
































































30 ALTO: A PERSO:\AL Cm.1PCTER 

:\ow the preamble waiting is over. If reading, this means that the head is known to be over a good preamble 
area before the sync pattern. If writing, this means we should now write a sync pattern. 

PreambleDone: 
T RecordWordCount; 
L BufferBottom+T, ReadWriteOrCheck?; 
pneBeyondNextBufferWord L, Block, Set up pointer into buffer. 

GoTo[O: SetupRead, 1: SetupWri te, 2: SetupCheck]; 
SetupCheck: 

Adjust by 1 to make transfer loop exit test more efficient. 
L BufferBottom-l; 
BufferBottom L; 

SetupRead: 
DiskCommandRegister UseReadClockAndWaitForSyncPattern, 

GoTo[SetupChecksum]; 
SetupWrite: 

DataBufferWord SyncPatternConstant; 
SetupChecksum: 

L Sta rt i ng Checks umCon stant, Tas k ; Initialize Checksum register. 

ModifyChecksum: 
Checksum L; 

The data task's micro program counter rests here between transferring words. If we are reading, and if this is 
the first word of the record, then the data task will wait here until a word has been read follOwing the de­
serializer's recognition of a sync pattern. Note that the transfer loop transfers data from high to low addresses; 
this simplifies the exit test 

TransferLoop: 
MAR L T OneBeyondNextBufferWord-l; 

Start main memory interface by supplying address to MAR. 

OneBeyondNextBufferWord L, ReadWriteOrCheck?; 
L BufferBottom-T, Compute number of words remaining to transfer. 

Go To[ 0: Read Loop, 1: W r i teLoop, 2: Check Loop ]; Dispatch. 

ReadLoop: 
T Checksum, Block,.L=O?; Check L: Enough words transferred? 
L (MD DataBufferWord) XOR T, Task, 

GoTo[O:ModifyChecksum, l:TransferFinished]; 
Move data word from disk controller to memory, modify checksum. 

WriteLoop: 
T C h e c k s um, B 1 0 c k; Recall L contains number of words to transfer. 

L +- (DataBufferWord +- MD) XOR T, L=O?; 
Move data word from memory to disk controller, modify checksum. 
Check L: enough words transferred? 

Task, GoTo[O:ModifyChecksum, l:TransferFinished]; 

TransferFinished: 
Checksum +- L; 

The task's program counter rests here after sending the last data word to the controller, or reading the last 
data word from the controller. Now we must either send the computed checksum to the controller or compare 
the computed checksum with that read from the controller. 

T +- DataBufferWord +- Checksum, ReadWriteOrCheck?; 
Only writes into outgoing buffer word. 

L +- DataBufferWord-T, Block, 



Local storage 

GoTo[ 0: CheckChecksum, 1: F; n; shRecord, 2: CheckChecksum]; 
ThlS uses the incoming buffer word. 
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'ow if we were reading or checking. we test for correct checksum by checking. whether L is O. etc. 

In the main reading loop, all but one of the microinstructions are executed concurrently with 

the main memory transfer (Le., 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 Alto is shared access to a single memory interface. The 

additional degradation resulting from also sharing a single processor is minimal because so much 

processing is overlapped with memory references. 

ReadWriteOrCheck? is a good example of trading off controller 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 

to minimize controller hardware. But in this case by introducing a small amount of extra hardware 

(about two res) in the controller, one R-register or about 30 microinstructions were saved. It was 

economical in 1973. but might not be today. 
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5. Communication 

A personal computer provides substantial, predictable service to a single user. Much of the 

service he wants, however, cannot be provided by his machine alone, either because sharing is 

essential to the service or because of cost. Communication with other computers and other users is 

therefore needed. The communication system expands the service available to an individual, by 

allowing several users to share resources. 

Such sharing is advantageous for two reasons. First, it allows several users to access the same 

data. For example, a person who composes a memorandum using text-editing facilities contained 

entirely in his Alto, may wish to distribute copies to several other people. He transmits the data 

representing the memorandum to the Altos of the recipients; each of the recipients can then read it 

on his Alto display. This use of communication is analogous to the use of the telephone or U.S. 

mail. 

