 256-way dispatch 10 the microcade that emulates each
_ macreinstruction. - ' ' ' '
* The dispatching mechanism has been used for other applications, Although the micromachine
dees not support subrovtine linkage in the hardware, it has been possible 10 achieve the same effect
~with only a small performance penaity. The calling microcode supplies a small constant as a return
index (typically in T} which is saved and used as a dispaich value o return 10 the caller when the
subroutine has completed its work. The Mesa emulator implements an eight word operand stack by
dispatching on the value of the stack pointer into several bles of eight microinstructions, each of
which reads or writes a particular R-regisier, '

The parallelism available in the microinstruction format encourages the use of complex control
structures which are often substtuted for specialized data handling capabilities: it is usually possible
10 do an arithmetic operation, a branch or dispatch, and at least one special function in each
instruction, ' | '

‘Data from N _
Transcaiver R . th.ﬂ ﬁeg

- Lommunication

Phase
Decage

FIFC
Processor Bug ﬁ
A Phase
e Epgode
Slatu ] , Daia {o
! Sh;ﬁ Reg Transceiver
__{ontrplier Stalus .
Jpr
T LTASK . | Dispaich Next
. P togic [P = Adcdress
F2l0:3] Yo,
e
. L Wakeup |
_ Function 3 ontrof 3 Wakaup
F1[0:3] .l DeEcode Signals Req“em [ Reguest
— s ] | Logic
Contral Block Format:
g Whorooode Slatus Hardware Slatus 2 Rregisters
: : : . + . 85 Micronstructons
i nterrupt bits 75 MSI TTL ICs
2 Butter words remaining
3 Load
4 inpu buffer size
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8 Output bufter size
7 Cutpul butler mamory addrass
B Unused Host address

Figure 12, The Ethernet controller.
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S .bef‘ore thev amve at ahe pmper 10{:32 netw&rk As of summer 1979 ihs:_ Xemx m[ermt prowdcs_: B
_'ser\me 20 sexera& hundred cc?mpute!s on 35 nuwmks mteiconncued bg 4{'} ﬁatewaxs o

: k 5 j‘ fmp/ememczuon o
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Only one technique is known for approximating @/l these properties ¢f paper in a computer-
generated medium: a raster display in which the value of each picture element is independently
stored as an element in a two-dimensional array called a binnap or frame byffer. 1f the size of a

picture element is small enough, such a display can approximate the first five properties extremely
well; about 500-1000 binary (black or white} clements per inch are needed for high quality, or 25-
100 miltion bits for a standard 8.5x11 inch page. Another approach (which we ¢id not pursue) is 1o
exploit the fact that unlike paper and ink, the display can provide true gray. If each picture
-element can assume one of 256 intensity values {or a triple of such values for color), almost all
images which are made on paper can be reproduced with many fewer picture elements than are
needed if the elements are binary; about 100-150 elements per inch are now sufficient, or 8-18
million bits for a page. | | | |
' Even eight million bits of bitmap was more than we could afford in 1973, Furthermore, the
computer display cannot hope to match paper in size, or in the number of pages which can be
1}isible simultaneously. To make up for this deficiency, and 1o model page-turning, it 18 necessary to
_Eﬁtﬂf the image on the screen very rapidly, so that changes in the single screen image can substitute
for changes in where the eve is looking and for the physical motion of paper. As the number of
‘bits representing the image grows, more processing bandwidth is required ¢ compose it at
acceplable speeds. o . o o
- Forwnately, surprisingly good images can be made with many fewer bits, if we setle for
images which preserve the recognizable characteristics of paper and ink, rather than insisting on all
‘the details of image quality. Characters 10 points or larger (these are printer’s points, 72 per inch,
and the characters in this sentence are 10 point) in several distinguishable styles and in boldface or
Ttalic, almost arbitrary line drawings, and dozens of textures are quite comforiable o read when
represented by about 70 binary elements per inch: this resolution is also sufficient for crude but
recognizable characters down 1o 7 points, and for halfiones of similar quality, One page at this
resolution i about half 2 million bits, or half of the Alw's one mepabil memory. |

