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%n,z

F
%n, 1

F

inc R
%n,aw

F

add A2,R
%n,e

F

S1

add RL,R
%n,n

SS

F

add (sp) +.R

The first two sequences handle some special cases. Actually it turns out that handling a right
operand of 0 is unnecessary since the expression-optimizer throws out adds of 0. Adding | by
using the ‘increment’ instruction is done next, and then the case where the right operand is
addressible. It must be a2 word quantity, since the PDP-11 lacks an ‘add byte’ instruction.
Finaily the cases where the right operand either can, or cannot, be done in the availabie regis-
ters are treated.

The next macro-instructions are conveniently introduced by noticing that the above tabie
is suitable for subtraction as well as addition, since no use is made of the commutativity of
addition. All that is needed is substitution of ‘sub’ for ‘add’ and ‘dec’ for 'inc.” Considerabie
saving of space is achieved by factoring out several similar operations.

I is replaced by a string from another table indexed by the operator in the node being
expanded. This secondary table actually contains two strings per operator.

I’ s replaced by the second string in the side table entry for the current operator.

Thus, given that the entries for ‘+’ and ‘=" in the side table (which is called insrab) are
‘add’ and ‘inc,’ ‘sub’ and ‘dec’ respectively, the middle of of the above addition tabie can be
written

%n, 1

F

r R
%n,aw

F

[ A2.R

and it will be suitabie for subtraction. ird severai other operators, as welil.
Next, there is the question of character and {lcating-point operations.

Bl generates the letter 'b’ if the first operand is a character, *f° if it is float or double, and
nothing otherwise. [t is used in a context like ‘movB1’ which generates a ‘mov’. ‘movb’,
or ‘movf” instruction according to the type of the operand.
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B2 is just like Bl but applies to the second operand.

BE generates ‘b’ if either operand is a character and null otherwise.

BF generates ‘f” if the type of the operator node itself is float or double, otherwise null.
For example, there is an entry in effiab for the ‘=" operator

%a,aw
%ab.a
IBE A2,Al

Note first that two key specifications can be applied to the same code string. Next, observe that
when a word is assigned to a byte or to a word, or a word is assigned to a byte, a singie instruc-
tion, a mov or movb as appropriate, does the job. However, when a byte is assigned to a word,
it must pass through a register to implement the sign-extension rules:

%a.n
s /
IB1 R,Al

Next, there is the question of handling indirection properly. Consider the expression ‘X
4+ *Y’, where X and Y are expressions, Assuming that Y is more complicated than just a vari-
able, but on the other hand qualifies as ‘easy’ in the context, the expression would be compiled
by placing the value of X in a register, that of *Y in the next register, and adding the registers.
It is easy to see that a better job can be done by compiling X, then Y (into the next register),
and producing the instruction symbolized by ‘add (R1),R’. This scheme avoids generating the
instruction ‘mov (R1),R1’ required actually to place the value of *Y in a register. A related
situation occurs with the expression ‘X + *(p+6)°’, which exemplifies a construction frequent
in structure and array references. The addition table shown above would produce

[put X in register R]

mov p,Rl
add $6.R1
mov  (R1),Rl
add R1,R
when the best code is
[put X in R]
mov  p.,Rl

add 6(R1),R

As we said above, a key specification for a code table entry may require an operand to have an
indirection as its highest operator. To make use of the requirement, the following macros are
provided.

F* the first operand must have the form *X. If in particular it has the form *(Y + ¢), for
some constant ¢, then code is produced which places the value of Y in the current regis-
ter. Otherwise, code is produced which loads X into the current register.

F1* resembles F* except that the next register is loaded.

S* resembles F* except that the second operand is loaded.

S1* resembles S* except that the next register is loaded.

FS* The first operand must have the form **X’. Push the value of X on the stack.

SS* resembies FS* except that it applies to the second operand.

To capture the constant that may have been skipped over in the above macros, there are
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#1 The first operand must have the form *X; if in particular it has the form *(Y + ¢) forca
constant, then the constant is written out, otherwise a null string.

#2 is the same as #1 except that the second operand is used.
Now we can improve the addition table above. Just before the ‘%n,e’ entry, put

%n,ew*
F
S1*
add #2(RD,R
and just before the ‘%n,n’ put

%a.nw*
SS*
F
add “*(sp)+.R

When using the stacking macros there is no place to use the constant as an index word, so that
particular special case doesn’t occur.

The constant mentioned above can actually be more general than a number. Any quantity
acceptable to the assembler as an expression will do, in particular the address of a static call,
perhaps with a numeric offset. If x is an external character array, the expression ‘x[i+5] = 0°
will generate the code

mov i.r0
crtb  x+5(r0)

via the table entry (in the ‘=" part of efflad)

%e*,2
F
I'Bl  #1(R)

Some machine operations place restrictions on the registers used. The divide instruction, used
to implement the divide and mod operations, requires the dividend to be placed in the odd
member of an even-odd pair; other peculiarities of muitiplication make it simplest to put the
muitiplicand in an odd-numbered register. There is no theory which optimally accounts for this
kind of requirement. Cexpr handles it by checking for a multiply, divide, or mod operation: in
these cases, its argument register number is incremented by one or two so that it is odd, and if
the operation was divide or mod, so that it is a member of a free even-odd pair. The routine
which determines the number of registers required estimates, conservatively, that at least two
registers are required for a muitiplication and three for the other peculiar operators. After the
expression is compiled, the register where the resuit actually 2nded up is returned. (Divide and
mod are actuaily the same operation except for the location of the resuit).

These operations are the ones which cause resuits to end up in unexpected places, and
this possibility adds a further level of complexity. The simplest way of handling the probiem is
always to move the result to the place where the caller expected it. but this will produce _
ynnecessary register moves in many simpie cases; ‘a = b*c’ wouid generate

mov  b.ri
mul c.rl
mov rl.r0
mov r0.a

The next thought is used the passed-back information as to where the result landed to change
the notion of the current register. While compiling the ‘=" operation above. which comes
frcm 1 :able entry like
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%a,e
S
mov R,Al

it is sufficient to redefine the meaning of ‘R’ after processing the ‘S’ which does the multiply.
This technique is in fact used; the tables are written in such a way that correct code is pro-
duced. The trouble is that the technique cannot be used in general, because it invalidates the
count of the number of registers required for an expression. Consider just ‘a*b + X where X
is some expression. The algorithm assumes that the value of a®b, once computed, requires just
one register. If there are three registers available, and X requires two registers to compute,
then this expression will match a key specifying ‘%n.e’. If a*b is computed and left in register
1, then there are, contrary to expectations, no longer two registers available to compute X, but
only one, and bad code will be produced. To guard against this possibility, cexpr checks the
result returned by recursive calls which implement F, S and their relatives. If the result is not
in the expected register, then the number of registers required by the other operand is checked;
if it can be done using those registers which remain even after making unavailable the
unexpectedly-occupied register, then the notions of the ‘next register’ and possibly the ‘current
register’ are redefined. Otherwise a register-copy instruction is produced. A register-copy is
also always produced when the current operator is one of those which have odd-even require-
ments.

Finally, there are a few loose-end macro operations and facts about the tables. The opera-
tors:

V  is used for long operations. It is written with an address like a machine instruction; it
expands into ‘adc’ (add carry) if the operation is an additive operator, ‘sbc’ (subtract
carry) if the operation is a subtractive operator, and disappears, along with the rest of the
line, otherwise. Its purpose is to allow common treatment of logical operations, which
have no carries, and additive and subtractive operations, which generate carries.

T  generates a ‘tst’ instruction if the first operand of the tree does not set the condition codes
correctly. It is used with divide and mod operations, which require a sign-extended 32-bit
operand. The code table for the operations contains an ‘sxt’ (sign-extend) instruction to
generate the high-order part of the dividend.

H is analogous to the ‘F’ and ‘S’ macros, except that it calls for the generation of code for
the current tree (not one of its operands) using regrab. It is used in cczab for all the
operators which, when executed normally, set the condition codes properly according to
the result. It prevents a ‘tst’ instruction from being generated for constructions like ‘if
(a+b) ..." since after calculation of the value of ‘a+b’ a conditional branch can be written
immediately.

All of the discussion above is in terms of operators with operands. Leaves of the expres-
sion tree (variabies and constants), however, are peculiar in that they have no operands. In
order to regularize the matching process, cexpr examines its operand to determine if it is a leaf’,
if so, it creates a special ‘load’ operator whose operand is the leaf, and substitutes it for the
argument tree; this allows the table entry for the created operator to use the ‘Al’ notation to
load the leaf into a register.

Purely to save space in the tables, pieces of subtables can be labelled and referred to later.
It turns out, for example, that rather large portions of the the effiab table for the ‘=" and ‘=<
operators are identical. Thus ‘=’ has an entry

%([move3:]
%a,aw
%ab.a
IBE A2Al

while part of the ‘= +" table is
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Y%aw,aw
% [move3]

Labels are written as ‘%[ ... : |’, before the key specifications; references are written with ‘% [
.. ]" after the key. Peculiarities in the impiementation make it necessary that labels appear
before references to them.

The exampie illustrates the utility of allowing separate keys to point to the same code
string. The assignment code works properly if either the right operand is a word, or the left
operand is a byte; but since there is no ‘add byte’ instruction the addition code has to be res-
tricted to word operands.

Delaying and reordering

Intertwined with the code generation routines are two other, interrelated processes. The
first, implemented by a routine called defay. is based on the observation that naive code genera-
tion for the expression ‘a = b+ +' would produce

mov b.,r0
inc b
mov r0,a

The point is that the table for postfix + + has to preserve the value of 4 before incrementing
it; the general way to do this is to preserve its value in a register. A cleverer scheme would
generate

mov b,a
inc b

Delfay is called for each expression input to rcexpr. and it searches for postfix ++ and ——
operators. If one is found applied to a variable, the tree is patched to bypass the operator and
compiled as it stands; then the increment or decrement itself is done. The affect is as if ‘a =
b; b+ <+’ had been written. [n this example, of course. the user himseif could have done the
same job, but more complicated examples are easily constructed, for example ‘switch (x++)’.
An essential restriction is that the condition codes not be required. It would be incorrect to
compile ‘if (a++) ..." as

tst a
inc a
beq

because the ‘inc’ destroys the required setting of the condition cod=s.