Communication can also be used to share resources for economic reasons. Although it is too 

costly to provide a hard-copy raster-scan printer for each Alto, a group of users may share a printer, 

transmitting to the printer the data and control information necessary to print a document. Sharing 

is also economical for high-capacity file storage or for special-purpose processors too expensive to 

replicate for each person. 

At the time the Alto was designed, several computer communication networks such as the ARPA 

network [Kahn] had demonstrated the value of packet-switched networks for sharing resources and 

providing personal communication among research collaborators. A design suited for personal 

computers, however, has objectives rather different from those of a remote computer network such 

as the ARPA net: 

The transmission speed should be high enough that most users will not notice the presence 

of the network. If network bandwidth approximately matches local disk bandwidth, the 

user may not know or care whether a file is retrieved from a local disk or from a remote 

disk. 

The size of a network linking personal computers must not be limited. It is not 

unreasonable to imagine networks linking thousands of personal computers. At the same 

time, just two or three computers can constitute a reasonable network. 

The reliability of the network is extremely important when essential services such as printing 

depend on communication. If a user's personal computer malfunctions, he can take his disk 

cartridge to another one, but a network malfunction severs his access to essential services. 

In addition, many users are inconvenienced when the network fails, but only one when a 

machine fails. 

Personal computers tend to be near to each other and to the services they need, thus 

permitting a local network transmission technique for clusters of machines. 

~--------.. --------------.----
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A design for a communication system must anUclpate the need for standard communication 

protocols in addition to standards for the physical transmission media. The protocols control the 

flow. routing. and interpretation of data in the network. Just as the design of the Alto disk 

controller addresses the needs of a file system. so must the design of a network address the needs of 

communications protocols. However, the Alto was designed at a time when experience with 

protocols was limited: many lessons had been learned from the ARPA protocols, but newer designs 

such as Pup [Boggs et an and TCP [Cerf-Kahn} had yet to emerge. The Alto therefore provides a 

general packet transport system. which has been used for a number of protocol experiments and 

evolutionary designs. 

5.1 The Ethernet local network 

The Ethernet communication system [Metcalfe-Boggs] is the principal means of communication 

between an Alto and other computers. An Ethernet is a broadcast, packet-switched, digital network 

that can connect up to 256 computers, separated by as much as a kilometer, with a 3 Mbitlsec 

channel. Control of the 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 standard Alto includes an Ethernet controller and transceiver. As soon as there are two 

Altos within a kilometer of each other, connecting the transceivers together with a coaxial cable 

establishes an Ethernet. 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. Connections can be 

made and power turned on and off without disturbing network communication. 

An Ethernet is an efficient low-level packet transport mechanism which gives its best efforts to 

delivering packets, but it is not error free. Even when transmitted without an error detected by the 

sender. a packet may not reach its destination without error; thus, packets are delivered only with 

high probability. A hierarchy of layered communication protocols is used to achieve reliable 

transmission on the Ethernet, by requiring receiving processes to acknowledge receipt of correct 

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

5.2 The internetwork 

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

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

computers (usually Altos) that connect two or more networks, often using long-haul digital 

communication to connect with gateways on distant local networks. 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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before they arrive at the proper local network. As of summer 1979, the Xerox internet provides 

service to several hundred computers on 25 networks interconnected by 20 gateways. 

5.3 Implementation 

The Alto Ethernet controller (Figure 12) contains about 75 MS1 TIL 1(:S- it is slightly larger 

than the disk and display controllers. The transceiver, on the other hand, is much smaller and less 

expensive than either the disk drive or the display monitor. The controller hardware consists of the 

following functions: phase decoder, receiver shift register, FIFO buffer and synchronizing register, 

transmitter shift register, phase encoder, and micromachine interface. The FIFO buffer is shared by 

the transmitter and receiver, so the interface is half-duplex: it can either be transmitting or receiving 

but not both simultaneously. This is not a severe limitation, since the Ether itself is half-duplex. It 

does make hardware checkout more difficult, however, because the controller cannot be looped back 

on itself; also, the software must. make a special check for packets that it send~ to itself. Up to 

three Ethernet interfaces can be attached to an Alto. Unfortunately the tasks cannot share a single 

copy of the microcode, since the micromachine cannot make indexed R-register references. 