The display is an interlaced 875 line monitor running at 30 frames/second. There are 808

visible scan lines, and 602 picture elements per line, 1y is oriented with the long dimension vertical,
and the screen area is almost exactly the same size as a standard sheet of paper (Figure 7).
: Réfreghihg the display demands an avergge Qf’ 15 megabis/second of mem@n{baﬁdwéc‘%m. since the
average includes considerable time for horizontal and vertical retrace, the peak bandwidth is 20
Mbiws/second.  The 30 Hz refresh rate results in flicker which most people d0 not find
objectionable, provided the image does not contain large amounts of detail which appears in only
one of the two interlaced fields, Flicker is reduced by the use of a P40 phosphor in the CRT, rather
than the faster P4 often used; the greater persistence of images which are being moved has not
‘proved 10 be a problem, E . o

" Cpmmunicagion : : 1

. A design for a communication sysiem must anticipate the need for standard communication
proiocols in addition w standards for the physical wapsmission media. The protocols control the
fiow, touting, and interpretation of data in the network. Just as the design of the Alie disk

controller addresses the needs of a file svstem, so must the design of a network address the needs of

communications protocols.  However, the Allo was designed at a tme when experience with
protocols was limited: many lessons had been learned from the aARPA protocols, but newer designs

- such as Pup [Boges e al] and TCp [Cerf-Kahn] had vet o emerge. The Alto therefore provides a
~general packer transport sysiem, which has been used for a number of protocol experiments and

¢volutionary  designs.

- 5.0 The Ethernet local network

“The Ethernet commurication system [Meicalfe-Boggs] is the principal means of communication
between an Alto and other computers. An Ethernet is a broadeast, packet-switched, digital network

" thal can connect up o 256 computers, separated by as much as a kilometer, with a 3 Mbit/sec

channel. Contro! of e Ether is distributed among the communicating computers to eliminate the

“reliability problems of an active central controller, and to reduce the fixed costs which can make
- small centralized networks uneconomical, - ' '

A suandard Al includes an Ethernet controller and transceiver.  As soon as there are (wo
Altos within a kilometer of each other, connecting the wransceivers together with a coaxial cable
establishes an Fthernet. Additional Altos and other computers can be connected simply by tapping
into the cable as it passes by, above a false ceiling or beneath a raised floor. Conpections can be
made and power tumed on and off without disturbing network communication,

An Ethernet is an efficient low-level packet transpori mechanism which gives its best efforts 10
delivering packets, but it is not error free. Even when transmitted without an error detected by the

sender, a packer may not reach its destination without error; thus, packeis are delivered only with

high probability. A hierarchy of lavered communication protocols is used to achieve reliable
ransmission on the Ethernel, by requiring receiving processes 10 acknowledge receipt of correct

packets and sending processes to retransmit packets whose correct receipl is not acknowledged.

5.2 The internerwork

Although the physical size and addressing of the Ethernet are limited, many local networks may

be connected together into an infernetwork. The internetwork is implemented by building gateway

computers {usually Alios) that connect two or more networks, oﬁ_e:}'using long-haul digital

- comumunication to connect with gateways on distant local nerworks, The gateway is responsible for .
routing packets in the internetwork: it receives a packet from a local network, interprets a

destination address in the packet, and then transmits the packet into another network which will get
it closer to its ultimate destination, Sometimes packets are forwarded through several gateways
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'nctwork {Kahn] had éemensmtad the value of packei-swucbed networks for sharing resources and

. prowdmg persorlaE communication among’ research collaboraors, A deswn sujted for personal
computers, however, has objecmves raiher different from those of a remote ccmpuzer network Such
as’ the ARPA net ' i
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QF the network. If network bandwidth apprommately mau:hes Jocat disk bandwidih, the
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' d;sk

The ‘size of a network lmkmg perses&aﬁ co;nputers must not be lmmed It i ot
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In addlzmn many users are mcamemeneed when the networ}i fazls bu{ {:aniy one when a_'.'