Reordering is a similar sort of optimization. Many cases which it detects are useful
mainly with register variables. If ~ is a register variable, the expression ‘'r = x+y’ is best com-
piled as

mov  X.r
add y.r
but the codes tables would produce
mov  x.r0
add y.r0
mov  tO.r

which s 'n fact preferred if r is not a register. (If 7 is not a register, the two sequences are the
same siz2. but the second is slightly faster.) The scheme is to compile the expression as if it
had Seen written 'r = x: r =+ y’. The reorder routine is called with a pointer to =ach tree that
rcexpr is about to compile: if it has the right characteristics, the 'r = x’ tre= is constructed and
passed recursively to rcexpr: then the original tree is modified to read ‘r = — v’ and the calling
instance of rcexpr compiies that instead. Of course the whole business is itse:f -scursive 50 that
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more extended forms of the same phenomenon are handled, like ‘r = x + y|z’.

Care does have to be taken to avoid ‘optimizing’ an expression like ‘r = x <+ r’ into ‘r =
x, r =< r’. It is required that the right operand of the expression on the right of the ‘=" be a
', distinct from the register variable.

The second case that reorder handles is expressions of the form ‘r = X' used as a subex-
pression. Again, the code out of the tables for ‘x = r = y’ would be

mov y,r0
mov r0,r
mov r0,x

whereas if 7 were a register it would be better to produce

mov y.r
mov r,X

When reorder discovers that a register variable is being assigned to in a subexpression, it calls
rcexpr recursively to compile the subexpression, then fiddles the tree passed to it so that the
register variable itself appears as the operand instead of the whole subexpression. Here care
has to be taken to avoid an infinite regress, with rcexpr and reorder calling each other forever to
handle assignments to registers.

A third set of cases treated by reorder comes up when any name, not necessarily a regis-
ter, occurs as a left operand of an assignment operator other than ‘=" or as an operand of
prefix ‘+ +’ or ‘=—". Unless condition-code tests are involved, when a subexpression like ‘(a
= 4+ b)’ is seen, the assignment is performed and the argument tree modified so that a is its
operand; effectively ‘x + (y =<+ z)’ is compiled as ‘y =+ z; x + y’. Similarly, prefix incre-
ment and decrement are pulled out and performed first, then the remainder of the expression.

Throughout code generation, the expression optimizer is called whenever delay or reorder

change the expression tree. This allows some special cases to be found that otherwise would
not be seen.












Part 1:

Part 2:

Part 3:

VOLUME II

Program Development Tools
Table of Contents

System Programming Tools

1. Shell Introduction (Bourne shell)
2. C Shell

3. UNIX Programming

4. YACC

5. SED

6. AWK

7. LEX

8. DC - a desk calculator

C Language and C Program Maintenance

1. C Reference Manual
2. ADB

3. LINT

4. MAKE

UNIX Maintenance

1. UNIX Implementation

2. 1/0

3. Regenerating System Software
4. UNIX C compiler






A Tour Through the Portable C Compiler

S. C. Johnson

Bell Laboratories
Murray Hill, New Jersey 07974

Introduction

A C compiler has been implemented that has proved to be quite portable, serving as the
basis for C compilers on roughly a dozen machines, including the Honeywell 6000, IBM 370,
and Interdata 8/32. The compiler is highly compatible with the C language standard.!

Among the goals of this compiler are portability, high reliability, and the use of state-of-
the-art techniques and tools wherever practical. Although the efficiency of the compiling pro-
cess is not a primary goal, the compiler is efficient enough, and produces good enough code. to
serve as a production compiler.

The language implemented is highly compatible with the current PDP-11 version of C.
Moreover, roughly 75% of the compiler, including nearly all the syntactic and semantic rou-
tines, is machine independent. The compiler also serves as the major portion of the program
lint, described elsewhere.?

A number of earlier attempts to make portable compilers are worth noting. While on
CO-OP assignment to Bell Labs in 1973, Alan Snyder wrote a portable C compiler which was
the basis of his Master's Thesis at M.1.T.3 This compiler was very slow and complicated. and
contained a number of rather serious implementation difficuities; nevertheless, a number of
Snyder’s ideas appear in this work.

Most earlier portable compilers, including Snyder’s, have proceeded by defining an inter-
mediate language, perhaps based on three-address code or code for a stack machine, and writing
a machine independent program to translate from the source code to this intermediate code.
The intermediate code is then read by a second pass, and interpreted or compiled. This
approach is elegant, and has a number of advantages, especially if the target machine is far
removed from the host. It suffers from some disadvantages as well. Some constructions. like
initialization and subroutine prologs, are difficult or expensive to express in a machine indepen-
dent way that still allows them to be easily adapted to the target assemblers. Most of these
approaches require a symbol table to be constructed in the second (machine dependent) pass,
and/or require powerful target assemblers. Also, many conversion operators may be generated
that have no effect on a given machine, but may be needed on others (for example, pointer to
pointer conversions usually do nething in C, but must be generated because there are some
machines where they are significant).

For these reasons. the first pass of the portable compiler is not entirely machine indepen-
dent. It contains some machine dependent features, such as initialization. subroutine prolog
and epilog, certain storage allocation functions, code for the swircs statement. and code to
throw out unneeded conversion operators.

As a crude measure of the degree of portability actually achieved. the Interdata 8/32 C
compiler has roughly 600 machine dependent lines of source out of 4600 in Pass i. ind i000
out of 3400 in Pass 2. In total. 1600 out of 8000. or 20%, of the total source is machine depen-
dent (12% in Pass 1, 30% in Pass 2). These percentages can be expected 1o rise slightly as the
compiler is tuned. The percentage of machine-dependent code for the IBM is 22%, for the
Honeywell 25%. If the assembler format and structure were the same for all these machines,
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perhaps another 5-10% of the code would become machine independent.

These figures are sufficiently misleading as to be almost meaningless. A large fraction of
the machine dependent code can be converted in a straightforward, almost mechanical way. On
the other hand. a certain amount of the code requres hard intellectual effort to convert, since
the algorithms embodied in this part of the code are typically complicated and machine depen-
dent.

To summarize, however, if you need a C compiler written for a machine with a reason-
able architecture, the compiler is already three quarters finished!

Overview

This paper discusses the structure and organization of the portabie compiler. The intent is
to give the big picture, rather than discussing the details of a particular machine implementa-
tion. After a brief overview and a discussion of the source file structure, the paper describes
the major data structures, and then delves more closely into the two passes. Some of the
theoretical work on which the compiler is based, and its application to the compiler, is discussed
elsewhere.* One of the major design issues in any C compiler, the design of the calling
sequence and stack frame, is the subject of a separate memorandum.’

The compiler consists of two passes, pass/ and pass2, that together turn C source code
into assembler code for the target machine. The two passes are preceded by a preprocessor,
that handles the #define and #include statements, and related features (e.g.. #ifdef. etc.). It
is a nearly machine independent program, and will not be further discussed here.

The output of the preprocessor is a text file that is read as the standard input of the first
pass. This produces as standard output another text file that becomes the standard input of the
second pass. The second pass produces, as standard output, the desired assembler language -
source code. The preprocessor and the two passes all write errar messages on the standard
error file. Thus the compiler itself makes few demands on the [/O library support, aiding in the
bootstrapping process. '

Although the compiler is divided into two passes. this represents historical accident more
than deep necessity. [n fact, the compiler can optionally be loaded so that both passes operate
in the same program. This "‘one pass’” operation eliminates the overhead of reading and writ-
ing the intermediate file, so the compiler operates about 30% faster in this mode. It also occu-
pies about 30% more space than the larger of the (wo component passes.

Because the compiler is fundamentally structured as two passes. even when loaded as one,
this document primarily describes the two pass version.

The first pass does the lexical analysis, parsing, and symbol table maintenance. It aiso
constructs parse trees for expressions. and kaeps track of the types of the nodes in these trees.
Additional code is devoted to initialization. Machine dependent portions of the first pass serve
to generate subroutine prologs and epilogs, code for swiiches, and code for Sranches. iapel
definitions. alignment operations. changes of location counter, etc.

The intermediate file :s a text file organized into lines. Lines beginning with a right
parenthesis are copied by :he second pass direciy to its output file, with the parenthesis
stripped off. Thus, when the first pass produces assembiy code, such as subroutine prologs.
etc.. 2ach line is prefaced wita 1 migat carenthesis: the second pass passes these iines 0 througn
to the assemoler.

The major job dcr-e v :ne second pass is generation of code for 2xpressions. The expras-
sion parse trees producs: in tne first pass are written onto the intermediate file in Polish Pregd
form: first, there is a ‘ine deg:1ning with a period. followed by the source file line number ind
name on which the :xpression appeared (for debugging purposes). The successive lines
represent the nodes ¢f :he par:e tree, one node per line. Each .ine contains the node number.
type. and any values ‘2.2., values of constants) that may appear in the node. L nes represent-

ing nodes with descenccnts are immediately foilowed by the left subtree o desceandants. then
the right. Since the 1°.mber of descendants of any node is compietely determia=a oy ize node
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number, there is no need to mark the end of the tree.

There are only two other line types in the intermediate file. Lines beginning with a left
square bracket (‘[') represent the beginning of blocks (delimited by { ... } in the C source);
lines beginning with right square brackets (*]') represent the end of blocks. The remainder of
these lines tell how much stack space, and how many register variables. are currently in use.

Thus. the second pass reads the intermediate files, copies the ‘)’ lines, makes note of the
information in the ‘(" and ‘" lines, and devotes most of its effort to the *." lines and their asso-
ciated expression trees, turning them turns into assembly code to evaluate the expressions.

In the one pass version of the compiler, the expression trees that are built by the first pass
have been declared to have room for the second pass information as well. Instead of writing
the trees onto an intermediate file, each tree is transformed in place into an acceptable form for
the code generator. The code generator then writes the result of compiling this tree onto the
standard output. Instead of '[* and ‘]’ lines in the intermediate file, the information is passed
directly to the second pass routines. Assembly code produced by the first pass is simply written
out, without the need for ')" at the head of each line.

The Source Files

The compiler source consists of 22 source files. Two files, manifest and macdefs. are
header files included with all other files. Manifest has declarations for the node numbers, types.
storage classes, and other global data definitions. Macdefs has machine-dependent definitions.
such as the size and alignment of the various data representations. Two machine independent.
header files, mfilel and mfile2, contain the data structure and manifest definitions for the first
and second passes, respectively. In the second pass, a machine dependent header file,
mac2defs, contains declarations of register names, etc.

There is a file, common, containing (machine independent) routines used in both passes.
These include routines for allocating and freeing trees, walking over trees, printing debugging
information, and printing error messages. There are two dummy files, comm/.c and comm2.c,
that simply include common within the scope of the appropriate passl or pass2 header files.
When the compiler is loaded as a single pass, common only needs to be included once: comm.Z.c
is not needed.