The microcode uses one medium-priority task, two R-registers, and about 100 microinstructions. 

The task consumes 16% of the machine in the data transfer loops, since it runs for five cycles (one 

memory reference) every 5.44 JLs (one Ethernet word time), doing all of its bookkeeping while 

waiting for the memory. To reject a packet the address filter requires 13 cycles (2.21 JLs), which 

consumes as much as 20% of the machine in the improbable case of minimum length (2 word) 

back-to-back packets. The rest of the microcode is executed once per packet accepted or 

transmitted, and so consumes a negligible number of cycles. 

The Ethernet task communicates with a program much as the disk and display tasks do. The 

program builds a command block describing the operation to be done. When the Ethernet task 

wakes up, it carries out the operation, and then posts status in the command block and causes an 

interrupt by oRing a word from the command block into N1W. The disk and display have 

p-eriodically occurring events (sector notches and scan line retrace) which cause their tasks to wake 

up and check for commands from the software, but there is no such periodic event for an Ethernet. 

Instead, there is an S-group instruction which the program executes to set a flip flop in the Ethernet 

hardware; this flip flop wakes up the Ethernet task to act on the command block. Disk and display 

commands complete after a finite time, but an Ethernet receiver can be started and not receive a 

packet for days. Hence programs always use interrupts to recognize completion of an operation, 

rather than busy-waiting as many disk drivers do. Finally, Ethernet command blocks are not 

chained, partly because of a shortage of microcode space in the early implementations, and partly 

because it was not then clear how to make use of chaining. 
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Packet address filtering is done by the microcode. When the hardware has accumulated the 

first word of a packet. it wakes up the microcode to check the destination address byte. The 

microcode accepts the packet and copies it into memory if any of the following conditions is met: 

• the destination address in the packet matches the host address field in the command 

block; 

• the destination address is zero (in this case the packet is a broadcast packet, and is 

received by all machines); 

• the host address is zero (in this case the machine is said to be promiscuous, and receives 

all packets). 

Otherwise the microcode tells the hardware to ignore the rest of the current packet, and go to sleep 

until the beginning of the next packet. The address filter takes about 20 microinstructions; done in 

hardware it would take about 8 ICS. 

The flexibility afforded by this filtering scheme has many applications. Any machine can 

substitute for another by using the other machine's address 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 

desirable consequence is that the Ethernet itself provides no security; applications which need secure 

communication must use encryption. 

The choice of an eight bit address has proved to be unfortunate, since it means that a machine 

cannot have a unique hard-wired serial number which is normally used as its host address. Instead, 

each Alto has a station address specified by jumpers on the backplane, which is unique only among 

the machines on the particular Ethernets it happens to be on. 

Two or more Ethernet transmitters collide when they simultaneously decide that the Ether is 

free and begin transmitting. When a transmitter detects collision, it aborts transmission and waits a 

random time interval before trying again, so as not to collide repeatedly. As the load on the net 

increases, a transmitter retries less vigorously, by doubling the mean of its random interval each 

time it participates in a collision. This exponential backoff algorithm is done by the microcode and 

a small amount of hardware. The software zeroes the LOAD location in the Ethernet command 

block each time it issues an output command, and the microcode shifts a one bit into it each time a 

collision happens. The microcode generates a random retransmission interval by masking the LOAD 

location with the real time clock R-register maintained by the timed task, and then waiting for that 

interval by telling the hardware to wake it up each time the timed task wakes up, and decrementing 

the interval register at each wakeup. When the register goes to zero, the microcode again tries to 

transmit. After 16 consecutive collisions the LOAD location overflows, and the microcode gives up 

and posts a failure code in the command block. This algorithm takes about 20 microinstructions; 

done in hardware it would require about 10 ICS. 
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6. A controller for a raster-scanned printer ' 