machme f‘agis

= F’ersonal computcrs {end w be near o eac}z other and 1o the semces [hey need mus
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"~ Figure 7. An example of text and gra.'phits_al: Alto screén resolution.
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C 3.2 Bitmap vepresemtation
A bitmap which can be painted on the display is represented in storage by a contiguous block
of words, A bitmap on the Alto represenis a rectangular image, w picture elements wide and A
-elements high. For simplicity, w must be a multiple of 16, and one row of w picture elements
corresponds 1o w/l6 contiguous words in the bitmap. As a conseguence, lwo vertically adjacent
'slenﬁcnts correspond to the same bit in two words which are w/16 words apart in storage (Figure 8).
“The display microcode interprets a chain of display control blocks stwored in memory, with its
head at a fixed location. Each block specifies its successor, the number of scan lines it conwrols, the
left margin {in l6-element units} of the screen arez to be painted from the bitmap in storage, the
 address and width of the bitmap array, and the pelarity, which determines whether zeros in memory
are displayed as white (the normal case) or black. The left and right margins not painted from the
bitmap are filled with zeros. This scheme allows the screen 10 be divided into horizontal strips,
~pach with its own bitmap; Its advantages and drawbacks are discussed below. I
- To simulate an 8.5x11" page we use a single control block which covers all 808 visible scan
lines, has no left margin, and is 608 bkits (38 words) wide, This is a full screen bitmap; 1t consumes
about half the main storage of the standard machine, and displaying it consumes about 60% of the
cycles. In return, it can display nearly any image which can appear on a standard sheet of paper.
More restricted images, however, can be displaved more economically. An ordinary text page like
‘this one, for exarnple, can be divided into horizontal strips. The white space in the margins, in
indentations, and 1o the right of the Jast line'in cach paragraph need not appear in the bitmap. The
leading between the paragraphs, and the marging at top and bottom, can be represented by control
blocks specifying a width of zero. For a typical text page these tricks reduce the size of the bitmap
10 about 70% of its full size; pages of program listing are reduced by much more. Furthermore,
lines can be inserted or deleted simply by splicing pointers in the control block chain, and parts of
. the image can be scrolled up or down by adjusting the number of scan lines covered by one of the
:;ierg-widm control blocks, without moving anything in storage. ' :
Unfortunately, these techniques rule out anvthing except a single column of text in the Image,
since various parts of the image no longer have any supporting bitmap. Multiple columns {unless
the lines are perfectly aiigned}, marginal notes, long vertical lines, or windows which do not fill the
screen horizontally are not possible,  We have used multiple contro] blocks heavily in the Alto's
standard text editor, which includes extensive facilities for using multiple fonts, controliing margins
and leading, justification etc. The editor continuously displays the text in its final formatted form, so
that no separate operations are required 1o view the final document. In this context the control
block tricks have made it possible to fit the editor into the machine, which we could not have done

using a full-screen bitmap. All the other interesting uses of the display, however, have adopted the
* full-screen bitmap so that they could support more general images, and we are convinced that the |

cost of memory is no longer high enough © justify giving up this generality.

Local storage * - - )|

GoTo[0:CheckChecksum, 1:FinishRecord, 2:CheckChecksum];
© This uses the incoming buffer word '
Now if we were reading or checking, we test for corfect checksum By checking whether L is {, el

In the main reading loop, all but one of the microinstructions are executed concurrently with
the main memory transfer (i.e. between MAR- and MD+. which are as close together as they can

-~ be). This is usually true as well for other high-bandwidth controller microcode loops in the machine,

Thus the main speed bottleneck in the Al is shared access 10 a single memory interface. The
additional degradaiion resulting from also sharing a single processor is minimal because so much
processing is overlapped with memory references. ' o
ReadWriteOrCheck? is a good example of trading off controlier hardware against shared
processor time, register space, and microcode space. Obviously the same effect could have been
obtained by dispatching on the value in an R register in the micromachine, or by having completely
separate micromachine routines for reading, writing, and checking. Usually the decision was made
{0 minimize controfler hardware, But in this case by introducing a small amount of extra hardware

. {about two ICs) in the controller, one R-register or about 30 microinstructions were saved. It was
" cconomical in 1973, but might not be today. B
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'WPTtELDDp : SR -
T & Checksum, 81061( Recafi' I, contains mumber of words 1o transfer._'
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L Uset input/output
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Figure & The display data structure and its mapping onio the scréen. The top part of the figire’

_ﬁuﬁmmtsmemlamu& mmmsandthecmﬂﬁmmdmgsmﬁalwmﬂowsﬂw\CGMﬂ) The lower

part shows the relation befween a bitmap in memory and the image on the screen. I\Gw that _the '

patieri’ of I's in the bitmap corresporids fo° the paztem__of black “dots on _th_t_a_ screen.
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3.3 Composing the image

Because many bits are needed (o display an image, we have found the machine’s erdinary' data
manipulation instructions inadequate for handling images. It is imporiant o have fast ways of
building up the most common kinds of images and making certain common changes {(e.g., maving