Entire sections of this document are devoted to the detailed structure of the passes. For
the moment, we just give a brief description of the files. The first pass is obtained by compiling
and loading scan.c, cgram.c. xdefs.c, pfin.c, trees.c, optim.c. local.c, code.c, and comml.c. Scan.cis
the lexical analyzer, which is used by cgram.c, the result of applying Yacc® to the input grammar
cgram.y. Xdefs.c is a short file of external definitions. Pftn.c maintains the symbol table, and
does initialization. Trees.c builds the expression trees, and computes the node types. Opmm.c
does some machine independent optimizations on the expression trees. Comm/.c includes com-
mon, that contains service routines common to the two passes of the compiler. All the above
files are machine independent. The files local.c and code.c contain machine dependent code for
generating subroutine prologs. switch code, and the like.

The second pass is produced by compiling and loading reader.c. allo.c, march.c, commi.c,
order.c. local.c, and wabie.c. Reader.c reads the intermediate file, and controls the major logic of
the code generation. A/o.c keeps track of busy and free registers. Maich.c controls the match-
ing of code templates 10 subtrees of the expression tree to be compiled. Comm..c includes the
file common. as in :he first pass. The above files are machine independent. Order.c controls the
machine dependent detwiis of the code generation sirategy. Loca/2.c has many small machine
dependent routines. :nd tabl2s of opcodes. register types, etc. Table.c has the code template
tables, which are aiso ciear'y machine dependent.



Data Structure Considerations.

This section discusses the node numbers, type words, and expression trees, used
throughout both passes of the compiler.

The file manifest defines those symbols used throughout both passes. The intent is to use
the same symbol name (e.g., MINUS) for the given operator throughout the lexical analysis,
parsing, tree building, and code generation phases; this requires some synchronization with the
Yacc input file, cgram.y, as weil.

A token like MINUS may be seen in the lexical analyzer before it is known whether it is a
unary or binary operator; clearly, it is necessary to know this by the time the parse tree is con-
structed. Thus, an operator (really a macro) called UNARY is provided, so that MINUS and
UNARY MINUS are both distinct node numbers. Similarly, many binary operators exist in an
assignment form (for example, — =), and the operator ASG may be applied to such node
names to generate new ones. e.g. ASG MINUS,

It is frequently desirable to know if a node represents a leaf (no descendants), a unary
operator (one descendant) or a binary operator (two descendants). The macro opwype(o) returns
one of the manifest constants LTYPE, UTYPE, or BITYPE, respectively, depending on the
node number o. Similarly, asgop(o) returns true if o is an assignment operator number (=,
+ = etc. ), and logop(o) returns true if o is a relational or logical (&&, II, or !) operator. .

C has a rich typing structure, with a potentially infinite number of types. To begin with,
there are the basic types: CHAR, SHORT, INT, LONG, the unsigned versions known as
UCHAR, USHORT, UNSIGNED, ULONG, and FLOAT, DOUBLE, and finally STRTY (a
structure), UNIONTY, and ENUMTY. Then, there are three operators that can be applied to
types to make others: if ris a type, we may potentially have types pointer to t, funciion returning
t. and array of t's generated from ¢ Thus, an arbitrary type in C consists of a basic type, and
zero or more of these operators.

In the compiler, a type is represented by an unsigned integer; the rightmost four bits hoid
the basic type, and the remaining bits are divided into two-bit fields, containing 0 (no opera-
tor), or one of the three operators described above. The modifiers are read right to left in the
word, starting with the two-bit field adjacent to the basic type, until a field with 0 in it is
reached. The macros PTR, FTN, and ARY represent the poinrer to, function returning, and array
of operators. The macro values are shifted so that they align with the first two-bit field; thus
PTR +INT represents the type for an integer pointer, and

ARY + (PTR<<2) + (FTN<<4) + DOUBLE

represents the type of an array of pointers to functions returning doubles.

The type words are ordinarily manipulated by macros. If ris a type word, BTYPE(D gives
the basic type. /SPTR(1). ISARY(1). and ISFTV(1) ask if an object of this type is a pointer,
array, or a function, respectively. MODTYPE(1,b) sets the basic type of ¢ to 6. DECREF(y)
gives the type resulting from removing the first operator from . Thus, if ris a pointer to /" a
function returning ¢’ or an array of ¢, then DECREF/1) would equal ¢" INCREF(1) gives the
type representing a pointer to ¢ Finally, there are operators for dealing with the unsigned
types. [SUNSIGNED(1) returns true if ¢is one of the four basic unsigned types: in this case.
DEUNSIGN'Y gives the associated ‘signed’ type. Similarly, L' NSIGNABLE(Y) returns true if ¢is
one of the four basic types that could become unsigned. ind EVUNS/GN() returns the
unsigned analogue of rin this case.

The other important globai data structure is that of 2xpression trees. The actual shapes of
the nodes are given in mfifel and mfilel. They are not the same in the two passes; the :irst pass
nodes contain dimension and size information. wniie ‘he second pass nodes contain register
allocation information. Nevertheless, ail nodes contain fie:cs cailed op. containing the node
number. and wpe. containing the type word. A funciucn calied ‘afloc!) returns a pointer to a
aew tree node. To free a node, its vp {eld need mer=iv Sa :2: :) FREE. The other fieids in
the node will remain intact at ‘east uaui *he next allocaton.
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Nodes representing binary operators contain fields, left and right. that contain pointers to
the left and right descendants. Unary operator nodes have the left field. and a value field called
rval. Leaf nodes, with no descendants, have two value fields: /va/and rval

At appropriate times, the function rcheck() can be called. to check that there are no busy
nodes remaining. This is used as a compiler consistency check. The function rcopy(p) takes a
pointer p that points to an expression tree, and returns a pointer to a disjoint copy of the tree.
The function walkf(p.f) performs a postorder walk of the tree pointed to by p, and applies the
function fto each node. The function fwalk(p,f,d) does a preorder walk of the tree pointed to
by p. At each node. it calls a function f passing to it the node pointer. a value passed down
from its ancestor, and two pointers to values to be passed down to the left and right descen-
dants (if any). The value dis the value passed down to the root. Fwalk is used for a number
of tree labeling and debugging activities.

The other major data structure, the symbol table, exists only in pass one. and will be dis-
cussed later.

Pass One

The first pass does lexical analysis, parsing, symbol table maintenance, tree building.
optimization, and a number of machine dependent things. This pass is largely machine
independent. and the machine independent sections can be pretty successfully ignored. Thus,
they will be only sketched here.

Lexical Analysis

The lexical analyzer is a conceptually simple routine that reads the input and returns the
tokens of the C language as it encounters them: names. constants, operators, and keyvwords.
The conceptual simplicity of this job is confounded a bit by several other simple jobs that
urifortunately must go on simultaneously. These include

o Keeping track of the current filename and line number, and occasionally setting this infor-
mation as the result of preprocessor control lines.

Skipping comments.

Properly dealing with octal. decimal, hex. floating point, and character constants. as well
as character strings.

To achieve speed. the program maintains several tables that are indexed into by character
value. to tell the lexical analyzer what to do next. To achieve portability, these tables must be
initialized each time the compiler is run, in order that the table entries reflect the local charac-
ter set values.

Parsing

As mentioned above, the parser is generated bv Yacc from the grammar on file cgram.y.
The grammar is relatively readable, but contains some unusual features that are worth com-
ment.

Perhaps the strangest feature of the grammar is the treatment of declarations. The prob-
lem is to keep track of the basic type and the storage class while interpreting the various stars.
brackets, and parentheses that may surround a given name. The entire declaration mechanism
must be recursive, since declarations may appear within declarations of structures and unions,
or even within a sizeof :onstruction inside a dimension in another declaration!

Txere are some difficulties in using a bottom-up parser, such as produced by Yacc. to han-
dle constructions where 4 .0t of ieft context information must be kept around. The problem is
that the original PDP-1! ccmpiler is top-down in implementaticn. and some of the semantics of
C reflect :nis. In 1 top-down parser. the ‘nput rules are resiricted somewhat. but one can natur-
allv assoc.ate temporary storag2 weth 1 rule at a very ear.. stage in the recogniiion cf that rule.
Ia a ootiom-up Harser. ::ere < mor: ‘rezdom ia tke peuiization of rules. but it is mcre
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difficuit to know what rule is being matched until the entire rule is seen. The parser described
by cgram.c makes effective use of the bottom-up parsing mechanism in some places (notably
the treatment of expressions), but struggles against the restrictions in others. The usual result
is that it is necessary to run a stack of values ‘‘on the side'’, independent of the Yacc value
stack, in order to be able to store and access information deep within inner constructions,
where the relationship of the rules being recognized to the total picture is not yet clear.

In the case of declarations, the attribute information (type, etc.) for a declaration is care-
fully kept immediately to the left of the declarator (that part of the declaration involving the
name). In this way, when it is time to declare the name. the name and the type information
can be quickly brought together. The **3S0’" mechanism of Yacc is used to accomplish this.
The result is not pretty, but it works. The storage class information changes more slowly, so it
is kept in an external variable, and stacked if necessary. Some of the grammar could be consid-
erably cleaned up by using some more recent features of Yacc, notably actions within rules and
the ability to return multiple values for actions.

A stack is also used to keep track of the current location to be branched to when a break
or continue statement is processed.

This use of external stacks dates from the time when Yacc did not permit values to be
structures. Some, or most, of this use of external stacks could be eliminated by redoing the
grammar to use the mechanisms now provided. There are some areas, however, particularly
the processing of structure, union, and enum declarations, function prologs, and switch state-
ment processing, when having all the affected data together in an array speeds later processing;
in this case, use of external storage seems essential.

The cgram.y file also contains some small functions used as utility functions in the parser.
These include routines for saving case values and labels in processing switches, and stacking -
and popping .values on the external stack described above.

Storage Classes

C has a finite, but fairly extensive, number of storage classes available. One of the com-
piler design decisions was to process the storage class information totally in the first pass; by the
second pass, this information must have been totally dealt with. This means that all of the
storage allocation must take place in the first pass, so that references to automatics and parame-
ters can be turned into references to cells lying a certain number of bytes offset from certain
machine registers. Much of this transformation is machine dependent, and strongly depends on
the storage class. '

The classes incilude EXTERN (for externally declared., but not defined variables),
EXTDEF (for external definitions). and similar distinctions for USTATIC and STATIC,
UFORTRAN and FORTRAN (for fortran functions) and ULABEL and LABEL. The storage
classes REGISTER and AUTO are obvious, as are STNAME, UNAME, and ENAME (for
structure. union, and enumeration tags). and the associated MOS. MOU, and MOE (for the
members). TYPEDEF is treated as a storage class as well. There are two special storage
classes: PARAM and SNULL. SNULL is used :0 distinguish the case where no explicit storage
class nas been given; before an entry is made in the svmbol table the true storage class is
discovered. Similarly, PARAM is used for the temporary entry in the symbol tabie made
Yefore the declaration of function parameters is completed.