Tl1e Alto is predominantly a versatile 110 controller: the design emphasizes the needs of high­

bandwidth 110 for personal computing, and relegates instruction interpretation to secondary 

importance. One of the objectives of the design is to provide a convenient framework in which to 

build experimental or special-purpose 110 controllers, in addition to those for the standard display, 

keyboard, mouse, disk, and Ethernet. This section illustrates how the resources of the Alto are 

harnessed to a 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 Alto 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 li inch page defined with 

350 dots/inch (roughly 4000 horizontal scan lines of 3000 dots each). 

These observations suggest that the same techniques used to generate a digital video signal for 

the Alto display be used to 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 controller 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 character 

code for each character that appears in the image, and a font 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 

proper coordinate position. 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 BitBlt fast enough to generate a bitrilap for a moderately complex page in one second. 

These two problems force changes in the image-generation algorithm. After describing the new 

algorithm, we sketch its Alto implementation. 

Because buffering the entire page is impractical, an incremental algorithm must be used to 

generate portions of the image in sequence, 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 bitmap for a single band: 

while one buffer is being converted into a video signal and sent to the printer, the image of the 

next band is being prepared in the other buffer. 

The incremental approach requires modifications to the image-generation 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 character table can be scanned to compute, for each 

entry, whether the character lies in the band, it is more efficient to sort the table by the band 

number in which the character begins (i.e., by y coordinate of the topmost scan line), The sorted 
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table allows easy identification of "new characters," those that start within the band being generated. 

Breaking the page image into bands inevitably causes some characters to span two or more 

bands, either because they are more than 16 scan lines high, or because their image on the page 

happens to cross a band boundary. For these characters, the image-generation process is not 

completed when a band is generated; instead, a portion of the character is left over and must be 

continued in the succeeding band (Figure 13). The image-generation algorithm records left-over 

characters in a list that contains sufficient information to continue image generation (BitBlt) in the 

next band. The companion data structures for new and left-over characters are characteristic of 

many incremental image-generation algorithms, such as those for solid polygons and hidden-surface 

images [Newman-Sproull]. The algorithm to generate the image of a band is: 

1) Clear the band buffer to zero. 
2) For each character in the character table for this band: 

2a) Use the character code extracted from the character table to enter the font table 
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 position. 
2c) If the character's image does not terminate in this band, save a left-over entry, 

specifying the x position of the character, its width, its height (now reduced), and 
a pointer to the beginning of the next scan line of character bitmap information in 
the font table. 

3) For each character in the left-over table formed when generating the previous band: 
3b) Same as step 2b. 
3c) Same as step 2c. 

4) The image in the band buffer is now ready to be converted into a video signal and sent 
to the printer. 

The algorithm was analyzed carefully to design an implementation for the Alto. Table 1 gives 

several properties required of the memories used in the algorithm, obtained by software simulations 

of the printing of typical pages. These simulations lead to a number of design decisions for the 

algorithm and controller. Consider the size of a band: 16 scan lines. The greater the number of 

scan lines in a band, the larger the band buffers, and hence the expense. The smaller the number 

of scan lines, the more frequently the left-over tables must be read and written while generating a 

page. The table shows that a band size of 16 scan lines yields both modest left-over bandwidths 

and inexpensive band buffers. It also shows that the memories required divide into two classes: 

small and fast (band buffers) and large but slow (font. character and left-over tables). This division 

leads to an implementation strategy for the Alto: the main memory will hold the font, character, 

and left-over tables, and the controller will hold the band buffers, together with some image­

generation aids. Such a division is feasible only because the Alto micromachine can intimately 

control the image-generation hardware, using character parameters and pattern information read 

from main memory. 
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Figure 13. Schematic diagram of the image-generation process for printing a page. The band 
buffers show a character that does not completely fit in band L It has a "left over" part extending 
into the next band. 