“or scrolling 2 window). For this purpose the Alto has one major microcoded operation called RitBit
{for bit boundary block transfer), with a surprising number of uses, It works on reciangles within
hitmaps, such a rectangle is defined by the width of the bitmap {(which determines the spacing in
storage of vertically adjacent elements), the address of the bit which corresponds to the upper left
‘corner of the rectangle, and the height and width of the rectangle (in bits). BitBlt takes two such
rectangles, called the souwrce and the destination, and does ' '

o destination « F (destination, source)

where £ {d s} can be 5 {move}, 4 OR 5 (paint}, d XOR s {invert) or d AND s (erase}, or any of these
with 5 complemented. It is aiso possible to supply a 16x4 rectangle for the source and have it used
. repetitivelv: this is useful for producing uniform textures. The properties of BitBlt, which was
designed by Dan Ingalls, are dlsnusseé in more deLa1§ in [Newman-Sproutl], where it goes under the
name KasterOp.

BitBlt has a large number of applications, among them

Painting characters from a jfons, which is simply another bitmap, held somewhere in
storage, that contains images of the characters. It is interesting to note that "characters”
can also be used to represent various specialized kinds of graphics, such as the symbols in
hardware logic drawings. ' . ' |

“Drawing horizontal and vertical Jines {which are just narrow rectangles).
Filling in rectangular areas with iextured patrerns.

- Scrolling an image across a fixed reclangular window on the screen, or moving such a
window around on the screen. S ' ' '

Moving an image onto the screen from a copy eisewhere in storage.

Baving part of the image in memory that is not ?ar; of the display bitmap. Later, the
saved image can be copied back w0 cause i (0 reappear on the screen.

The Alte alse has a specialized operation for painting characters it is considerably less flexible than

. BitBlr, but essier o invoke and more efficient.

' Sometimes one would also ke fast operations for painting arbitrary lines and curves, and for
filling solid areas bounded by such shapes, but so far we have not found the need for these to be
great. Instead, these requirements are adequately met by the Alto’s ordinary memory reference
instructions, which can be used to randomly access and update the display with complete flexibility,

-’We have fﬁunﬁ ihis 10 be quite important, and believe that it is a significant advantage of the Alto
architecture over conventional frame-buffer organizations, The ability w reuse pa'rt or all of the

' -mtmag memory for other purposes when a full-screen display 15 not required has also been very

-.;mpr:}faam,_m_th {he decreasing cost of memaory this is no longer such a_s_l_gmf';c_an{ consideration.

Local storage - 29

assembler 1o locate PreambleDone at an even address and InPreambleWait at the next
successive odd address, so that PreambieDone OR 1 = InPreambleWait. |

The microcode fragment given below uses several ﬁmcuons t0 communlcaze with the hardware_
m[erfa(,{i All of them are rask-specific.

Block (F1) tells the controller hardware that the microcode task has run, and the wakeup
request shouid be removed. ' : C o :

TiskBufferWords (FL} loads the one- waz‘d output buf‘fer in {he disk con[roller hardware
from the bus.

«DataBufferWord (BS) puts the contents of the one-word input buf‘fer_ in the disk
controller onto the bus. ' ' : ' '

DiskCommandRegister« (Fi) Ipads the command register in the controller from the bus.
The bits in that register then fan out to control several independent conditions in the
“controller hardware. One bit (UseReadC1ock) determines whether the controller bit clock
is being generated from a crystal oscillator in the controller, or whether it is inferred from
the data being read from the disk. Another bit {WaitForSyncPattern) determines
whether the controller should suspend wakeup requests untl the arrival of the sync pattern
from the disk. - " ' ' ' S
ReadWriteOrCheck? (F2) causes a 2-bit dispatch based on whether the record is 1o be
read, written, or checked (compared with memory data). The two bits have earlier been
placed by the microcode into a special register in the disk controller. o

The code begins with a description of the R registers used:

The code uses four R registers, although for clarity five names are used:
MinusPreambleRemaining: 2 negaive count of the number of words of preamble remaining

RecordWordCount: the number of words in the record being read or written {e.g., the data record is
25 words long)
BufferBoitom: the zddress of the st word in main memory of the buffer for this record.