The most complexity in the storage class procsss comes from bit fields. A separate
storage class is kept for ecach width bit fie:d: a 4« bit bit field has storage class & pius FIELD.
This enables the size 10 be quickly recovered from the storage class.



Symbol Table Maintenance.

The symbol table routines do far more than simply enter names into the symbol table;
considerable semantic processing and checking is done as well. For example, if a new declara-
tion comes in, it must be checked to see if there is a previous declaration of the same symbol.
If there is. there are many cases. The declarations may agree and be compatible (for example,
an extern declaration can appear twice) in which case the new declaration is ignored. The new
declaration may add information (such as an explicit array dimension) to an already present
declaration. The new declaration may be different. but still correct (for example. an extern
declaration of something may be entered. and then later the definition may be seen). The new
declaration may be incompatible. but appear in an inner block: in this case, the old declaration
is carefully hidden away. and the new one comes into force until the block is left. Finally, the
declarations may be incompatible. and an error message must be produced.

A number of other factors make for additional complexity. The type declared by the user
is not always the type entered into the symbol table (for example, if an formal parameter to a
function is declared to be an array. C requires that this be changed into a pointer before entry
in the symbol table). Moreover, there are various kinds of illegal types that may be declared
which are difficult to check for syntactically (for example, a function returning an array).
Finally, there is a strange feature in C that requires structure tag names and member names for
structures and unions to be taken from a different logical symbol table than ordinary identifiers.
Keeping track of which kind of name is involved is a bit of struggle (consider typedef names
used within structure declarations, for example).

The symbol table handling routines have been rewritten a number of times to extend
features, improve performance, and fix bugs. They address the above problems with reasonable
effectiveness but a singular lack of grace.

When a name is read in the input, it is hashed. and the routine lookup is called, together
with a flag which tells which symbol table should be searched (actually, both symbol tables are
stored in one, and a flag is used to distinguish individual entries). If the name is found. /ookup
returns the index to the entry found: otherwise, it makes a new entrv, marks it UNDEF
(undefined), and returns the index of the new entry. This index is stored in the rva/field of a
NAME node.

When a declaration is being parsed. this NAME node is made part of a tree with UNARY
MUL nodes for each *, LB nodes for each array descriptor (the right descendant has the dimen-
sion), and UNARY CALL nodes for each function descriptor. This tree is passed to the rou-
tine n'merge, along with the atiribute type of the whole deciaration; this routine collapses the
tree to a single node. by calling nreduce, and then modifies the type to reflect the overall type
of the declaration.

Dimension and size information is stored in a table called dimrmab. To properly describe a
type in C, one needs not just the type information but also size information (for structures and
enums) and dimension information ifor arrays). Sizes and offsets are dealt with in the com-
piler by giving the associated .ndices 'nto dim'ab. Tvmerge and wvreduce call dstash to put the
discovered dimensions away :nto ihe d:mrad array. Tymerge returns a pointer to a single node
that contains the symbol table index ‘n its rva/field, and the size and dimension indices in fields
¢siz and cdim, respectively. This infi.rmation is properly considered part of the type in the first
pass, and is carried around at aii :imes.

To enter an element in'o in2 svmbol :zhis. the routine defid is called: it is handed a
storage class, and a pointer w -5e nedz produced by amerve. Defid calls fixrvpe, which adjusts
and checks the given type dep:nding o the siorage ciass. and converts null types appropriately.
It then calls fixclass, which dess = <rveiar job T~¢ the storags class: it is here, for example. that
register declarations are eithe ."ow=2e »r.Ranged '0 auio.

The new declaration is 2%+ ..-—=~""a1 1w..rst 4n dider cne. if present, and several pages
of validity checks performed. .. s. J=fm1cons =2 sompatbie, with possibly some added inror-
mation, the processing is si- up-wi. f -ne jefimitions differ. the block leveis of the



-3-

current and the old declaration are compared. The current block level is kept in blevel an
external variable; the old declaration level is kept in the symbol table. Block level 0 is for
external declarations, 1 is for arguments to functions, and 2 and above are blocks within a func-
tion. If the current block level is the same as the old declaration, an error results. If the
current block level is higher, the new declaration overrides the old. This is done by marking
the old symbol table entry “*hidden’’, and making a new entry, marked ‘‘*hiding’’. Lookup will
skip over hidden entries. When a block is left, the symbol table is searched, and any entries
defined in that block are destroved; if they hid other entries, the old entries are ‘“‘unhidden’’.

This nice block structure is warped a bit because labels do not follow the block structure
rules (one can do a goto into a block, for exampile); default definitions of functions in inner
blocks also persist clear out to the outermost scope. This implies that cleaning up the symbol
table after block exit is more subtle than it might first seem.

For successful new definitions, defid also initializes a ‘‘general purpose’” field, offser, in the
symbol table. [t contains the stack offset for automatics and parameters. the register number
for register variables, the bit offset into the structure for structure members, and the internal
label number for static variables and labels. The offset field is set by falloc for bit fields, and
dcistruct for structures and unions.

The symbol table entry itself thus contains the name, type word, size and dimension
offsets, offset value, and declaration block level. It also has a field of flags, describing what
symbol tabie the name is in, and whether the entry is hidden, or hides another. Finally, a field
gives the line number of the last use, or of the definition, of the name. This is used mainly for
diagnostics, but is useful to /int as well.

In some special cases, there is more than the above amount of information kept for the
use of the compiler. This is especially true with structures; for use in initialization, structure
declarations must have access to a list of the members of the structure.  This list is also kept in
dimrab. Because a structure can be mentioned long before the members are known, it is neces-
sary to have another level of indirection in the table. The two words following the csiz entry in
dimeab are used to hold the alignment of the structure, and the index in dimtab of the list of
members. This list contains the symbol table indices for the structure members, terminated by
a-—l.

Tree Building

The portable compiler transforms expressions into expression trees. As the parser recog-
nizes each rule making up an expression, it calls buildmree which is given an operator number,
and pointers to the left and right descendants. Buildtree first examines the left and right des-
cendants. and, if they are both constants, and the operator is appropriate, simpiy does the con-
stant computation at compile time, and returns the result as a constant. Otherwise, buildiree
allocates 1 node for the head of the tree, attaches the descendants to it, and ensures that
conversion operators are generated if needed, and that the type of the new node is consistent
with the types of the operands. There is also a considerable amount of semantic complexity
here: many combinauons of types are illegal. and the portable compiler makes a strong effort to
check the legaiity of expression types completely. This is done hoth for /int purposes, and to
prevent such semantic 2rrors from being passed through to the code generator.

The heari of 5uridiree is a large table, accessed by the routine opacr This routine maps
the :ypes of the iaft and right operands into a rather smaliler set of descriptors. and then
accesses a table tactually encoded in a switch statement) which {or each operator and pair of
types causes an action to be returned. The ictions are logicali or's of a number of separate
Jctions. which may “e carried out by buildiree. These comeoonen: actions may include checking
the le!: side 0 2nsure :hat it is an lvalue fcan “e stor=d into:. 1ppiying a type conversion to the
left or right operand. setting the type of the new node to :“2 rvpe of the 'eft or right operand,
calling various -cutines :0 balance the types of :he '=rt and -12nt Jperands. ind suopressing the
Jrdinary conversion of irrays and function operanus !0 :miniers. Aa .mporant Hperation is

-~y

CTEER, which :zus2s some special code 0 he ‘nvcaed n anaze-ee. 6 aandle issues which are
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unique to a particular operator. Examples of this are structure and union reference (actually
handled by the routine swef). the building of NAME, ICON, STRING and FCON (floating
point constant) nodes. unary * and &, structure assignment, and calls. In the case of unary *
and &, buildiree will cancel a * applied to a tree, the top node of which is &, and conversely.

Another special operation is PUN: this causes the compiler to check for type mismatches,
such as intermixing pointers and integers.

The treatment of conversion operators is still a rather strange area of the compiler (and of
C!). The recent introduction of type casts has only confounded this situation. Most of the
conversion operators are generated by calls to wwmarwch and prmarch, both of which are given a
tree, and asked to make the operands agree in type. Prmaich treats the case where one of the
operands is a pointer. n'march treats all other cases. Where these routines have decided on the
proper type for an operand, they call maken. which is handed a tree, and a type word, dimen-
sion offset. and size offset. If necessary, it inserts a conversion operation to make the types
correct. Conversion operations are never inserted on the left side of assignment operators,
however. There are two conversion operators used. PCONV, if the conversion is to a non-basic
type (usually a pointer), and SCONYV, if the conversion is to a basic type (scalar).

To allow for maximum flexibility, every node produced by buildiree is given to a machine
dependent routine. clocal. immediately after it is produced. This is to allow more or less
immediate rewriting of those nodes which must be adapted for the local machine. The conver-
sion operations are given to clocal as well; on most machines, many of these conversions do
nothing, and should be thrown away (being careful to retain the type). If this operation is done
too early, however, later calls to buildiree may get confused about correct type of the subtrees:
thus clocal is given the conversion ops only after the entire tree is built. This topic will be dealt
with in more detail later.

Initialization

Initialization is one of the messier areas.in the portable compiler. The only consolation is
that most of the mess takes place in the machine independent part, where it is may be safely
ignored by the implementor of the compiler for a particular machine.

The basic problem is that the semantics of initialization really calls for a co-routine struc-
ture; one collection of programs reading constants from the input stream, while another,
independent set of programs places these constants into the appropriate spots in memory. The
dramatic differences in the local assemblers also come to the fore here. The parsing protlems
are dealt with by keeping a rather extensive stack containing the current state of the initializa-
tion; the assembler problems are dealt with by having a fair number of machine dependent rou-
tines.

The stack contains the symbol table number, type, dimension index, and size index for
the current identifier being initialized. Another entry has the offset, in bits, of the beginning of
the current identifier. Another entry keeps track of how many elements have been seen, if the
current identifier is an array. Still another entry keeps track of the current member of a struc-
ture being initialized. Finally, there is an entry containing flags which keep track of the current
state of the initialization process (e.g., tell if a } has been seen for the current identifier.)

When an initialization begins, the routine beginir is called: it handles the alignment restric-
tions, if any, and calls instk to create the stack entrv. This is done by first making an entry on
the top of the stack for the item being initialized. If the top entry is an array. another entry is
made on the stack for the first element. If the top entry is a structure, another 2ntry is made
on the stack for the first member of the structure. This continues until the top element of the
stack is a scalar. /nstk then returns. and the parser pegins collecting initializers.

When a constant is obtained. the routine Jninr is called; it 2xamines the stack. and does
whatever is necessary to assign :he curr2nt constant to the scalar aa the top of the stack. zors-
cal is then called, which rearranges the stacx so ihat the next scalar to >e i-utialized gers piacsd
on top of the stack. This process continues until the 2ad of ‘he iritalizers: exdini cleans uc If
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a { or ] is encountered in the string of initializers, it is handled by cailing ilbrace or irbrace,
respectively.

