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John F. Reiser 

TM: 78·1353-t 

The VAX-111780 [1] is a new, general-purpose, stored-program electronic: digital c:om· 

puter manufactured by Digit.1l Equipment Corporation. At minicomputer prices it provides 

addresses and data which are 32 bits wide; the traditional minicomputer address space bound of 

64K is aone. This memorandum describes the VAX-111780 and the implementation of a 

UNIX operatina system and complete user e ... vironment for it. Section 2 contains an overview 

suitable for aeneral consumption; derails normally of interest only to devotees of computer sys­

tem architecture appear in Section 3. The authors comment on software portability in Section 

... 
2. On"lew 

Ea.-Ironment. A user of UNIX and C software on the PDP-11 will find that the VAX· 

111780 provides a very similar environment. There are no apparent differences in the com· 

mand languaae or the vut majority of programs which arc customarily invoked directly from 

the shell. A casual user probably will not be able to distinauish the hardware, except by issuina 

the command •who am j• (which identifies the hardware and the current user) or by notina that 

one of the columns printed by the process status command ps is in hexadecimal rather than 

oc:tal. The C language programmer will find that lnt, lon1, and pointer data type~ all occupy 4 

bytes (a sbort still occupies 2 bytes). and that a lon1 bas its two halves stored in a different 

order on the PDP·ll than on the VAX-11. Characters still suffer sian extension when conver· 

ted to lonaer integer types, but one may use the declaration ansltned ebar. 

Hardware. The V AX-11 is a follow-on computer to the PDP-11. The architecture seen 

by the user-mode assembly-Janguaae protrammer of a V AX-11 is •culturally compatible• with 

the PDP-11. Specific details differ. but a programmer familiar with the PDP·ll can quickly 

understand tne differences. The V AX-Il provldes UNIBUS and MASSBUS interfaces and uses 

the same input/output peripheral devices u a PDP· II. 

Significant new features of the V AX·l J include an extended virtual address sptce, intelli· 

sent console, and dramatically improved physical packa&ina. The address space or a process is 

divided into a few siaantic seaments. Each seament is further divided into • larae number or 

small pqes. Sufficient hardware exists to make demand paaina 1 viable memory manaaement 

strate&Y. All console functions are handled by an LSI-11 microcomputer throu&h a standard 

ASCII terminal. The terminal may be remotely located from the processor and can · still halt, 

boot, or diaan c the V AX-11. The mechanical and physical desian of the VAX· J 11780 is well 

done. The processor contains no slidinJ drawers or moving cables. All parts are euily accessi· 

ble for scrvic:ina. Adequate airOow il maintained even under maintenance conditions. 
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C.•flluat .. D. The actual confWuration purchased by Department 1353 is: 

V AX·ll/780 cpu 
O.S mepbytes memory with battery backup 

floltiq-point accelerator 
12Kbyte user-writeable control store 

UNIBUS adaptor with DZII (8 RS.232C lines) 

MASSBUS adaptor with TE16 tape drive (800/1600 bpi) 

MASSBUS adaptor with two RP06 disk spindles (176M bytes per spindle) 

additional BA 1 1 KE UNIBUS box 
The list 11rice of the above conflauntion in February 1978 wu $241,255; the price including a 

DEC discount to a Bell Labs purchaser was $200,242. 

Software. We have implemented a UNIX operating system [2) and complete user 

software environment on the V AX-111780. The operating system is Resean:h version 7 as of 

April IS, 1978. The environment includes the Bourne shell, C compiler, code improver c2, 

assembler, J01der, debugser, standard 1/0 subroutine library JibS, C subroutine library llbc, 

source code control system sees, nro./lftrolf, and more than 130 commands. Mamtenance pro­

grams for file system checkina, bootstrappina. anj physical disk peck handling have also been 

implemented. 

We beaan with the C language code of Research version 7 of the UNIX operating system, 

and a PDP-11145 running UNIX as a bootstrap machine. Crcatins a C compiler which produ· 

ced V AX-11 native-mode assembly code wu the first task. The code generator portion of the · 

portable C compiler was rewritten to do this. An usembler and loader. based on similar code ; 

for the lnterdata 8/32, completed the buic support software. Existing PDP-11170 device· 

drivers for disk, tape, and terminal communication lines were adapted to the VAX-111780. : 

Assembly lanauase interfaces (trap handlers, hardware initialization, etc.) were completely 

rewritten. We then created maanetic tapes in the proper format for an initial file system and 

fo.f deadstart load, and physically carried these tapes from the PDP-11145 to the V AX-111780. 

Work on the C compiler bepn in mid-December 1977. The hardware arrived on March 

3. We held a party on May 19 to celebrate succnsfuJ multiuser operation of the system. 

Performance. Identical documents were formatted by nro.Jfon our VAX-111780 and on a 

PDP-11170 running Research version 7 UNIX; both systems used RP06 disks. Identical C pro­

grams were compiled and assembled on the VAX-111780 and on the PDP-11170. As reported 

by the 11m~ command, the results (converted to seconds) were: 

nroft' -ms -e -T450-12 ios.r >/dev/null 

real user sys 

VAX-111780 47.0 28.6 8.7 
PDP-11170 S4.0 36.9 7.9 

cc -c -0 pftn.c 

real user sys 

PDP-11170 (Ritchie compiler) 86.0 43.5 11.8 

VAX-111780 (rortable compiler) 82.0 64.0 10.5 

PDP-11/70 (portable compiler 153.0 114.6 16.6 

for lnterdata 8132) 

From the statistics on nrolfone should conclude that, bued on user-mode CPU time, the 

V AX-111780 can execute tbe c~ produced by the VAX· J 1 C compiler approximately 22% 

rater thai! the PDP-11170 caD execute the code produced by the PDP-I J C compiler. This is a 

me~~ure ol the combiaed power of the hardware and efficiency of the code aenerated by the 
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compiler. Except as an upper limit, the tlaurcs aive no indicaticm u to the throuahput, 

response lime, or efliciency of the operatina system. The differences in real time and system 

time between tbe VAX·ll/780 and the PDP-11170 are not sianiftcant. 