CneBeyondlextBufferWord: a pointer imo the main memory buffer where the next word should
be placed. The poiner is always “one bevond” where the actual slore will be done

Checksum; a regiser to accumulate the exclusive OR of all data words read or written in the record,

As we join ihe story, the dawa task has-begun "spacing” into a disk record in preparation for reading, writing,
o checking i If reading or checking. this means marking time umil good dats is known 1o be under the
cread head. 1 wnung, this means writing preambie

In this loop the microcode counts through the preamble, one count per data task wakeup. Although no data
is being transferred. the disk controller is waking up the data 1ask each tme the 16-bil buffer is fiddl, so that
it can count preamble bits, Between wakeups, the data task’s micro-prograrm counier rests p{}m{mg a1 either
InPreambleWait or PreambleDone. - :

InPreambpleWait: .
L + MinusPreambleRemaining+1l, Block;
MinusPreambEeRemaining « L, L4007, Task;
DiskBufferWord .« PreambleConstant, : :
G{JTGEU Pseambieﬂone 1: IﬂPr&ambleWam] Send more preamble if writing.
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4;'2.52' Disk data ka&k. o

_ The oﬂier zaﬁk cal]ca the dzsk data task i mx{}ked at a verv hzcrh prmrm éurane readmg {or : _
_ wntmg) whenever {he one W{)rd daza buffer m {he c:mtroﬂer i’iCCdS cmpumv {or. fi fhng, -
T resgucc:uve Iy). . This task 15 awakﬁned about SVery. 10 ps: and tmnsfcrs a sma}e word i di most 1.7

s {unlike the dlSpla} ta@k whzch thatisfers W W{}rds per wakeup m 1 gis} ﬂms durmc dlsk

'-"Lransfers up o 20% of the mlcromachmes trme s dexoted 10 servicing’ thc dlsk controller, .+
'I"he disk’ data task is’ expected m read c%;eck or wnte cach of three rﬁc,orda m 4. sector: zhc-
. header, the label, and the data. Each record mnsms of a preamble ared wn{ten as ai & bzis a
L Synchr(}nlz.aﬂon pattem conststmg (}f a smgﬁe 1 bit, a number of mﬁ}rmauon words, and a checksum =
"word The predmbie and synchronzzauon hits allow a t{}zerance fﬁf mechanical and eéecmcal-_ o

rmsahgnmeni between wzmng and raadmg

In a {ypma% opera{wrs the data {ask I’nl"h{ c%weck the header aﬁd Iabé reaords of a sector; and'
‘then write 1£s data record. To read or check a rccoz’d é;h-e Aim wails until the disk head is over the’
" préamble to that record, then reads until the svnc r«attem is recocm?ed then gets wor ds from the o |
disk and writes mem into memory or comparcs {hcm with wo ds fewched from mazn MEmOTY, and
' ﬂna‘ilv compazes the computed checksum against the ‘one reaé from the disk, To write a re{:{}rd it
‘must write a certain amount of preamble, ther a sync patiem ihen the data femhed from mam_

memory, and finally the compuied checksum,

A small plece of af:{ual mlcmcode for the disk data task wﬂ? make the precedmg descnpmon )

' csncreie In the mzcroassembly 1anguage below, all the clauses between a pair of semlm ons {

XXX € yyy, zzz, ... ;) assemble into one microinstruction (see Figure 5). For exam;ﬁe& in the .

first line.
In??eambleh’mt _
Lo« M1nusPreamb1eRemammg+1 Block‘ N

Mmus?a*eamb]eﬂemammﬁ IS an R register (say, 16) 50 RSEL Mmus?reamb!eﬂemammg.;

(16} ALUF = BUS+1 {5} BS ‘-R (03, ?1 - BLOCK {m specsm (3), Fi o= NULL {Oj, LU = Yeb {1;
1T = NO (0} and the NEXT field is- aswgneci by the mc;oaasemb}er 0. point {0 the npext

mu:remstmcnen in sequeme The 1abe§ In?reamb‘iewam is defined 1o be the microinstruction -

ar;%dress chosen mr thls mlcmmstmctlon bxf the mlcroasscmb ar.

© One further geneza} poirit is that conditional Jumps and dmpatchee are mpiemcmcd by Ong a
'compu[ed vaiue (usuai y ]ust 0or I, but not aiwavs} with mc NEXT address bemﬁ fetched as part of -

the next mmromszrucmon C{mdmona] c%auses are- ldemzf ed b\x a traﬂmc 2. For example,
LL<07, :;;;-_" | o _
Go?o{ﬁ Preamb?eﬁcne 1 IﬂPreamb?ewazi}

- 'T’he L<9? clause in the, ﬁrsz microinstructon will cause 2 1 10 be Oked with the NEXT ﬁei{i of the}
: ncxt mmromeirucuon if and only’ if the prevmus vahe of the rcmsmr is wgams The second

mzcromstmctson mcludcs a \?EXT ﬁeéd pomung o ?reamb"&e[}me and in addnmn it Lclls the