A central issue is the treatment of the ‘‘holes’ that arise as a resuit of alignment restric-
tions or explicit requests for holes in bit fields. There is a global variable, inoff, which contains
the current offset in the initialization (all offsets in the first pass of the compiler are in bits).
Doinir figures out from the top entry on the stack the expected bit offset of the next identifier;
it calls the machine dependent routine inforce which, in a machine dependent way, forces the
assembler to set aside space if need be so that the next scalar seen will go into the appropriate
bit offset position. The scalar itself is passed to one of the machine dependent routines fincode
(for floating point initialization), incode (for fields, and other initializations less than an int in
size), and cinit (for all other initializations). The size is passed to all these routines, and it is up
to the machine dependent routines to ensure that the initializer occupies exactly the right size.

Character strings represent a bit of an exception. [f a character string is seen as the ini-
tializer for a pointer, the characters making up the string must be put out under a different
location counter. When the lexical analyzer sees the quote at the head of a character string, it
returns the token STRING, but does not do anything with the contents. The parser calls getstr,
which sets up the appropriate location counters and flags, and calls Ixstr to read and process the
contents of the string.

If the string is being used to initialize a character array, [xstr calls putbyre, which in effect
simulates doinit for each character read. If the string is used to initialize a character pointer,
Lestr calls a machine dependent routine, dycode, which stashes away each character. The pointer
to this string is then returned, and processed normally by doinit.

The nulil at the end of the string is treated as if it were read explicitly by Leser.

Statements

The first pass addresses four main areas; declarations, expressions, initialization, and
statements. The statement processing is relatively simple; most of it is carried out in the parser
directly. Most of the logic is concerned with ailocating label numbers, defining the labels, and
branching appropriately. An external symbol, reached, is 1 if a statement can be reached, 0
otherwise; this is used to do a bit of simple flow analysis as the program is being parsed, and
also to avoid generating the subroutine return sequence if the subroutine cannot “‘fail through™
the last statement.

Conditional branches are handled by generating an expression node, CBRANCH, whose
left descendant is the conditional expression and the right descendant is an I[CON node contain-
ing the internal label number to be branched to. For efficiency, the semantics are that the label
is gone to if the condition is faise.

The switch statement is compiled by collecting the case entries, and an indication as to
whether there is a default case; an internal label number is generated for each of these, and
remembered in a big array. The expression comprising the value to be switched on is compiled
when the switch keyword is encountered, but the expression tree is headed by a special node,
FORCE, which tells the code generator to put the expression vaiue :nto a special distinguished
register ‘'this same mechanism is used for processing the return statement). When the end of
the switch block is reached, the array containing the case vaiues :s soried, and checked for
duplicate entries (an error); if all is correct, the machine depeandent rsutine genswitch is called,
with this array of labels and values in increasing order. Gerswirch can issume that the value to
Se ‘asted s already in the register which is the usual integer raturn value -egister.

Optimization

There is a machine independent file, oprim.c, wmcn Jontains a relauvely short optimiza-
iicn routine, opm. Actually the wora optimization is :ometning of a misnomer; the resuits are
mot optimum, only improved, and the routine is in “ict not opuorai. .t must be cailed for
croper operation of the compiler.
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Opum is called after an expression tree is built. but before the code generator is called.
The essential part of its job is to call ¢local on the conversion operators. On most machines,
the treatment of & is also essential: by this time in the processing. the only node which is a
legal descendant of & is NAME. (Possible descendants of * have been eliminated by buidrree.)
The address of a static name is. almost by definition, a constant, and can be represented by an
ICON node on most machines (provided that the loader has enough power). Unfortunately.
this is not universally true: on some machine, such as the IBM 370, the issue of addressability
rears its ugly head: thus, before turning a NAME node into an ICON node. the machine depen-
dent function andable is called.

The optimization attempts of oprim are currently quite limited. It is primarily concerned
with improving the behavior of the compiler with operations one of whose arguments is a con-
stant. In the simplest case, the constant is placed on the right if the operation is commutative.
The compiler also makes a limited search for expressions such as

(x+a)+b

where a and b are constants. and attempts to combine a and b at compile time. A number of
special cases are also examined: additions of 0 and muitiplications by 1 are removed. although
the correct processing of these cases to get the type of the resulting tree correct is decidedly
nontrivial. In some cases. the addition or multiplication must be replaced by a conversion op to
keep the types from becoming fouled up. Finally, in cases where a relational operation is being
done. and one operand is a constant. the operands are permuted, and the operator altered. if
necessary, to put the constant on the right. Finally, multiplications by a power of 2 are changed
10 shifts.

There are dozens of similar optimizations that can be, and should be, done. It seems
likely that this routine will be expanded in the relatively near future.

Machine Dependent Stuff

A number of the first pass machine dependent routines have been discussed above. In
general, the routines are short. and easy to adapt from machine to machine. The two excep-
tions to this general rule are clocal and the function prolog and epilog generation routines.
bfcode and efcode.

Clocal has the job of rewriting, if appropriate and desirable, the nodes constructed by
buildiree. There are two major areas where this is important; NAME nodes and conversion
operations. In the case of NAME nodes. cloca/ must rewrite the NAME node to reflect the
actual physical location of the name in the machine. In effect, the NAME node must be exam-
ined, the symbol table entry found (through the rval field of the node), and, based on the
storage class of the node, the tree must be rewritten. Automatic variables and parameters are
typically rewritten by treating the reference to the variable as a structure reference, off the
register which holds the stack or argument pointer; the siref routine is set up to be called in this
way, and to build the appropriate tree. In the most general case, the tree consists of a unary ™
node, whose descendant is a + node, with the stack or argument register as left operand, and a
constant offset as right operand. “In the case of LABEL and internal static nodes. the rva/ field
is rewritten to be the negative of the internal label number: a negative rva/field is taken to be
an internal label number. Finally, a name of class REGISTER must be converted into a REG
node, and the rva/ field replaced by the register number. In fact, this part of the clocal routine
is nearly machine independent; only for machines with addressability problems (IBM 370
again!) does it have to be noticeably different.

The conversion operator treatment is rather tricky. It is necessary to handle the applica-
tion of conversion operators to constants in clocal. in order that all constant expressions can
have their values known at compile time. In 2xtreme cases. this may mean that some simula-
tion of the arithmetic of the target machine mght have 1o be done in a cross-compiler. In the
most common case. conversions from pointer io pointer Jo nothing. For some machines. how-
ever, conversion from byte pointer to short or iong pninter might require a shift or rotate
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operation, which would have to be generated here.

The extension of the portable compiler to machines where the size of a pointer depends
on its type would be straightforward, but has not yet been done.

The other major machine dependent issue involves the subroutine prolog and epilog gen-
eration. The hard part here is the design of the stack frame and calling sequence: this design
issue is discussed elsewhere. The routine bfcode is called with the number of arguments the
function is defined with, and an array containing the symbol table indices of the declared
parameters. Bftode must generate the code to establish the new stack frame, save the return
address and previous stack pointer value on the stack, and save whatever registers are to be
used for register variables. The stack size and the number of register variables is not known
when bfcode is called, so these numbers must be referred to by assembler constants, which are
defined when they are known (usually in the second pass. after all register variables. automat-
ics, and temporaries have been seen). The final job is to find those parameters which may have
been declared register, and generate the code to initialize the register with the value passed on
the stack. Once again, for most machines, the general logic of bfcode remains the same, but the
contents of the prinfcalls in it will change from machine to machine. escode is rather simpler,
having just to generate the default return at the end of a function. This may be nontrivial in
the case of a function returning a structure or union, however.

There seems to be no really good place to discuss structures and unions, but this is as
good a place as any. The C language now supports structure assignment, and the passing of
structures as arguments to functions, and the receiving of structures back from functions. This
was added rather late to C, and thus to the portabie compiler. Consequently, it fits in less well
than the older features. Moreover, most of the burden of making these features work is piaced
on the machine dependent code.

There are both conceptual and practical problems. Conceptually, the compiler is struc-
tured around the idea that to compute something, you put it into a register and work on it.
This notion causes a bit of trouble on some machines (e.g., machines with 3-address opcodes).
but matches many machines quite well. Unfortunately, this notion breaks down with struc-
tures. The closest that one can come is to keep the addresses of the structures in registers.
The actual code sequences used to move structures vary from the trivial (a multiple byte move)
to the horribie (a function cail), and are very machine dependent.

The practical problem is more painful. When a function returning a structure is called.
this function has to have some place to put the structure value. If it places it on the stack, it
has difficulty popping its stack frame. If it places the value in a static temporary, the routine
fails to be reentrant. The most logically consistent way of implementing this is for the caller to
pass in a pointer to a spot where the called function should put the vaiue before returning.
This is relatively straightforward, although a bit tedious. to implement. but means that the
cailer must have properly declared the function type. even if the value is never used. On some
machines. such as the Interdata 8/32, the return value simply overlays the argument region
(which on the 8/32 is part of the cailer’s stack frame). The caller takes care of leaving 2nough
room if the returned value is larger than the arguments. This also assumes that the caller Xnow
and declares the function properly.

The PDP-1!1 and the VAX have stack hardware which is used in lunction cails and
returns. this makes it very inconvenient to use either of the above mechanisms. In these
machines. a statc area within the called functionis allocated, and the func:ion return vaiue is
copied into it on return: the function returns the address of that ragion. This is simpie to
implement, but is non-reentrant. However. the function can now be cailed as a subroutine
without being properly declared. without the disaster which would otherwise 2nsue. “o muatter
what choice is taken. the convention is that the function actuaily raturas -he addrass of the
return structure value.

In building expression ‘'ress. the portable compiler takes a »it for zranted abcu: sirucrures.
It assumes :hat fuaciions -eturning structures ac:ually return 1 poirtss ‘0 he siruomus2 2ad @
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assumes that a reference to a structure is actually a reference to its address. The structure
assignment operator is rebuilt so that the left operand is the structure being assigned to, but the
right operand is the address of the structure being assigned. this makes it easier to deal with

a=hH=
and similar constructions.

There are four special tree nodes associated with these operations: STASG (structure
assignment), STARG (structure argument to a function call), and STCALL and UNARY
STCALL (calls of a function with nonzero and zero arguments, respectively). These four
nodes are unique in that the size and alignment information, which can be determined by the
type for all other objects in C, must be known to carry out these operations: special fields are
set aside in these nodes to contain this information, and special intermediate code is used to
transmit this information.