The times aiwn for compilation or !he ftJe pjt71.c are an attempt at a •black box• compar­

ison or apples and onnaes. The black box is any Proatam (compiler) which takes C lanauaae 

input and produces executable instructions. 1be blac:k.-box comparison is that the current 

V AX·l J C compiler runnina on the V AX·ll/780 and compilina code for the V AX·Il req•tires 

49CMJ more user-mode CPU time than the current PDP·ll C compiler runnina on the PDP· 

11170 and compilina code for the PDP-11. lbe IJ'Pies Md onnaes aspect arises because the 

two compilen, while equivalent from the black box viewpoint, are (on the inside) totally 

different pieces ofsoftware. lbe PDP-11 compiler is a production compiler written by D. M. 

Ritchie; the V AX-11 compiler is a portable compiler based on work by S. C. Johnson. The 

fiaures for the portable compiler runnina on the PDP-11170 and compilina for the Inter· 

data 8/32 are included for those who wish to compare two portable compilers. We have no 

V AX-11 equivalent to the Ritchie compiler, and thus cannN run the tests which would enable 

comparison of two production compilen. 

The loaded size in bytes of the operating system and seven other programs appears in 

Table 1. One should note the p:neral similarity between the text CiMtructions) sizes on the 

PDP-11 and on the VAX-II, and between the bss (uninitialized data) sizes on the V AX-11 and 

on the lntea~ta 8/32. The particular PDP-11 UNIX system chosen has several more 

input/output device drivers and experimental multiplexina software not in the V AX-11 system, 

which accounts for its laraer text size. If many alobel inteaer variables (or larae arrays) are 

used, there is a tend&ncy for the data and b5s portions to double in size when aoina from a 

PDP-11 to a V AX-11 or an lnterdata 8/32 because an lnt occupies two bytes on the PDP-11 

and four bytes on the other machines. However, character arrays occupy the same amount of 

space on all machines. An unusually larae number or references to alobal variables in the nroff 

program accounts for its increase in text size on the VAX -1 J compared with the PD P-11. A 

program can be written to automatically change the addressing modes used in the V AX-Il code 

so that most references to global data become sh~rter than at present, but this has not been 

done. 

EYalaatlon. We believe that the V AX-111780 provides an excellent hardware environ· 

ment for runnina UNIX and C sortware. With the software in it!l current state, we view the 

srstem as operationally equivalent to a PDP-11170 runnina UNIX software, except that the 64K 

limit on process address space is aone and prop&ms run faster. We believe that the advanced 

memory manaaement and user/system communication capabililies of the V AX-111780 offer an 

opportunity to constntet future UNIX-like sy21tems with substantially hiaher throuahput than 

provided by today's UNIX on a PDP· !1170. 

3. Details 

Hardware 

Four main subsystems - the central processor. console. main memory, and input/output 

- constitute the VAX-111780 computer system. The central processor, memory, : .• ~d 

input/output subsystems are connected by the Synchronous Backplane Interconnect (SDI). un 

internal synchronous bus with I maximum data throuahput of 13.3 mepbytes pc-' S~Ond. The 

SBI deals in physical addresses which are 30 bits wide. Half of the SBI address space i:; t uer· 

ved for memory addresses. and half for input/output device reaisters. Arbitratjcn for bus 

cycles on the SBJ is distributed; each subsystem dC(ides if it will use the next bus cycle. 

The central processor is a microprograrr.med 32·bit t;Jneral-register c:omp\Oter. The archi· 

tecture seen by the user-mode assembly-Janauaae proarammer is •culturally compstibte• with 

the PDP-11; an expert programmer familiar witb tbe PDP-11 can learn and understand the 
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diff'erenc:cs in one ct.y or less. The processor handles binary integers of 8, 16, and 32 bits; 

sinale precisioo (32 bit) and double precision (~ bit) floatina-point numbers; character strings 

up to 6SSJS bytes lona; bit fields up to 32 bits wide; and IBM-style packed decimal strings up h> 

Jl diaitsiODM. Bit fields have no alianment res•rictions whatsoe,-er. all other data types require 

alipment only to a byte (8 bit) boundary. The central proces:aor provides sbtteen 32-bit gen­

eral reaisters. Resister IS is the proarant counter pe. Software operatina in one or the 

privileaed ac:ceu modes (see below) must use reaister 14 as a stack pointer sp. The instruc­

tions wbicb implement hiah-lev.:l procedure c:all and return {pusbl, calls, ulla, ret) assume a 

convention about the use of.,, reaister 13 (fp, the frame pointer) and register 12 (ap, the 

aflument pointer). The instructions which handle character and packed decimal strings use 

resisters 0 tbrouJh S to hold pointers and counters, so as to be interruptible. floating-point 

operations may use the aeneral reaisters; there are no separate floatina-point reaisters. Instruc­

tions take from zero to six operands. The operation cooe occupies one byte and is followed by 

the oi)el'ands, which require from one to nine bytes each. Nine addressing modes (including all 

the PDP-11 modes except •-(r)) are allowed, and the addressing modes are independent of the 

operation code. When the central processor is executing in the context of a process, there are 

four access privilege modes (user, supenisor, executive, kernel), each with its own stack 

pointer; software which desires a per-proce!IS kernel s:ack is easy to implement. A fifth stack 

pointer is used when executina in a special system-wide interrupt context. The V AX-111780 

proces5or inclu1es an eight kilobyte, two-way set associative, write-through, memory data 

c:ac:he; an eiJht-byte instruction stream buffer, and a 128-address virtual . address translation 

buffer. Most of tbe prOCCS*or is implemented in Schottky ITL MSI Josie. A programmable 

reahime clock and a time-of-year clock (bettery operated durin& IotA of line voltqe) are stan­

dard equipment. Option.• inc:lud~ a hardwired floating-point accelerator and user-writeable con­

trol store. 