S User input/GutpﬂE

o 34Btspfa5 Fz?éf”ﬁ}{nré__. N

E“‘E”us dzsp]cw ;<; %upp{}rted b» z,hree mzcrﬂcodc tasks am:i some very: snnp e ?&az dware (Figure 9)

' Senai mdeo data is; clockcd by a. 50 ns b%t c:lock every {h;ng eise is. clocked b} the machme § 170 ns
main clock whmh is chﬁseg o be' an’ mtegral submuitzple {224} of the dzsplays line, rate;- S
' .._{875*30 26 25 k}-iz} A 16 word RAM and ¥ one word regzster xmpéemeni a FEFO buff’er and
E svnchmmzer between the: processor bus and. the shift reglster which senahzes data for: the: dlspiay '

Thcre is a sync cenerator with a counter’ and PROM. f‘er honzon{ai sync and one fer vemcai SYne,

.' and loglc to wake up Lhe data '{ask wheﬂever the FH“O is not. full the line task when h(}nzfonta} 3
' biank:ng starts and the f eld task when vezt;cal bl&nkmg starts ’ﬁler{f ;s also some logzc w0 suppor{ -
'{he cursor descnbe{i in secuon 35

Processor Bus.
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i L '- S e
S U syne. :
T Conlro R Wakaup ; Wakaup_ _
B _Degode ——% Signals. © 1 Reglest Reques'e
- . L togic
. Centrol Block Format - _ i A
ook <o Pointer to nexi ¢ontrol Dlock or zero if last: 8 .re.ggsters
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- T Bitmap memory address T
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o P*igure'g, The dispiajz controllet. |
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The field task runs 60 times a second, and is responsible for initializing the line task at the ..

head of the chain of control blocks. It alse generates a 60 Hz interrupt. The line task runs every
3% us: it initializes the left margin width, bitmap address and bitmap width for the data task, and
_édxfances 10 the next control block if the current one is exhausted. When ne centrol blocks remain,
it goes 10 sleep until reawakened by Lhe field task. The data task cutputs zeros untl the lefl margin
is exhausied, then fewches doublewords from storage and delivers them 10 the FIFO until the biunép
width is exhausted, after which it goes to sleep until reawakened by the line task. A doubleword
fetch takes six cycles or 1.05 us, and the 32 bits are consumed in 1.6 us, so the data task consumes
two thirds of the machine while data is being displayed {which is 73% of the time, the rest being
spent in retracing). C : . o -

3.5 Pointing

A user working interactively with images frequently points at pars of the image, to identify the
spot where something should be done, 1o select a menu item, to indicate the corners of a region,
etc. For this purpose the Alto has a device called a mouse, which fits comfortably under a hand
and can be rolled arcund on the work surface [English ef afl. The mouse is supported on three ball
‘bearings, and the x and p rotations of one of these bearings are sensed by the Alto. The hardware
senses moton by 1 increments in each direction {one unit is roughly 1/200 inch), and microcode

" running in the timed task uses this information to update a pair of mouse cocrdinates in storage.
Ofien i is also nice 10 be able 10 draw, and the mouse can do this wo, albeit somewhat clumsily,
When drawing is important, a tablet is used, but this device interferes 50 much with the keyboard
that it is not generally popular. ' '

Tt is essential 10 have visual feedback which indicates the mouse position, since there i no

- dirget visual or tactile connection between the mouse position and anything in the image on the
screen, This feedback is provided by the cursor, which is a special 16x16 bitmap stored ar a fixed
place in memory, together with x and y coordinates that control where it is displayed. The cursor
has i1s own microcode task, which runs after the display’s line task and loads two hardware registers
“with the proper cursor data for the current scan line, and the x coordinate at which its first element
should be displayed. The hardware starts shifting out the data when the display reaches the
specified picture element, and it is ORed with the main display data. The connection between the
mouse and the cursor coordinates is established entirely by sofiware, which may, for example,
-restrict the cursor 1o some region of the screen, force it 1o move on a grid to facilitate lining things
| up, or make it "snap” onto sensitive points when it approaches close to them. Much use is made of

~the fact that the cursor image, though small (about 1/4" square), is programmable. This turns out |