First Pass Summary

There are may other issues which have been ignored here, partly to justify the title
*“tour”, and partially because they have seemed to cause little trouble. There are some debug-
ging flags which may be turned on, by giving the compiler’s first pass the argumeént

- X [flags]

Some of the more interesting flags are —Xd for the defining and freeing of symbols, —Xi for
initialization comments, and —Xb for various comments about the building of trees. In many
cases, repeating the flag more than once gives more information; thus, —Xddd gives more
information than —Xd. In the two pass version of the compiler, the flags should not be set
when the output is sent to the second pass, since the debugging output and the intermediate
code both go onto the standard output.

We turn now to consideration of the second pass.

Pass Two

Code generation is far less well understood than parsing or lexical analysis. and for this
reason the second pass is far harder to discuss in a file by file manner. A great deal of the
difficulty is in understanding the issues and the strategies employed to meet them. Any particu-
lar function is likely to be reasonably straightforward.

Thus, this part of the paper will concentrate a good deal on the broader aspects of strategy
in the code generator, and will not get too intimate with the details.

Overview,

It is difficult to organize a code generator to be flexible enough to generate code for a
large number of machines, and still be efficient for any one of them. Flexibility is also impor-
tant when it comes time to tune the code generator to improve the output code quality. On the
other hand, too much flexibility ¢an lead to semantically incorrect code, and potentially a com-
binatorial explosion in the number of cases to be considered in the compiler.

One goal of the code generator is to have a high degree of correctness. It is very desirable
to have the compiler detect its own inability to generate correct code, rather than to produce
incorrect code. This goal is achieved by having a simple model of the job to be done (e.g., an
expression tree) and a simple model of the machine state (e.g., which registers are free). The
act of generating an instruction performs a transformation on the tree and the machine state:
hopefully, the tree eventually gets reduced !0 a single node. If each of these
instruction/transformation pairs is correct, and if the machine state mode| reaily represents the
actual machine, and if the transformations reduce the input tree to the desired single node,
then the output code will be correct.
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For most real machines. there is no definitive theory of code generation that encompasses
all the C operators. Thus the selection of which instruction/transformations to generate, and in
what order, will have a heuristic flavor. If, for some expression tree, no transformation applies,
or. more seriously, if the heuristics select a sequence of instruction/transformations that do not
in fact reduce the tree, the compiler will report its inability to generate code, and abort.

A major part of the code generator is concerned with the model and the transformations,
— most of this is machine independent, or depends only on simple tables. The flexibility
comes from the heuristics that guide the transformations of the trees, the selection of subgoalis,
and the ordering of the computation.

The Machine Model

The machine is assumed to have a number of registers. of at most two different types: 4
and 8. Within each register class. there may be scratch (temporary) registers and dedicated
registers (e.g., register variables, the stack pointer, etc.). Requests to allocate and free registers
involve only the temporary registers.

Each of the registers in the machine is given a name and a number in the macldefs file;
the numbers are used as indices into various tables that describe the registers, so they should
be kept small. One such table is the rsiarus table on file /oca/l.c. This table is indexed by regis-
ter number, and contains expressions made up from manifest constants describing the register
types: SAREG for dedicated AREG's, SAREGISTAREG for scratch AREGS’s, and SBREG
and SBREGISTBREG similarly for BREG's. There are macros that access this information:
isbreg(r) returns true if register number r is a BREG, and iswreg(r) returns true if register
number ris a temporary AREG or BREG. Another table, rnames, contains the regisier names;
this is used when putting out assembler code and diagnostics.

The usage of registers is kept track of by an array called busy. Busylr]/ is the number of
uses of register r in the current tree being processed. The allocation and freeing of registers
will be discussed later as part of the code generation algorithm.

General Organization

As mentioned above, the second pass reads lines from the intermediate file, copying
through to the output unchanged any lines that begin with a *)°, and making note of the infor-
mation about stack usage and register allocation contained on lines beginning with ‘]° and ‘(.
The expression itrees. whose beginning is indicated by a line beginning with ‘.’, are read and
rebuilt into trees. If the compiler is loaded as one pass. the expression trees are immediately
available to the code generator.

The actual code generation is done by a hierarchy of routines. The routine delay is first
given the tree: it attempts to delay some postfix ++ and — — computations that might reason-
ably be done after the smoke clears. [t also attempts to handle comma (,) operators by com-
puting the left side expression first, and then rewriting the tree to eliminate the operator. Delay
cails codgen to control the actual code generation process. Codgen takes as arguments a pointer
to the expression tree, and a second argument that. for socio-historical reasons, is called a
cooke. The cookie describes a set of goals that would be acceptable for the code generation:
these are assigned to individual bits, so they may be logically or’ed together to form a large
number of possibie goals. Among the possible goals are FOREFF (compute for side effec:s
only: don’t worry ibout the vaiue), INTEMP (compute and store value into a temporary loca-
tion ‘n memory). INAREG (compute into an A register), INTAREG (compute into a scratich
A register), INBREG and INTBREG similarly, FORCC (compute for condition codes), ind
FORARG (compute it as a function argument; e.g., stack it if appropriate).

Codgen first canonicalizes the tree by calling canmon. This routine looks for certain
transformations that might now be applicable to the tree. One. which is very common and very
powerful. is to fold :ogether an :ndirection operator (UNARY MUL) and a register (REG): in
mcst machines, this combinauca is addressabie directly. and so is similar ‘0 1 NAME in its
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behavior. The UNARY MUL and REG are folded together to make another node type called
OREG. In fact, in many machines it is possible to directly address not just the cell pointed to
by a register, but also cells differing by a constant offset from the cell pointed to by the register.
Canon also looks for such cases, calling the machine dependent routine noroff to decide if the
offset is acceptable (for example, in the IBM 370 the offset must be between 0 and 4095 bytes).
Another optimization is to replace bit field operations by shifts and masks if the operation
involves extracting the field. Finally. a machine dependent routine, sucomp, is called that com-
putes the Sethi-Ullman numbers for the tree (see below).

After the tree is canonicalized, codgen calls the routine srore whose job is to select a sub-
tree of the tree to be computed and (usually) stored before beginning the computation of the
full tree. Srore must return a tree that can be computed without need for any temporary storage
locations. In effect, the only store operations generated while processing the subtree must be as
a response to explicit assignment operators in the tree. This division of the job marks one of
the more significant, and successful, departures from most other compilers. It means that the
code generator can operate under the assumption that there are enough registers to do its job,
without worrying about temporary storage. If a store into a temporary appears in the output, it
is always as a direct result of logic in the swore routine; this makes debugging easier.

One consequence of this organization is that code is not generated by a treewalk. There
are theoretical results that support this decision.” It may be desirable to compute several sub-
trees and store them before tackling the whole tree; if a subtree is to be stored, this is known
before the code generation for the subtree is begun, and the subtree is computed when all
scratch registers are available.

The store routine decides what subtrees, if any, should be stored by making use of
numbers, called Serhi-Ullman numbers, that give, for each subtree of an expression tree, the
minimum number of scratch registers required to compile the subtree, without any stores into
temporaries.® These numbers are computed by the machine-dependent routine sucomp. called
by canon. The basic notion is that, knowing the Sethi-Ullman numbers for the descendants of a
node, and knowing the operator of the node and some information about the machine, the
Sethi-Ullman number of the node itself can be computed. If the Sethi-Ullman number for a
tree exceeds the number of scratch registers available, some subtree must be stored. Unfor-
tunately, the theory behind the Sethi-Ullman numbers applies only to uselessly simple
machines and operators. For the rich set of C operators. and for machines with asymmetric
registers, register pairs, different kinds of registers, and exceptional forms of addressing, the
theory cannot be applied directly. The basic idea of estimation is a good one, however, and
well worth applying; the application, especially when the compiler comes to be tuned for high
code quality, goes beyond the park of theory into the swamp of heuristics. This topic will be
taken up again later. when more of the compiler structure has been described.

After examining the Sethi-Ullman numbers, swore selects a subtree. if any, to be stored,
and returns the subtree and the associated cookie in the external variables siotree and srocook.
If a subtree has been selected, or if the whole tree is ready to be processed, the routine order is
called, with a tree and cookie. Order generates code for trees that do not require temporary
locations. Order may make recursive calls on itself, and, in some cases. on codger;, for exam-
ple. when processing the operators &&, !l, and comma (*,’), that have a left to right evaluation.
it is incorrect for store examine the right operand for subtrees to be stored. In these cases,
order will call codgen recursively when it is permissible to work on the right operand. A similar
issue arises with the ? : operator.

The order routine works by matching the current tree with a set of code templates. If a
template is discovered that will match the current iree and cookie. the associated assembly
language statement or statements are generated. The tree is then rewritten. as specified by the
template, to represent the effect of the cutput instructicn(s). ! no tempiate match is found,
first an attempt is made to find a match with a different cookie: ‘or example. in order to com-
pute an expression with cookie INTEMP fstore into a temporarv storage ocation’. it is usually
necessary to compute the expression into a scratch regisier frst. ir al! 2::empts :c maich the
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tree fail, the heuristic part of the algorithm becomes dominant. Control is typically given to
one of a number of machine-dependent routines that may in turn recursively call order to
achieve a subgoal of the computation (for example, one of the arguments may be computed
into a temporary register). After this subgoal has been achieved, the process begins again with
the modified tree. If the machine-dependent heuristics are unable to reduce the tree further, a
number of defauit rewriting rules may be considered appropriate. For example, if the left
operand of a + is a scratch register, the + can be replaced by a + = operator; the tree may
then match a template.

To close this introduction, we will discuss the steps in compiling code for the expression
a+=)

where g and b are static variables.

To begin with, the whole expression tree is examined with cookie FOREFF, and no match
is found. Search with other cookies is equally fruitless, so an attempt at rewriting is made.
Suppose we are dealing with the Interdata 8/32 for the moment. It is recognized that the left
hand and right hand sides of the + = operator are addressable, and in particular the left hand
side has no side effects, so it is permissible to rewrite this as

a=ag+ b

and this is done. No match is found on this tree either, so a machine dependent rewrite is
done; it is recognized that the left hand side of the assignment is addressable, but the right
hand side is not in a register, so order is called recursively, being asked to put the right hand
side of the assignment into a register. This invocation of order searches the tree for a match,
and fails. The machine dependent rule for + notices that the right hand operand is address-
able; it decides to put the left operand into a scratch register. Another recursive call to order is
made. with the tree consisting solely of the leaf a, and the cookie asking that the value be
placed into a scratch register. This now matches a template, and a load instruction is emitted.
The node consisting of a is rewritten in place to represent the register into which a is loaded,
and this third call to order returns. The second call to order now finds that it has the tree

reg + b

to consider. Once again. there is no match, but the default rewriting rule rewrites the + as a
+ = gperator, since the left operand is a scratch register. When this is done, there is a match:
in fact,

reg += )

simply describes the effect of the add instruction on a typical machine. After the add is emit-
ted, the tree is rewritten to consist merely of the register node, since the resuit of the add is
now in the register. This agrees with the cookie passed to the second invocation of order, so
this invocation terminates, returning to the first level. The original tree has now become

a = reg

which matches a template for the store instruction. The store is output, and the tree rewritten
to become just a single register node. At this point, since the top level call to order was
interested only in side effects, the call to order returns, and the code generation is completed:
we have generated a !oad. add. and store, as might have been expected.