The console subsystem consists of an LSI-11 computer, local memory, floppy disk. DEC­

writer terminal, and remote-access ~ommunications port. The console is connected directly to 

the central processor and performs all the functions of a conventional •JiJhts and switches" 

front panel. The floppy di.~k serves as the initial bootstrap device for normal operation and 

holds special microcode for diagnostic operation. When activated by a key switch on the central 

processor, the remote-access port becomes the console. A terminal connected through the 

remote-access ~rt can halt the ~ntral processor, boot it, diaanose it, etc. 

The virtual address space of a process running on the V AX·ll/780 consists ~f 2•• 32 8-bit 

bytes. The two high-order bits of a 32-bit address determine one of four segments. Two of 

these seaments are system seaments common to the addren space of all processes. One of the 

system segments is reserved for future use. The other two segments are separately defined for 

each process and are automatically manased by the context switching in5tructior.s. One of the 

per-process seaments is desianed for a stack which arows towards lower-numbered memory 

addresses. Seaments are divided into pases of 512 bytes. Memory mappina hardware translatell 

virtual addresses into physical addresses using paae tables. A paae table contains one four-byte 

entry for each paae mapped; the entry contains a valid bit, a four-bit field which encodes acces:; 

privileaes. a modify bit, and the physical page-frame number where the patre is mapped. 

(There is no reference bit which is rnaintained by hardware!) A base reaister and a iimit reais· 

ter describe the paae table of eacb seament. The bt.se resister or a per-process seament con· 

tains a ~irtual address within the system segment; the base register for the system seament con· 

tains a physical memory address. The VAX-111780 central processor contains a virtual address 

translation buft'er boldina 128 virtual address-paae frame number paira which eliminates the 

need for extra memory references durina address translation for (typicaUy) 98% of all memory 

references. The memory is implemented usina MOS semiconductor RAMs with an ttrror 

correetina code wbicb C<ll'feCts aU sinale-bit errors and detects an double-bit errors and 7()1M, of 

all pater·tban-double bit erron. A memory conU'Oiler can handle 8 memory boards; usinJ 4K 

dlips eKb board can hold 128K bytes. There can be two memory controllers, tbus the 



. s. 

maximum amount of physical memory is currently 2 megabytes. When 16K chips are used 

(forecasted for late 1978), each board will hold S I 2K, and phvsical memory can be 8 m~a­

bytes. There is a battery backup option for maintainina data in the event of a power failure. 

&ch optional .. ttery 1ril1 maintain 1 mepbyte for 10 minutes. 

The input/output sub!ystem consists of UNlBUS adapton and MASSBUS adaptors. A 

UNIBUS adaptor (UBA) is an interface between a standard UNIBUS and thr SBL The UBA 

does the bus arbitration and everythina eJse necessary to administer the UNIBUS. It also con· 

&ains a set of relisten for mappina UNIBUS addresses to and from SDI addresses. The max· 

imun1 throuabput .On a UBA is 1.5 megabytes per second. A MASSBUS adaptor (MBA) is an 

interface between the SBI and MASSBUS devices (RP06 disk, TE16 tape, etc.). An MBA 

would be more properly called an RH-780 controller, anaJoaous to the RH-11 controller on a 

PDP·ll/70 MASSBUS; only one unit may transfer data at a time, although seven: similar units 

connected to tbe same MBA can execute control functions simultaneously .. The MBA contains 

the device conuol rcaisten normally found in an RH controller. The registers lie in the UO 

section of SBI addresses. An MBA also contains a set of maopina registers which translate dev· 

ice byte addresses to and from SBI addresses. The maximum throuahput on a MBA is 2.0 

mepbytes per second. The published limits are 1 UBA and 4 MBAs per system. ThcoreticaUy 

one could have any number of either kind as lona as the sum of the number of central proces­

sors, memory controllers, MBAs, and twice the number of UBAs were 15 or less, since the SBI 

has 1 5 •ports•. 

The ptysical packaaina of the system has been dramatically improved compared with the 

PDP-11. The V AX-11/780 processor cabinet contains no drawers or movina cables. The SBI is 

fixed and rigid. Three one-third horsepower squirrel-cap blowers provide sufficient air flow -

even while servicina the CPU. Any loaic card, r-ower supply, or blower can be replaced within 

twenty minutes by one person usina only a sc:r~wdriver. The CPU stands l.S3m x 1.17m x 

0. 17m (HWD); cabinets housin~ the CPU, UNIBUS device!~, and tape drive are usually bolted 

tcgetner to form a sinale unit l.S3m x 2.S1m x 0.77m. Our confWuration (see section 2) 

weighs 3452 pounds and requires 42050 BTU/hr coolina. 

C Compiler 

A V AX-11 •native mode• C compiler was constructed usina S. C. Johnson's portable ~om· 

piler as 11 base. After one month, a reasonable version bepn to evolve: it produced code which 

was good enough to exercise the assembler. lo der, and debugger (on the bootstrap PDP· 

11/45). This initial version did not make use of VAX·ll indexed addressina (which does 

single-level array subscripting including appropriate index shifts), bit field instructions, or 

autoincrement/decrement audressina. It contained its share of bup, partic\!larly since the 

hardware had not arrived and could not be used to actually r .1n the generated code. 