10 be extremely valuable, because the user is much more likely to be looking at the cursor than
- anywhere else on the screen. A remarkable variety of shapes can be represented on those 256 bits,
and @ great deal of important information easity and unintrusively conveyed. '
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U Iabel record to be sure that the file system software works: Before reading o writing a data récord, .~ -

.: . ._ 42 !)ff'.f:fé ;fézérfdce |

I‘he dlsk controi[er consists - of " two: mluomachmc tasks, - four #-registers, abou{ 150
mmmmstmmons ané 55 MSL rI L ICS {Fiﬁure 1"!)- ic hardxxare is modest because B t&k@b -

adxamaﬂe of the c@mputamonai power available in the micromachine. “The hardware does only
‘what the m;cmmachmc cannot do; either because of pcrfemnancc hmita{xons or because’ remote

bLHS]I’lO or contmi is lmolved cab}c cirwmcr and recewmﬁ data buf‘femng data serialization and de- o
Serlaiifatzen data encodma Sw}c patiem dezecnon and micromachine communication. - With' the.

'pamcular disk drwe used on {he Alto (Dxab%o Maodel 31), the disk controllér is responsxbie for

encodmff daza irito a self- c?ockmg Manchestef code during a write (}peramon bufc dunng a read”

{}pera{loﬁ {he disk ‘drive. itself pcrf‘orms data-c] ock %para(z{}n

‘«anous applications evenmal]y led us to interface a much hzﬁher pcr{ormance disk {Ca]Com;:) :
Trident) as an option. The dlff‘_erences between the two disk controllers are almost entirely in aréas

~ where the micromachine has sufficient perforinance to handle some function for the slowsr disk, but

not for the faster one. For e_x'zi.n:lple,' although the Alto has sufficient main memory bandwidth to- _
~ handle the Trident (9 Mbits/sec vs: 1.7 Mbits/sec for the Diablo), task wakeup latency (the time’
from when a wakeup is requesied o when the task gets control of the micromachine) can bé up o

2 p,s so multi- wg}rd buffering hardware is" requ;red in ‘the faster controller,

4, 2 1 Dzs!«: sector task.

One m1cromachme [ask called the- sector task, is invoked whenever a sector notch on’ the
_ mt.a[mo disk pack passes a reference location on the disk drive. There are 12 such notches around.
the disk, and one of them passe% ‘the refererice location every 3 ms. The sector task can run-at l'oﬁ
priority. because its needs for mzcromachme compm&mn {about 12 ,w;} can be satisfied at am tlme

in @ 100 us ;merval When the secz{}r task Is, mvaked it records the final status of the just-
complcxed transfer Gperamen (if there was pne) m thai opfsratmra s disk command b}{)ck records any
requested m[ermpﬁ; in Niw, and checks to see if another comand block reqmres pr@cessmg If.
there is no work 10 cia the sector task gaes I{J q]eep Th]s pcnmts Tow er»pnnrm tasks to Tun unm] N

az;ether seclor- HDT.CE'% I encountered

i If there is new work, L‘ne sectc-r task decides whether the d]S]( access maehmery is pesmonecﬁ ar.
the correct cyimder and sec{or If the cy}mder is 1ncOrrect a’'seek operauon is initiated, usmg the
mm:roner }ardwarc i" bmh secmr and cyimder posmons are correct, the ‘data transfer is enab ed -

- %)v ledwna he nes:essary state mformauon in B reclsiers and cemmmdmg r,he con{r{}ﬁer to" generate .

- gdisk data task- wakeup requesvs Pmaﬁy Lhe sectog {ask sleeps

An{)r_her lmp{)rtam property Gf t;he motise 1s T.fne three burtons on ns t{)p surface These allou_ SATE
: _'the user o speczfy a numbez Qf cammands uﬁmg the same hand wmh whlch ha is- pem{mg
especza]lw when the meaﬁmgs of zhe bui[ons are modlﬁed bv shlﬁ keys on Jze keyboard or b\'

takmg accmmt 0?‘ the duramon or f‘requency of chcks 'E‘he currem state’ of eac}z butt{}n (up or
down} appears s three. %nts i a spema] memary locazmn S0 that the prﬁgram 1s free to a{wch o