The afect of machine architecture on this is considerable. For example, on the
Honeyweil 6000. the machine dependent heuristics recognize that there is an ‘‘add to storage’
instricton, so the strategy is quite different; 4 is loaded in to a register, and then an add to
storage :nstruction generated to add this register in t0o 4. The transformations, involving as
they do the semantics of C, are largely machine independent. The decisions as to when :0 use
them, however, ire aimost totaily machine dependent.

Having g:vea a broad outline of the code generation process. we shall next consider the
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heart of it: the templates. This leads naturally into discussions of template matching and regis-
ter allocation, and finally a discussion of the machine dependent interfaces and strategies.

The Templates

The templates describe the effect of the target machine instructions on the model of com-
putation around which the compiler is organized. In effect, each template has five logical sec-
tions, and represents an assertion of the form:

If we have a subtree of a given shape (1), and we have a goal (cookie) or goals to achieve
(2). and we have sufficient free resources (3), then we may emit an instruction or
instructions (4), and rewrite the subtree in a particular manner (5), and the rewritten tree
will achieve the desired goals.

These five sections will be discussed in more detail later. First, we give an example of a
template:

ASG PLUS, INAREG,

SAREG, TINT,
SNAME, TINT,
0, RLEFT,
" add AL,AR\n",

The top line specifies the operator (+ =) and the cookie (compute the value of the subtree into
an AREG). The second and third lines specify the left and right descendants, respectively, of
the += operator. The left descendant must be a REG node, representing an A register, and
have integer type, while the right side must be a NAME node, and aiso have integer type. The
fourth line contains the resource requirements (no scratch registers or temporaries needed).
and the rewriting rule (replace the subtree by the left descendant). Finally, the quoted string
on the last line represents the output to the assembler: lower case letters, tabs, spaces. etc. are
copied verbarim. to the output, upper case letters trigger various macro-like expansions. Thus.
AL would expand into the Address form of the Left operand — presumably the register
number. Similarly, AR would expand into the name of the right operand. The add instruction
of the last section might well be emitted by this template.

In principle, it would be possible to make separate templates for all legal combinations of
operators, cookies, types, and shapes. In practice, the number of combinations is very large.
Thus, a considerable amount of mechanism is present to permit a large number of subtrees to
be matched by a single template. Most of the shape and type specifiers are individual bits, and
can be logically or’ed together. There are a number of special descriptors for matching classes
of operators. The cookies can also be combined. As an example of the kind of template that
really arises in practice, the actual template for the Interdata 8/32 that subsumes the above
example is:

ASG OPSIMP, INAREGIFORCC,

SAREG, TINTITUNSIGNEDITPOINT,
SAREGISNAMEISOREGISCON, TINTITUNSIGNEDITPOINT,
0, RLEFTIRESCC,
" ol AL,AR\n",

Here. OPSIMP represents the operators +, —, |, &, and . The OI macro in the output string
expands into the appropriate Integer Opcode for the operator. The left and right sides can be
integers, unsigned, or pointer types. The right side can be. in addition to a name, a register. a
memory location whose address is given by a register and displacement (OREG), or a constant.
Finally. these instructions set the condition codes, and so can be used in condition contexts: the
cookie and rewriting rules reflect this.
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The Template Matching Algorithm.

The heart of the second pass is the template matching algorithm. in the routine march
Mairch is called with a tree and a cookie: it attemnpts to match the given tree against some tem-
plate that will transform it according to one of the goals given in the cookie. If a match is suc-
cessful, the transformation is applied: expand is called to generate the assembly code, and then
reclaim rewrites the tree, and reclaims the resources, such as registers, that might have become
free as a result of the generated code.

This part of the compiler is among the most time critical. There is a spectrum of imple-
mentation techniques available for doing this matching. The most naive algorithm simply looks
at the templates one by one. This can be considerably improved upon by restricting the search
for an acceptable template. It would be possible to do better than this if the templates were
given to a separate program that ate them and generated a template matching subroutine. This
would make maintenance of the compiler much more complicated, however, so this has not
been done.

The matching algorithm is actually carried out by restricting the range in the table that
must be searched for each opcode. This introduces a number of complications, however, and
needs a bit of sympathetic help by the person constructing the compiler in order to obtain best
results. The exact tuning of this algorithm continues; it is best to consult the code and com-
ments in march for the latest version.

In order to match a template to a tree, it is necessary to match not only the cookie and
the op of the root, but also the types and shapes of the left and right descendants (if any) of
the tree. A convention is established here that is carried out throughout the second pass of the
compiler. If a node represents a unary operator, the single descendant is always the ‘‘left’” des-
cendant. If a node represents a unary operator or a leaf node (no descendants) the ‘‘right”
descendant is taken by convention to be the node itself. This enabies templates to easily match
leaves and conversion operators, for example, without any additional mechanism in the match-
ing program.

The type matching is straightforward; it is possible to specify any combination of basic
types. general pointers, and pointers to one or more of the basic types. The shape matching is
somewhat more complicated, but stiil pretty simple. Templates have a collection of possible
operand shapes on which the opcode might match. In the simplest case, an add operation
might be able to add to either a register variable or a scratch register, and might be able (with
appropriate help from the assembler) to add an integer constant (ICON), a static memory celil
(NAME), or a stack location (OREG).

[t is usually attractive to specify a number of such shapes, and distinguish between them
when the assembler output is produced. It is possibie to describe the union of many eiemen-
tary shapes such as ICON, NAME, OREG, AREG or BREG (both scratch and register forms),
etc. To handle at least the simplie forms of indirection, one can also match some more compli-
cated forms of trees: STARNM and STARREG can match more complicated trees headed by
an indirection operator, and SFLD can match certain trees headed by a FLD operator: these
patterns call machine dependent routines that match the patterns of interest on a given
machine. The shape SWADD may be used to recognize NAME or OREG nodes that lie an
word boundaries: this may be »f some importance on word—addressed machines. Finally,
there are some speciai shapes: these may 1ot be used in conjunction with the other shapes. but
may be defined and 2xtended in machine dependent ways. The special shapes SZERO, SONE.
and SMONE are predefined and match constants 0, |, and —1, respectively; others are 2asy 0
add and match by using the machine dependent routine special

When a 'emplate has been ‘aund :nat matches the root of the tres, the cookie, and the
shapes and ‘ypes of the descendan:s. :here s still one bar to a total match: the template may
:ail for some -=sources (for exampie. a scritch register). The routine alflo is called. and it
ittemots (o tilocuie the resources. If & :annot. "he match fails: no resources are allocated. If
succassful, the iincated resourcas ire :ivena sumpoers |, 2, 2tc. for later reference whea e
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assembly code is generated. The routines expand and reclaim are then called. The march rou-
tine then returns a special value, MDONE. If no maich was found. the value MNOPE is
returned; this is a signal to the caller to try more cookie values, or attempt a rewriting rule.
Match is also used to select rewriting rules. although the way of doing this is pretty straightfor-
ward. A special cookie, FORREW, is used to ask marich to search for a rewriting rule. The
rewriting rules are keyed to various opcodes. most are carried out in order. Since the question
of when to rewrite is one of the key issues in code generation, it will be taken up again later.

Register Allocation.

The register allocation routines, and the allocation strategy, play a central role in the
correctness of the code generation algorithm. If there are bugs in the Sethi-Ullman computa-
tion that cause the number of needed registers to be underestimated, the compiler may run out
of scratch registers: it is essential that the allocator keep track of those registers that are free
and busy, in order to detect such conditions.

Allocation of registers takes place as the result of a template match:; the routine allo is
called with a word describing the number of A registers, B registers, and temporary locations
needed. The allocation of temporary locations on the stack is relatively straightforward, and
will not be further covered: the bookkeeping is a bit tricky, but conceptually trivial, and
requests for temporary space on the stack will never fail.

Register allocation is less straightforward. The two major complications are pairing and
sharing. In many machines, some operations (such as multiplication and division), and/or
some types (such as longs or double precision) require even/odd pairs of registers. Operations
of the first type are exceptionally difficult to deal with in the compiler: in fact. their theoretical
properties are rather bad as well.? The second issue is dealt with rather more successfully: a
machine dependent function called szry(¢) is called that returns 1 or 2, depending on the
number of A registers required to hold an object of type + If szrv returns 2, an even/odd pair
of A registers is allocated for each request.

The other issue, sharing, is more subtle, but important for good code quality. When
registers are allocated, it is possible to reuse registers that hold address information, and use
them to contain the values computed or accessed. For example, on the IBM 360, if register 2
has a pointer to an integer in it, we may load the integer into register 2 itself by saying:

L 2,0(2)

If register 2 had a byte pointer, however, the sequence for loading a character involves clearing
the target register-first, and then inserting the desired character:

SR 3.3
IC 3.,002)

In the first case, if register 3 were used as the target. it would lead to a larger number of regis-
ters used for the expression than were required; the compiler would generate inefficient code.
On the other hand. if register 2 were used as the target in the second case, the code would sim-
ply be wrong. In the first case, register 2 can be shared while in the second, it cannot.

In the specification of the register needs in the templates, it is possible to indicate whether
required scratch registers.may be shared with possible registers on the left or the right of the
input tree. In order that a register be shared, it must be scratch, and it must be used only
once. on the appropriate side of the tree being compiled.

The allo routine thus has a bit more to do than meets the eye: it cails freereg 10 obtain a
free register for each A and B register request. Freereg makes multiple calls on the routine
usable 1o decide if a given register can be used to satisfy a given need. Usabie calls srur2mif the
register is busy. but might be shared. Finally, share: calls ushare to decide if :he desired regis-
ter is actually i1n the appropriate subtree. and can be shared.

Just to add additional complexity, on some machines (such as the IBM 37 .t -s possible
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to have ‘‘double indexing’’ forms of addressing; these are represented by OREGS’s with the
base and index registers encoded into the register field. While the register allocation and deal-
location per se is not made more difficult by this phenomenon, the code itself is somewhat more
complex.