Substal'tial effort has been subsequently direc: oo towards improvin& all aspects of the 

compi:er: buc.S have been corrected, routines have been made to execute more efficiently, and 

the quality of the aencrated code ·has been improved. All addressina modes are supported, bit· 

field instructions are used for proarammer-deflned bit fields, and autoincrement and autode· 

crement aJdressina as well as three-address iMtructions are used. 

OveraU, our experience witb the compiler has been very favorable. When the VAX· 

111780 was delivered, the compiler worked well enough to compile itself, the UNIX kernel, 

and many user-level commands. In fact, since the delivery of the machine, o.,ly about a half· 

dozen serious bup have been detected Additionally, the framework of tht ~mpiler has pr(\­

ven itself to be flexible: a compiler for the lnterdata 8/32 was transformed into a compiler for 

the V AX-111780, some llnpro\lements and extensions were easily added, and, ira seneral, a 

quickly evolving compiler has remained stable and productive. The authors feel that, wiln a 

few extensions to the model of the compiler and a certain amount of tunin&, the current VAX· 

11 compiler could euily remain as the production V AX·11 compiler. 

. . 
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There are stiU some deficiencies in the current venion of the compiler, as well as in the 

buic •product• il!Clf. The compiler is slow and quite larae; see the statistics in section 2 and 

Table 1. Some of the blame for •be size and letharay of the fint pus can be attributed to the 

•e of Ia for the scanner and ytA. for the parser. and to the use of ASCII to communicate 

information between passes. Both lex and yacc produce larae routines: the scanner is 17K bytes 

in lenath (over 4.SK ~" of instructions), and the er is 16K bytes lona (over S.SK bytes 

or instructions). On the average, the first pass spends 20% of its time in the lexical scanner . 

yylook. and ~ of its time in the paner yypan~ 

Usina ASCII to communicate between the two p~es causes an additional speed penalty 

for character conversion. On typical propams, the first pass (,.ner) spends roughly 30% of its 

time performina output services (i.e., c:alls to _dopmt (18%), _strout (~). and prinif (4%)), 

while tbe second pus (code aenerator) Apends rouahly 21~ of its time readina it back in (i.e .• 

calls to tWJd (18%) and rdln (JCM.)). (Additionally, the routine used to convert from ASCII to 

binary ccntained a bua which caused ·-2147483648" (which is -(r•3l) ) to be read as zero on 

our PDP-11145.) 

The ab:)ve problems are not inherent to the compiler model. To speedup compilation, the 

scanner c:an be hand-coded (as in the standard PDP-II compiler), and the interpass data c:an be 

formatted in binary (or the two passes can be combined). With these simple modificl!tions 

(some are already in proaress), it should be possible to produce a compiler almost twice as fast 

as the current one. 

Two features of the V AX-11 arehitecture - three-address instructions and indexed 

addressin1 mode- were difti:uJt to model within the buic structure of the compiler . . The full 

implemmtation of three-address instructions proved to be so difficult that it was not really 

attem(#ted. Instead, c1, the ~~mbly languaac code improver, trie! to merae several instruc­

tions into an appropriate three-e~'dress instruction. For example, u· ~ statement a - b + --: 
com riles 

addl3 b.c.rO 
movl rO,a 

which the improver can chanse to: 

addl3 b,c,a 

for a savings of three bytes and over 400 nanoseconds. However, cJ will not always succeed in 

this shoncnins. It cannot tell the difference between 

a- b + c; 
return; 

and 

return( a - b + c ); 

since resister rO must be considered -.ive" (i.e., contains a vaJue which may be r~quired later) 

across the retwn statemenL 

The V AX-11 has six indexed addressin1 modes which yield the address of an clement of a 

one-dimensional array of a base type (cbar, sl:ort, lat, loaa. pointer, loat, or double). The 

statement 

a(i) - bQ) • c(k); 

where I. J, and k are declared reaister lat and a, b, and c are ... ble arrays (either external or 

local). ran be com pied into the sinale instruction: --

1 
' .. 

• 

• 

• 
• 
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muldl b(iJ,c(k),a{i) 

Althou&h the index specifier (e.a. 1 in the above example) must be a resister. the base address 

specifier can be any adclressina mode eKept resister, litenl, or another indexed mode. For 

example, the C-Janauaae constructs tJ/1}, (•p)/1}, (-p)/1}, (p++){i}, and (•p++)[l) (or their 

equiwlents •(ll+l), •(•p+l), •(--p+l), •(p+ + +1), and •(•p+ + +1), respectively) all can be 

done with a sinale V AX-11 address (where 11 is an amy of base type, p is a pointer to the same 

type, and 1 is of type realster lnt). It is usually diffi::ult to recosnize or conveniently represent 

such constructs (e.a., (• p + + )/1} is fun). or aenerate the possible cues (e.a .• 11/il where 11 is not 

readily addressable). 

"fhe fact tha(the code aenerator can easily rcc:oanize only expression trees of heiaht one 

(two if OREG and UNARY MUL nodes are taken into account) causes substantial difficulty in 

makina use of indexed mode, three ac!1ress instructions, and indirect addressing. Expression 

trees of nc-n·triviat heiaht occur not infrequently (e.a. as a worst case, the statement 

a - b + (•p++)(i]; 

has an expression tree of heiaht six, but can be compiled into the single instruction 

addll b,•(p) + (i),a 

if p and i are resister variables). The complexity of the code aenerator is raised by forcing the 

compression of subtrees into single nodes which are then treated with special checks, special · 

code, etc. 