; meanmg o any detaﬂ {}f the users m{eracuon wn:h the butt()ns S

35 Keybaamf

The Alto has a sianéard efﬁce typawnte; éteyboard augmented wuh a smaﬂ number {8) {}f :
exira keys The keyboard 3ppears to the program as four words of memory, each of the bns m-_
these words reflects the current state of ene key {up or down). This aﬁews aﬂy key to be used as a
shift key, and as with the mouse, it pemuts a variety of non- standard mterpreiamons of the keys m :

be programmed rangmg from repeatmg keys o a d;gxfal eléctronic: organ manual '
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-performed entirely by the disk controller to insure speed or reliability.
implemented because the full power of the Allo processor s available to the controller.

serial number unique within the disk pack
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4. ﬁLG%:a} storage '

l“he Allo has a rcasoﬂabiv powerful and very reliable disk file system, This file system is

' mp]ememcﬁ on a 2.5 megabyte moving-head removable-media rigid disk drive with which every
Ale s equipped. . All Alto software can read and wme disk files, which are_ the usual interface
~among Alto software subsystems. | |

~The disk controiler consists of one board of speciat-purpose hardware and a share of the Alto
The disk controller and the file system were designed together, $0 that the functions
of the controller match the functions of the file system. Thus, certain file system functions are
These functions are easily

. 4‘ i F e sysiem

~An Alto disk pack contains a set of disk files. A disk file is a sequence of bytes, identified by a
The disk controller and the file system software
together implement a set of operaiions o create, extend, truncate, or delete files, and to read or
write sequences of bytes within a file, A file is implemented as a non-contiguous sequence of fixed-
length pages recorded on thc disk pack. FEach oage of a ﬁlc r:xcept the 1ast is camplete y full of
data (Figure 10}

fite Rootbir of Aot of RootDir fite Aho1.txt

Figure 10, The Alto file system structure.
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practically useless,

= record called the jabel, different from the data record, that says, for example, ’
- page 17 of file number 34152." Page 0 of a file. the leader page, holds information about the file:

informaton.

- performed (Figure 11).

_command block in & chain of blocks, linked by pointers,
included in more complex operating system data structures describing pending disk transfers,

. Local storage o R 25

" The Alio file system is designed 10 be reliable, Many file systems have the property that bad
data on z single page may creale such confusion that the good data on the rest of the disk is
To control the global damage tiat could result from localized errors, the Al
file svstem distributes structural information 0 cach page on the disk, Each page contains a ::pec;al

I am now serving as

its alphanumeric name. the date of last modification, and s0 on; actual data begins in page 1. The
distributed structural information recorded in the label {serial number, page number, fength} and in

‘the leader page (name) is the basic flle system data structure.

The basic data structure is supplemented by a set of hinfs, performance-improving assertions
whose truth can easily be verified. Because it is inefficient to scan the entire disk to find the leader
page of a given file, a directory file maintains hints about file locations. If the directory file says that
page 0 of file number 3456 is located at disk address 7890, then before doing anything irreversible
at disk address 7890, the disk controller checks whether the label record at that address admits o
being page 0 of file 3456. To allow rapid access to a sequence of pages, each label records as hints

~the disk addresses of the immediately preceding and following pages of the file (Figure 10). 1f hints

of any sort are found to be erroneous, they can be reconsiructed from the distributed structural
In fact, one of the most important programs on the Alto is the hint-reconstructing
Secavenger. ' S ' '
The disk controller makes it easy 10 use hints properly, and to do other common file-system
operations. A disk operation is invoked with a command block, a group of words in main memory
that specify a disk address, a page buffer address in main memory, and the transfer operation w be
The disk controlier is activated by pulting the address of a command block
into a pargicular main memory location. The controller performs the requested operation, writes the
final status in the command block, and (if all went well} automatically proceeds (o the next
: Disk command blocks are designed (o he

- File system damage resulls as often from errant software as from errant hardware, The file
system/disk controller design attempts to minimize damage in two ways, First, each disk command
block is required to contain the sea/, a certain exact bit pattern. ‘The disk controller will stop
immediately if it encounters an improper seal, Thus if the disk controlier is accidentally activated
on a block of memory that is not a legal disk command block, its seal would probébly be improper,
and file system damage would be avoided. ' .' o |

The second way to assure file system integrity is to check the Iabel record before reading or

wrmng as mentioned eartier, ?\fiany disk conwotlers in other systems implement a header record for

_each page, separate from the data recoa:d that is checked before reading or writing t’he data record.
- This strategy provides protection from failures of secking or sector counting hardware, but not from

software failures. An Alto disk sector incorporates separate header, label, and data records. The-.

_disk controller checks the header record 10 be sure the access hardware works, and then checks the