40 

Band buffers 
Clear buffer 
Generate image 
Output video 

Font table 
Character table 
Left-over list 

ALTO: A PERSONAL COMPUTER 

Table 1 

Size (bits*103) Bandwidth (bits*106/page) 

30 
12.3 
6+ 
12.3 

368+ 2.4+ 
80+ .08+ 
6.4+ .5+ 

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

6.1lmpiementation 

The organization of the printer controller is shown in Figure 14. It is logically divided into twO 

parts that operate concurrently, the video generator and the image generator. The video generator 

reads data from one of the two band buffers, converts it into a video signal, and transmits the signal 

to the printer. As each 16-bit word is read from the buffer, zeroes are written back to clear the 

buffer for subsequent image-generatioI}. When the video generator has emptied a buffer, it- switches 

buffers and begins emptying the other one. 

The image generator portion of the controller composes the image in the buffer that is not 

being sent to the printer, under control of microcode in the printing task. The micromachine sets 

several parameter registers that describe the dimensions and position of a character to be added to 

the band buffer (width, height, x, and y). Then it enters a tight loop, reading the character's bitmap 

pattern from the font table, and passing two 16-bit words to the controller every microsecond. This 

pattern passes through a FIFO and is shifted to align it with the word boundaries of the band buffer. 

After masking to account for the ends of a character, these 16 values are used to enable writing new 

data values into selected bits of a particular band buffer word. An "ink" memory provides the data 

to be written at these posjtions. Thus the character pattern, shifter and mask determine where a 

character appears in the band, while the ink memory determines the video data values, and thus 

allows characters to appear to have texture or halftone patterns. When the interface signals to the 

processor that it is finished processing the current' character, the microcode reads the controller 

status, including the height register, to determine whether the character was completed, or whether a 

left-over entry must be made, and records the left-over entry in Alto memory if necessary. The 

microcode repeats this process for all the characters that appear in the band. When the image for 

the band is completed, the printing task sleeps until the video generator switches buffers, indicating 

that the task must begin generating the image of the next band. 
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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, fonnats, 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 halftones. 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 to 

generate a band dictates the number of micromachine cycles available to read character patterns 

from memory and pass them to the controller. 
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Each of several dozen printers in the Xerox research environment is driven by a printer 

controller, plugged into a standard Alto. Although the page-printing task is complex, the special 

hardware is not large (about 300 ICS) because of extensive use of microcode and memory resources 

in the standard Alto. The design illustrates how a page-generation algorithm was analyzed and then 

implemented using appropriate facilities: macroinstruction programs for y sorting, microcode for 

left-over table management and font table references, and special hardware for the "inner loops" of 

image and video generation. 
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7. Applications 

A successful personal computing environment depends not only on economical hardware and 

devices for communicating with humans, but also on software constructed to meet personal 

computing needs. This section surveys the major software systems that have been built, and 

discusses the impact of the local network on the Alto computing environment. 

7.1 Programming environments 

Two kinds of programming environments have developed on the Alto: conventional compiler­

based systems, and fully interactive environments. The first conventional environment to be 

constructed is implemented almost exclusively in the BCPL programming language, and includes 

common tools: a compiler, an assembler, a linker, a debugger, an "open" operating system 

[Lampson-Sproull], a command processor, file-manipulation utilities, etc. Subsequently, the Mesa 

programming language was designed and implemented on the Alto [Geschke el an [Mitchell el an. 
Both of these environments have been used extensively to build applications. 

Interactive programming environments emerged to take advantage of the personal nature of the 

Alto. The Smalltalk environment turned the Alto into an "interim Dynabook," a prototype for a 

personal dynamic medium that emphasizes visual and audio communication [Kay-Goldberg] [Kay77) 

[Kay78] [Ingalls). Smalltalk has been used to interact with documents containing text and graphics, 

to build visual animations [Baecker], to synthesize music, and to build a variety of simulations of 

personal interest. 