The size and atianment attribute:~ of data objects are logically independent, even though 

previous hardware arthitectures (IBM 360, PDP·ll, Jnterdata 8/32, ... ) have imposed 

atianrr.ent restrictions based on size. The VAX 111780 has no such restric~ions. althouah pro· 

grams run faster wilh data aligned on natural boundaries. The C lanauage has little notion of 

alianment; because of run-time penalties, the V AX-11 C compiler aUans ell the basic data types 

on address boundaries which are a multiple of slzeof the buic type. Due to questions about 

atianment, both the language and the compiler have diflk:ulty with the declaration char c:JO,·. 

The decision to naturally alian most data items has urdesirable side effects which cannol 

be ianored. Consider the structure declaration 

struct foo { 
~~ 

j 

float f; 
) t.r; 

On the PDP·ll, slaeof(fooJ is 6 bytes while on the VAX-11, slzeof(fooJ is currently 8 bytes 

(the olf'set of /within btlr is 2 and 4 respectively). siJeOf(fooJ could be S bytes in each case. 

Althoug.'l both machines use the same dat4 formats for chan and floats. the ditrerina alignment 

imposed b) the the VAX-11 C compiler means that the two machines cannot speak directly to 

one another usina media which record structures containina binary information. Since 

alignment is important, we feel that it ouaht to be specifiable in the C Janauaae. 

Operatlna system fODnnlon 

A UNIX system runnina on a PDP-11/4S was used as the bue for transporting software 

to the V AX-111780. The software itself oriainated with the code produced by members of 

Center 127. Computina Science Research. for the lnterdata 8/32. Proarams were cross· 

compiled, aseembled, loaded, and put on magnetic tape in tp format; absolute bit-string files 

were put on tape •n dd format. Tapes were then carried across the room to the V AX·l J/780. 

An absolute tape boot (in machine Janauaae), tp boot and· primary disk boot (in assembly 

languaae), secondary disk buot (in C), and stand-alone utilities (disk formatter. disk verifier, 

tape-to-disk, disk-to-ta: , disk-to-disk, and disk-to-console, all in C) were then used to brina 

,. 
.l 
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up abe system. 
Establishing an initial file system on the disk took longer than expected. The PDP·ll/45 

was running USG issue 3 of the UNIX operating system with a •16-bit• file system and the 

v AX·ll/780 was to hne a Research version 7 • 32-bit• file system. AJso. C-languaae code on 

the VAX·ll expects the bytes of a 32-bit integer to be stored in a different order than C­

lanpqe code on the PDP·IJ. We swallowed these two red heninp hard, and suffered. We 

now lalow that the proper way to create an initial file system is to modify the program mlifs so 

that its output (on the bootstrap machine) is a file containing the proper bits. put that file on 

tape. and use the tape-to-disk utility on the tuget machine. 

Mappins the software architecture of the UNIX operating system onto the hardware archi· 

tecture of the V AX-11 required a number of decisions. Commentary on these decisions fol­

lows. 
The SCB (system context base) processor register contains a page-aligned physical 

memory address which is the base of the hardware interrupt vector. The UNIX system puts 

this vector a1 physical memory address zero. 

Operatina system code. data, kernel stacks. and interrupt stack occupy the V AX-111780 

S)stem seament (vinual addresses 80000000 to bffflllr). User code and data are loaded into 

seament .:ero (0 to JmmT) and the user stack is initialized in segment one (7ffffftT to 

40000000). User processes pus arguments to system service code using the ordinary calls 

subroutine calling sequence. The chmk instn.ction is then used to gain kernel privileaes. The 

chBak instnlction .witches the stack pointer sp from the user stack to the kernel stack, but does 

not cbanae the araumeot pointer ., or the frame pointer fp. The kernel uses the value in ap to 

copy the a11uments into u.u_arg. The V AX-11 hardware allows the values to be directly 

addressed, but the kernel software requires the copy. 

The u a"a is a per-process data structure in which the operating system keeps swappable 

information about a process. The kernel virtual address of the u ana must be a constant across 

all processes. The PDP·ll implementation puts the u a"a at kernel address 0160000; when 

process switchina occurs the u arw~ is switched by chan&ing a kernel data space sepnentation 

register. Since the operating system can address user memory on a V AX-11. the u ar~a could 

be placed in (protected) user memory, say at address 0 or at 7ftTeOOO. However. it was desira­

ble for ~he first implementa!ion to make the page tables for user seaments part of the u arra. 

which creates timing problems unless the u tlrH lies in system space. The base of the u area 

was "!signed kernel virtual address 80020000. When process switching ~urs. the u ana is 

chanaed by changing the system-space page tabl~ and invalidating the page-table translation 

cache for the appropriate pages. 

Since the operating system can directly address the memr ·y of the cur: .. nt user process. 

the procedures fubyt~. subytr. juword, etc .• are unnecessary and could be made into !Jlacros 

,.hich would merely do the appropriate load or store. However. these procedures (alo ... a with 

copyin and COf'YOut) were kept to ensure that each access to user space is valid. 

A V AX·ll/780 internal processor register called thf' PCB (process context base) points to 

an area in which the V AX-111780 saves the hudware state of the nutchine (96 bytes) when 

switchina context. This save area '·as put in the u ana as u_rstlv. 

The implementtttion of context switching required major effort. The V AX-11 has two 

'\'ery nite instructions (npcts. save process context; and ldpcts, load process context) which 

facilitate context switchina. Unfortunately, they do not impiement the mechanism which the 

UNIX system expects. (The mechanism used by UNIX is so dispersed and intricately detailed 

that it is hard to imagine any hardware which implements it directly.) The tel"'r!'stion to drasti· 

caJly chan1e the UNIY. code hu been resisted so far. The ~r~tu tar pit wu VAX· 

inated, but it took more than a week. The newer ~!laton primitive does make the C· 

lanauaae code prettier. ~ut the assembly-lanpap side (at least for the V AX-11) ia just as dirty 

"" .. 



u ever. The UNIX context switch&~g mechanism requires three state save areas, u.u nav, 

u.u_SSDv, and u.u_qsav because the Pme mechanism is al5o used for abnormal returns.- The 

V AX-11 context ·switchina instructions use only a sinaJe state save area. To make use of the 

V AX-11 instructions, the software simulates a ar~t d~l of microcode and bastardizes call 

frames in a most uaJy manner . . Context switching is certainly hiah on the list of thinss to 

rewrite in the second implementation (even for the PDP-11 !) . 

The procedures sung and ~stabur were also tricky tc- implement. They were designed with 

the assumption that only a small number (16 or fewer) of registers would be needed to map the 

address space of a user process, while on the V AX-Il a J2K process requires 64 paae table 

entries. Furthermore. the memory map of a process is diddled in tricky ways, particularly in 

apand and ~txfi!~· 

Handlina DMA 110 hardware was the other major implementation bottleneck. The UBA 

and MBA mappina registers contain physical memory page numbers, and physical addresses are 

hard to handle. It is not plenant to deal with the hardware which implements the mapping 

registers. If an VO transfer is in proaress then the mappina registers may be neither read nor 

written; this applies even to reaisten which would not be used by the transfer. As a result, the 

map for the next 110 operation cannot be setup durina the current 110 operation. Further· 

more, a single transfer is limited to 64K bytes because the byte counter is only 16 bits wide. 

Thus swapping a process to the disk can require multiple VO operations. The solution to these 

problems involved permanently reserving the last 129 registers in each map to service both 

swap and physical VO operations. The remaining map registers are available to map the system 

buffers. and are loaded at system initialization time. Disk ECC error correction is currently 

done only for VO involving the system buffers. Disk errors on raw 110 cause process termina· 

:ion~ the swap area on disk had better be error·free. 

Like the UNIX system for the PDP-11, the current im~lementation for the VAX-111780 

maintains each process in contiguous physical memory and swaps processes to disk when there 

is not enough physic&l memory to contain them all. Reducing external memory fragmentation 

to zero by utilizing the VAX-111780 memory mapping hardware for scatter loading is high on 

the list of things to do in the second implem~ntation pass. To simplify kernel memory alloca­

tion, the size of the user-segment memory map is an assembly parameter which currently 

allows three pqes of paae table or 192K bytes total for text. data, and stack. This also deserves 

to be rewritten, both to allow varyina process size, and to allow processes larger than physical 

memory through d mand p ing_ Dynamic page table size would mean dynamic u arra size if 

the p..ge table remained part of the u ana. 

The code in s~ndslg for sendina a sianal to a procc~s involves a tedious simulatic.n of the 

calls instruction due to the problem of •inward return· across privilege modes upon termination 

of the routine which handles the sianal. Makin a a portion of the kernel code readable by a 

user-mode process would simplify ~ntbig. Motivated by a problem with the Bourne shell, the 

signal number is passed u a parameter to the sicnalled routine. 

Interprocess communication via signals {signal and kl/1) uses the low-order bit of a 

machine address for something other than addressina. This implies that a proc~ure which 

handle!' sianats must start on an even byte boundary, which means that every procedure must . 

start on an even byte boundary. The C compiler thus issues a pseudo-op to the assembler to 

ali,n the beainnin& of ~ch procedure. This can waste memory on a V AX-Il. It al5o imposes 

a nontrivial requirement on the assembler. since if the resolution of conditional jump instruc­

tions can change the parity of the tenath of a procedure then the alignment directive must also 

be handled like · ·-conditional jump. In hindsight. it would have been better if a distinct value 

(say + 1 or -1) were used for ignorr, rather than multiplexina the bottom bit. 

The V AX-111780 provides a (non-mubble) trap for inteaer division by zero. The sys­

tem would like to tum this into a sianal to the process. A similer situation exists for sub5c:ript 

range trap. Jntcser overflow. floatina overflow, floatina underflow, and reserved operand 11lso 
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need signal numbers. Perhaps only one •error• signal is needed with some other means for 

determining the true fault. The whole business of interrupts, signals, asynchronous 1/0, ar ~ 

tbe use of the hardware AST mechanism deserves more attention. 

A bug was discovered in the UNIX code for process termination involving the proc and 

xproc structures. (The problem also existed on the PDP-11, but it would only be n~ticed if a 

process had accumulated more than 6SS3S ticks of system time, which is highly unlikely.) 

When a process dies its resource utilization statistics (currently only exit status, system, and 

process CPU time) are temporarily saved so that they can be added to the totals for the descen­

dents of the parent process. The actual accumulation is done by the kernel .when the parent 

process issues a walt system call; the child process is then complet~ly erased. Tiie kernel was 

overlaying the statistics in a part of the proc structure normally used :,Y the scheduler to contain 

the pointer p_tatp. Ordinarily the exit was processed immediately, causing no harm. But ·- the 

system was loaded so that swapping was necessary, then the scheduler could sneak in after the 

child exited and before the parent read the statistics, and would interpret the timing data in the 

zombie xproc structure as a pointer. This invariably caused an illegaJ memory reference from 

kernel mode on the V AX-111780. 