An implementation of Interlisp [Teitelman78} explored the problem of providing a large 

interactive environment on the Alto [Deutsch]. Although the Alto micromachine was successfully 

adapted to interpret byte-coded Interlisp instructions at reasonably high speeds, the small main 

memory of most Altos at the time (64K) proved to be a crippling performance limitation. 

The various programming envirGnments used on the Alto coexist gracefully by sharing only 

files stored on the local disk, and network protocols for communication among computers. No 

other facilities of the Alto are standardized. This policy allows each environment and each 

application to exploit the hardware in novel ways; for example, it fosters different strategies for 

using the display and interacting with the user. It also allows a language or application to use 

special-purpose microcode to interpret instructions or perform application-specific calculations. The 

policy has a few drawbacks: failure to standardize the use of the display, for example, makes it 

essentially impossible for one Alto to be used as a remote terminal to another one. 

7.2 Personal applications 

Some applications use the Alto as a stand-alone computer, usually making extensive use of the 

display, mouse and keyboard for interaction. The most commonly used applications of the Alto 
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today are the various programs developed for document production: a (text editor that supports a 

wide range of formatting styles and text fonts, and a set of "illustrators" to prepare diagrams using 

geometrical figures such as lines, circles. and curves, or raster images obtained by scanning existing 

documents or by free-hand drawing. Many of the display techniques used are described in 

[Newman-Sproull]; camera-ready copy for that book was produced with Alto document-production 

software. 

Some uses of the Alto support research in computer science within Xerox. The best example is 

a design automation system used to aid designers of digital hardware. Logic drawings are prepared 

with an illustrator, and are then analyzed by a program to determine what integrated circuits are 

pictured in the diagram and how they are connected. Other software then checks loading rules, 

makes wire lists, and drives semi-automatic wiring equipment. The Alto also serves as a console 

computer to simplify debugging or diagnosis of experimental hardware. An umbilical cord connects 

the Alto to the hardware so that it can load registers and memories, issue control commands such as 
/ 

"single step," and read back important internal state. An Alto program presents this information on 

the display, accompanied by symbolic names of the registers or signals in the experimental 

hardware. The display also presents menus of operations, such as "step," that are invoked by 

pointing with the mouse and cursor. In this way, the Alto is used to provide a comfortable user 

interface for an engineer, technician or system programmer working on the hardware. 

7.3 Communication in applications 

No Alto users depend only on the resources available within a single Alto; all use 

communication to extend these services. Even the user of document-production application requires 

communication to obtain hardcopy output at a shared printer or to distribute a document file to 

other users. Alto applications and users depend on a wide variety of services implemented on server 

machines throughout the network: 
• • Printing. An application program running in any Alto may transmit to the printing server 

a description of a document to be printed. The printing server is an Alto that queues 

requests, and later prints the files using the raster printer controller described in Section 6. 

• File storage. File services are provided both to allow sharing of files among users and to 

escape the limitatIons of the local storage available on the standard Alto. The service 

machines have one or more high-performance disks attached, and offer several different 

styles of file access. Some provide a "page level" access [Swinehart et an, some a "file 

transfer" access patterned after the ARPA network file transfer facilities [Crocker et an, and 

some a "transaction access" suitable for implementing a file service that is distributed over 

several machines [Lampson-Sturgis] [Israel et an. 
• Mailboxes. A popular application of the Alto is an electronic mail service. The personal 

machine is used to prepare messages for transmission to other Alto users, and to display 

and retain on the disk messages that have been received. A network mailbox service is 
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provided to hold messages for a user until he wishes to receive them with the mail program. 

'Il1e mailbox service is often implemented within the same computer that provides network 

file storage [Levin-Schroeder]. 

• Timesharing. The Alto can be used as a terminal on the MAXC timesharing system [Fiala]. 

For simple applications, the Alto simulates a conventional video character display. More 

ambitious applications use a "display protocol" to format text and graphics carefully on the 

screen [Sproull]. DLISP, which provides display-oriented access to the Interlisp 

programming environment, is the primary user Of the display protocol [Teitelman77]. 