One of the greatest d;sappointments wit:-. the current system stems from a design quirk in 

the FP-11 floating-point processor for the PDP-11. When convertir:. between floating-point 

and 32-bit integer, the FP-11 expects the high-order 16 bits of !he integer to be stored at the 

lower memory address; this is not in line with the general •right to left" design of the PDP-11, 

which would place the low-order 16 bits in the lower memory address. C code for the PDP-11 

uses the FP-11 ClOilventioo for storing -. intqers. The V AX-11 hardware stores tbe least · 

significant bit of tmy inteaer data type. in the lowest addressed byte. C code for the V AX-11 

uses the hardware convention. This means that files containing long integers represented in the 

local convention are not binary compatible between a UNIX system on the V AX-11 and a 

UNIX system on the PDP-11. This is the only exception for cbta types common to both 

machines: char, short, ftoat, and doable all have a common representation. Except for this 

(and the structure alignment problem noted earlier), disk packs containing 32-bit file systems, 

tapes, etc., would have been interchangeable. The; fact that DEC's Fortran-IV Plus for the 

PDP-11 avoided the FP-11 convention, and that RSX-11 files ore binary compatible between 

the VAX-11 and the PDP-11, is only salt on an open wound! 

Subroutlae libraries 

libc. Conv~rsion of the system-call interface routines was straightiorward but tedious. 

Most rt'utines are merely 

.word OxOOOO 
chmk Snn · 
bee Ll 
jmp cerror 

Ll: ret 

The routines print/, «vr. and fcvt were left to llbS and were not implemented in llbc:. 

llbS. Conversion of the standard input/output library llbS posed no problems except for 

_do;NJ~t, the routine which constructs character representations of other datatypes for the prin­

ting routines prirrtf.fprllttf. and sprilftf. Since many programs spend 1 S% to 20% of their execu­

tion time within _ dopml, it pays to code the routine for speed in assembly language. Packed· 

decimal instructions handle decimal, unsigned, and Ooating-point conversions. The algorithm 

chosen for converting from Ooatina-point to character string revealed a microcode bug in the 

VAX-111780's ashp (arithmetic shift and round packed) instruction. Under certain conditions 

a carry from the rounded digit propap~ed both to the adjacent digit and to the digit eight places 

further left This usually c:aused an overflow, since tbe destination packed-decimal strina was 
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typic:aJiy not lona enouah to represent the spurious carry~ DEC claims to have • ftx for the 

bus. but the FCO has not arrived. In the mear.time a five-instruction patch detects and correct! 

the spurious overflow. 

eo ...... 
as, hi. Code developed by Center 127 for the lnterdata 8/32 was the model for an inter­

pretation by a V AX·Il/780 artist. The assembler mes an alaorithm described in (31 with heu­

ristic improvement of (4) to resolve conditional jump pseudoinstructions. Variable-lenalh. 

unalianed instructions and address constants forced the relocation information in objf!ct files to 

include the explicit segment-relative address for each relocatable datum, rather than deducing 

the address from a one-to-one correspondence between the pmition in the segment and the 

correspontfdla position in lhe reloettion table. This caused a slipt change in the header infor· 

mation within object files. 

cl. lbe code1mprover for the L-sem~ly lanauage generated by the VAX-11 C compiler is 

hued on a sim:lar program for the PDP-II. A •backwards• register usaae pass, performed once 

and before anythin1 else, wu a major addition. Knowing that no temporary reaister is live 

across a backwards jump, the register usap pus introduces three-address instructions where 

ever possible. It also recoanizes situations where jump on bit (Jbc, jlts, jllte, ~11ts), extract field 

(extn, monbl), and move address (mo•al, mo'fab, pasbal, pasbab) instructions can be used. 

The code for insertion of fancy loop control instructions sob, aob, acb .as als? extended. 

adb. Tne most sigf'ifi&;ant chanae to the symbolic debuaina routine was the writin1 of a 

disassembler for V.,X-11 native-mode in,tructions. Additionally, the character input and out­

put rou:ines were modified to use a default radix for all numeric values. The radix is initialized 

to sixteen. 

sh. The (Bourne) shell is the star.dard user command interpreter. It required by far the 

largest conversion etrort of any supposedly portable program, for the simple reason th11t it is not 

portable. Critical portions are coded in assembly language and had to be painstaking.ly rewrit· 

ten. The shell USCll its own siNk which is functionally dift'~nt from the standard routine in 

llbc. The shell wants the routine whict. fields a sianal to be passed a pt~rameter Jiving the 

number ttf the sianal beina caught; signal was also a private routine. This was handled by 

havina the operalinJ system provide the parameter in the first place, «to:na away with the 

private code for signaL "i~1e code in fo«Jrgs (for consu .ctina the araur.""ent list to lln ex~c ::ys­

tem call) ~ad t~ be d~ed. 

:a• Jostet. The process and input/output status commands consistently referen~ed 

~vlrMm (physical memory) when they should have referred to /tk11Ac1Mm (kernel virtual 

memory). iostat also assumed that certain variables maintained by the kernel were allocated 

contiguously, even though they were not declared as part of a structure. 

pr. The command which formats and rrints 6Jes had a bug that caused a division by zero 

when it was asked to print several ftles and the first 6Je in the list did not exist. On 1 pnp.J1 

divisi<tn by zero returns the dividend. but on !tV AX-1 f 1t Jives an unmaskable trap. 

ut, de. These two commands did not coa.:nt the;r aiJ:Jments usin& the first parameter 

argc. but rather assumed that an additional argument (arv{argc}, initialized as -1) could be 

~'d 1s a pointer. On the PDP-11 the resultin& address references the tt<ed end of the stack; 

on th-= VAX-11, -1 is an illepladdress. 

arotr1trotr. lbe source code for the documt:nt preparation and phototypeseuer com:nands 

is not portable; several weeks were required to produce pros;erly rua1nina \tenion of these com­

mands. Use of the explicit (or wone, implicit) consunt •r instead of slreof(lal) was quite 

c:om~on. The c:t'de awumes that variables which are adj.tcetlt in external declar .. •ions occupy 

contiguous memory at execution time. Several tables are initialized by assembl}·l•nauaae pro­

r;rarm. Convertina the tables was merely tedious; cbanain& the code which thou&ht it knew the 
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fonnat of m :~.Dill file required some effort. 1biJ memorandum wu created u&ana the conver· 

ted "ro.JPtro.lprOftBmJ on the V AX-111780. 

SCCS. Venion 4 of the Source Code Control System (5) is used to provide version 

bKkup for software in ease disastrous bUll are introduced. The source for sees itself had not 

quite been converted to venion 7 l 'NIX, and the header rues required some massaaina. The 

PWB routines lopa"'~ and JIUilC had to bt simulated. The utility procedures for dynamic 

storqe allocation required some work to intearate them with JibS and to remove PDP-11 

dialect. Tbe exit status of the d(Q"command chanaed in version 7, c:ausina tkha to bomb. The 

code impliciUy assumed that all checksums were computed modulo 65536. The documentation 

is i.ncorrect: everywhere •99999" appears it should really say •6S53S". The procedure satol 

returns two values, storina one o: them indirectly throuah a pt)inter paran.~ter. Naturally, mtol 

and itt callers did not .,ree on sl•of the stored value; this took a dfty to track down. 

4. Seftware portablllt)' 

We thank the members of Center 127, Computina Science Research, for their efforts in 

producina the basic software and for their recent efrorts towards makina the software portable. 

The fact that peor~e otLer than the ori&inal develo:'ers can quickly create a runnina system for 

a new machine is a tribute to bow well the oriaiNI work was done. 

Yc.t in our effort to tf~DS~k,rt a complete UNIX system to the VAX-111780 we stumbled 

across a tarae number of nonportable constructions and were dismayed by the seemina lack or 

~ Cacilid• to .c1et.cct and prevent them. Based on our experience, we stronJ).y recom­

...., *at tile C·ll· I liD .... ~ lea C\L4!!j ill'f ileaba.:ediO 1Im 

1. The actual lfiUments in a procedure call are type checked apinst · the procedure dcclara· 

tion, and a •dummy" declaration which specifies types is permitted even if the called pro­

cedure is not actually declared in the AIDe compilation. 

2. The '-> • operator is cbetkr.d to insure that the structure element on the right is a 

member of a structure to which the pointer on the left may point. 

3. A structure element may be declared with any name as lon1 as the name is unique within 

the immediately surroundina Atructure. (The current requirement that a structure 

element name must uniquely conespond to an ofl'set from the beainnina of the structure, 

across ail structures in a compilation, creates namina problems and frequently Iced~ !o 

erron or the type noted in item 2 above.) 

4. The issue or alipment to an even-byte (or other) boundary is brouaht into the open, so 

that arbitrary data structures c:an be accurately described. 

There is a proaram called 1/111 [6] which, if conscientiously used throuabout the life of a 

piece of scl',ware, provides type cbeckina which partially addresses the lint two points in the 

above list. The proble~ is that 1/111 is bia, noisy, relatively recent and unknown, and (partially 

u a result) iafrequendy usM. There is little iacel'oi\.: for the averaae propammer to use lint 

as a matter of course. The authors believe that type checkina belonp in the everyday compiler 

as tbe defauli., where it is very inexpensive to implement. Those who wish to do •dirty• work 

may ~uest that type checkina be disabled; those wbo wish to bless thetr dirty work may use 

l1PC casas. 
We believe that these four enhancements would ao a lona way towank inakina C lanau­

-.e software portable as a ruJe rather tban as an c.cception, thus preservina Bell Laboratories' 

iD~ent in present and future C IOftware. 

... 
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Adalo...,mts. Thank you, D. M. Ritchie and S. C. Johnson, for answering questions 

at key moments; G. K. SWIDIOD, for assistance with boot procedures and stand-alone utilities~ 

J. F. Janis, for the mathematical function library; and D. K. Sharma, for help in brinaina up 

user-level -:ommands. Additional thanks ao to many other memben of Centers 127 and 135, 

mel Deportment 8234, ror helpful commeftts mel ~uestions. ~~ ~ ~ . 
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ProJtUD System Text Data s To I -~ 
j 

'~ 

/unix 
,; 

PDP-11 48064 2410 44040 94574 I 
\·~ ! 

vAX:...u 34476 4292 39448 78216 ' lnterdata 8/32 79976 11904 39208 131088 

c. pus1 
PDP-II 36736 19826 17656 74218 

VAX-11 37520 29492 23512 90524 
lnterdata 8132 60606 32192 24920 117718 

C, pus2 
PDP-11 21248 6254 5246 32748 
VAX-11 23408 9092 1552 40052 
lnterdata 8/32 35652 9032 7560 52244 

ed 
PDP-11 10752 302 4390 15444 
VAX-11 11552 212 45S6 16320 
lnterdata 8/32 21886 480 4576 26942 

arep 
PDP-11 4736 408 1906 1050 
VAX-11 4864 476 1936 7276 J 
lnterdata 8/32 11950 1160 1936 15046 '.i 

ls 
PDP-11 7104 768 3856 11728 
VAX-11 6884 1140 5764 13788 
lnterdat.a 8/32 15660 1920 5768 23348 

nroft' 
PDP-11 29312 6684 7842 43838 
VAX-11 36360 9408 10636 58836 
lnterdata 8/32 

sort 
'I 

·-~ 

PDP-11 6656 1578 2104 10338 ! 
\ 

VAX-11 6580 1764 2788 11132 . 
I• 

:i 

Interdata 8/32 13886 2208 2792 18886 

I 

Table 1. Loaded Proanm Sizes (in bytes) 
·.f 