• Time oj 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 a communication gateway. 

• Error logging. This service records a log of error information sent to it, and is usually 

operated by hardware and software maintenance groups. Altos that are not in use run a 

diagnostic program that periodically sends error summaries to the logger. The maintenance 

organization examines the log to schedule service calls. 

• Bootstrap. Alto microcode allows the computer to be bootstrap-loaded from either the 

local disk or the Ethernet. An Ethernet bootstrap service accepts a request for an Alto 

program, reads it from a local disk, and sends it over the network to the computer making 

the request. This service was first used to bootstrap the Scavenger program which repairs a 

damaged disk me structure. Many programs are now distributed in this way, reducing the 

demands on local disk storage. The ability to bootstrap diagnostic programs over the 

Ethernet is especially useful to 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 to allow sharing; applications that share a file 

must obey the protocol standards of the service used to store the me. Thus the protocols constitute 

a standardized interface, analogous to the file system on the disk, which is observed by all programs 

in the environment [Boggs et an. 
In addition to standard services, individual applications use the network in special ways. For 

example, the debugger may communicate with an identical debugger running elsewhere in the 

network, essentially passing the user's commands to the remote machine and returning information 

to be displayed. 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 to be analyzed transmits 

packets that summarize system 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 so that two people can cooperatively edit and 

illustrate documents in real time, sending digitized voice as well as keystrokes and mouse 

movements through the network. 
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8. Conclusions 

As an experiment in personal computing, the Alto has been very successful. The number of 

Altos in use exceeds the original expectations of its designers by more than an order of magnitude. 

The Alto has led to an entirely new kind of computing environment, because it puts computing 

power near the user, and makes it possible for him to do most of his work without relying on a 

centralized facility. The Alto environment provides a high bandwidth, comfortable user interface, is 

extremely reliable because of its distributed nature, and provides performance that scales linearly 

with cost. One of the Alto's most attractive features is that it does not run faster at night [Morris]. 

A few aspects of the Alto design did not work out well. The limitations on the size of the 

address space and on the amount of real memory have been serious. Although some programming 

systems have been able to take advantage of the extended memory banks, not all Altos have this 

extension, and a great deal of time has been spent fitting standard software that must run on all 

machines into the limited space available. To a great extent., the memory size limitation is due to 

the fact that the system's life has been longer than planned. 

The facilities of the micromachine are not well suited for emulating existing architectures with 

structured opcodes. Fortunately, the virtual machines for which new emulators have been built use 

simple instruction encodings that fit well with the micromachine's dispatch mechanism. The 

emulator for the Mesa machine interprets instructions just as fast as the emulator for BCPL, even 

though the latter has some hardware assistance for decoding, and the former does not. 

The sharing of the micromachine among lIO activities and emulation has been extremely 

successful. The micromachine allows these activities to interact by sharing memory, and provides 

the high memory bandwidth necessary to suppon the high-speed lIO requirements of the personal 

computer. Today, hardware costs are low enough that it is possible to replicate the processor in 

every lIO controller, but if this is done without taking additional steps such as using cache memories 

to decouple the processors from the memory, or using more complex multi-poned memories, shared 

memory access will still limit the system's performance. Since both these alternatives add cost., 

while the multitasking is very inexpensive, we feel that this architecture is still viable today. 

Some of the early decisions in the design of the Alto computing environment worked out very 

well. The arrangement by which all software is standardized at the level of disk files and network 

messages has made it possible to build a wide variety of cooperating software subsystems. The disk 

file system has proven to be extremely reliable, primarily due to the distributed redundancy. 

Although the hardware and software have both had bugs, the reliability as perceived by users has 

been exceptionally high, since files are almost never irretrievably lost. 

The high bandwidth communication provided by the Ethernet has been more valuable than 

anticipated, since we underestimated the importance of servers. The network and network services 

have been the mainstays of the environment, and we feel that a facility with an order of magnitude 

lower bandwidth would have had a qualitatively different effect. 
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