Having allocated the registers and expanded the assembly language, it is time to reclaim
the resources; the routine reclaim does this. Many operations produce more than one resuit.
For example. many arithmetic operations may produce a value in a register, and also set the
condition codes. Assignment operations may leave resuilts both in a register and in memory.
Reclaim is passed three parameters; the tree and cookie that were matched, and the rewriting
field of the template. The rewriting field allows the specification of possible results; the tree is
rewritten to reflect the results of the operation. If the tree was computed for side effects only
(FOREFF), the tree is freed, and all resources in it reclaimed. If the tree was computed for
condition codes, the resources are also freed, and the tree replaced by a special node type,
FORCC. Otherwise, the vaiue may be found in the left argument of the root, the right argu-
ment of the root, or one of the temporary resources allocated. In these cases, first the
resources of the tree, and the newly allocated resources, are freed; then the resources needed
by the result are made busy again. The final resuit must always match the shape of the input
cookie; otherwise, the compiler error ‘‘cannot reclaim’ is generated. There are some machine
dependent ways of preferring results in registers or memory when there are muitiple results
matching multiple goals in the cookie.

The Machine Dependent Interface

The files order.c, local2.c, and rable.c, as well as the header file macldefs, represent the
machine dependent portion of the second pass. The machine dependent portion can be roughly
divided into two: the easy portion and the hard portion. The easy portion teils the compiler the
names of the registers, and arranges that the compiler generate the proper assembler formats,
opcode names, location counters, etc. The hard portion involves the Sethi—Ullman computa-
tion, the rewriting rules, and, to some extent, the templates. It is hard because there are no
real algorithms that apply; most of this portion is based on heuristics. This section discusses
the easy portion; the next several sections will discuss the hard portion.

If the compiler is adapted from a compiler for a machine of similar architecture, the easy
part is indeed easy. In macldefs, the register numbers are defined. as well as various parame-
ters for the stack frame, and various macros that describe the machine architecture. If doubie
indexing is to be permitted, for example, the symbol R2REGS is defined. Also, a number of
macros that are involved in function call processing, especiailly for unusual function call
mechanisms, are defined here. '

In locail.c, a large number of simple functions are defined. These do things such as write
out opcodes, register names, and address forms for the assembler. Part of the function call
code is defined here: that is nontrivial to design. but typically rather straightforward to imple-
ment. Among the easy routines in order.c are routines for generating a created label, defining a
label. and generating the arguments of a function call.

These routines tend to have a local effect, and depend on a fairly straightforward way on
the target assembler and the design decisions aiready made ibout the compiler. Thus they will
not be turther treated here.

The Rewriting Rules

When a tree fails 10 match any template, it becomes a candidate for rewriting. Before the
tree is rewritten, the machine dependent routine rexrcook is called with the tree and the cookie:
it suggests another cookie that might be a better candidate for the matching of the tree. If all
else fails. the templates are searched with the cookie FORREW, :0 look for a rewriting rule.
The rewriting rules ire of two kinds: {or most of the common operators, there are machine
dependent rewriting -ules that may he :polied: :hese ire hrarndled 5y machine dependent func-
tions that ire cailed ind given the ‘r2= :0 e omputed. T-ese -outines may r=cursiveiy cail
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order or codgen to cause certain subgoals to be achieved; if they actually call for some alteration
of the tree, they return 1, and the code generation algorithm recanonicalizes and tries again. If
these routines choose not to deal with the tree, the default rewriting rules are applied.

The assignment ops, when rewritten, call the routine serasg. This is assumed to rewrite
the tree at least to the point where there are no side effects in the left hand side. If there is
still no template match, a default rewriting is done that causes an expression such as

a+=p)
to be rewritten as
a=a+b

This is a useful default for certain mixtures of strange types (for example, when a is a bit field
and b an character) that otherwise might need separate table entries.

Simple assignment, structure assignment, and all forms of calls are handled completely by
the machine dependent routines. For historical reasons, the routines generating the calls return
1 on failure, 0 on success, unlike the other routines.

The machine dependent routine serbin handles binary operators; it too must do most of
the job. In particular, when it returns 0, it must do so with the left hand side in a temporary
register. The default rewriting rule in this case is to convert the binary operator into the associ-
ated assignment operator; since the left hand side is assumed to be a temporary register. this
preserves the semantics and often allows a considerable saving in the template table.

The increment and decrement operators may be dealt with with the machine dependent
routine senncr. If this routine chooses not to deal with the tree, the rewriting rule replaces

x ++
by
((x +=1) = 1)

which preserves the semantics. Once again, this is not too attractive for the most common
cases, but can generate close to optimal code when the type of x is unusual.

Finally, the indirection (UNARY MUL) operator is also handled in a special way. The
machine dependent routine offsrar is extremely important for the efficient generation of code.
Offsuar is called with a tree that is the direct descendant of a UNARY MUL node; its job is to
transform this tree so that the combination of UNARY MUL with the transformed tree
becomes addressable. On most machines, offstar can simply compute the tree into an A or B
register, depending on the architecture, and then canon will make the resulting tree into an
OREG. On many machines, offsrar can profitably choose to do less work than computing its
entire argument into a register. For example, if the target machine supports OREGS with a
constant offset from a register, and offsar is called with a tree of the form

expr + const

where const is a constant, then offstar need only compute expr into the appropriate form of
register. On machines that support double indexing, offstar may have even more choice as to
how to proceed. The proper tuning of offstar, which is not typically too difficult, should be one
of the first tries at optimization attempted'by the compiler writer.

The Sethi-Ullman Computation

The heart of the heuristics is the computation of the Sethi-Ullman numbers. This compu-
tation is closely linked with the rewriting rules and the templates. As mentioned before. the
Sethi-Ullman numbers are expected to estimate the number of scratch registers needed to com-
pute :he subtrees without using any stores. However, the original theory does not apply to real
machines. For one thing, the theorv assumes that all registers are interchangeable. Real
machines have general purpose, floating point, and index registers, register pairs, etc. The
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theory also does not account for side effects; this rules out various forms of pathology that arise
from assignment and assignment ops. Condition codes are also undreamed of. Finaily, the
influence of types, conversions, and the various addressability restrictions and extensions of
real machines are also ignored.

Nevertheless, for a “‘useless'” theory, the basic insight of Sethi and Ullman is amazingly
useful in a real compiler. The notion that one should attempt to estimate the resource needs of
trees before starting the code generation provides a natural means of splitting the code genera-
tion problem. and provides a bit of redundancy and self checking in the compiler. Moreover, if
writing the Sethi-Ullman routines is hard, describing, writing, and debugging the alternative
(routines that attempt to free up registers by stores into temporaries “‘on the fly’") is even
worse. Nevertheless, it shouid be clearly undersiood that these routines exist in a realm where
there is no ‘“‘right’’ way to write them: it is an art, the realm of heuristics, and, consequently, a
major source of bugs in the compiler. Often, the early, crude versions of these routines give
little trouble; only after the compiler is actuaily working and the code quality is being improved
do serious problem have to be faced. Having a simple, regular machine architecture is worth
quite a lot at this time.

The major problems arise from asymmetries in the registers: register pairs, having
different kinds of registers, and the related problem of needing more than one register (fre-
quently a pair) to store certain data types (such as longs or doubles). There appears to be no
general way of treating this problem; solutions have to be fudged for each machine where the
problem arises. On the Honeywell 66, for example, there are only two general purpose regis-
ters, so a need for a pair is the same as the need for two registers. On the IBM 370, the regis-
ter pair (0,1) is used to do multiplications and divisions: registers 0 and 1 are not generally con-
sidered part of the scratch registers, and so do not require allocation explicitly. On the Inter-
data 8/32, after much consideration, the decision was made not to try to deal with the register
pair issue: operations such as multiplication and division that required pairs were simply
assumed to take all of the scratch registers. Several weeks of effort had failed to produce an
algorithm that seemed to have much chance of running successfuily without inordinate debug-
ging effort. The difficulty of this issue should not be minimized: it represents one of the main
intellectual efforts in porting the compiler. Nevertheless. this probiem has been fudged with a
degree of success on nearly a dozen machines, so the compiler writer should not abandon hope.

The Sethi-Ullman computations interact with the rest of the compiler in a number of
rather subtle ways. As already discussed. the srore routine uses the Sethi-Ullman numbers to
decide which subtrees are too difficuit to compute in registers, and must be stored. There are
also subtle interactions between the rewriting routines and the Sethi-Ullman numbers. Suppose
we have a tree such as

4 =8

where 4 and B are expressions: suppose further that B takes two registers, and 4 one. [t is
possible to compute the full expression in two registers by first computing 8, and then, using
the scratch register used by 8. but not containing the answer. compute 4. The subtraction can
then be done. computing the expression. (Note that this assumes a number of things, not the
least of which are register-to-register subtraction operators and symmetric registers.) If the
machine dependent routine serbin, however. is not prepared to recognize this case and compute
the more difficult side of the expression first. the Sethi-Uliman number must be set to three.
Thus. the Sethi-Ullman number for a tres should represent the code that the machine depen-
dent routines are actually willing to generate.

The interaction can go the other way. [f we take an expression such as
¢ (/‘) + )
where n is a pointer and / an integer. 'his can probably be done in one register on most

machines. Thus, its Sethi-Ullman 1umber wculd probably be set to one. If double indexing is
possible in the machine, a possible vay < ccmputing the expression s to !oad both p and : into
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registers, and then use double indexing. This would use two scratch registers. in such a case, it
is possible that the scratch registers might be unobtainable. or might make some other part of
the computation run out of registers. The usual solution is to cause offswar to ignore opportuni-
ties for double indexing that would tie up more scratch registers than the Sethi-Ullman number
had reserved.

In summary, the Sethi-Ullman computation represents much of the craftsmanship and
artistry in any application of the portable compiler. It is also a frequent source of bugs. Algo-
rithms are available that will produce nearly optimal code for specialized machines, but unfor-
tunately most existing machines are far removed from these ideals. The best way of proceeding
in practice is to start with a compiler for a similar machine to the target. and proceed very care-
fully.

Register Allocation

After the Sethi-Uliman numbers are computed, order calls a routine, rallo, that does regis-
ter allocation, if appropriate. This routine does relatively little, in general; this is especially true
if the target machine is fairly regular. There are a few cases where it is assumed that the result
of a computation takes place in a particular register. switch and function return are the two
major places. The expression tree has a field, ra/l, that may be filled with a register number;
this is taken to be a preferred register, and the first temporary register allocated by a template
match will be this preferred one, if it is free. If not. no particular action is taken: this is just a
heuristic. If .no register preference is present, the field contains NOPREF. In some cases, the
result must be placed in a given register, no matter what. The register number is placed in ral/l,
and the mask MUSTDO is logically or'ed in with it. In this case, if the subtree is requested in
a register, and comes back in a register other than the demanded one. it is moved by calling the
routine rmove. If the target register for this move is busy, it is a compiler error.

Note that this mechanism is the only one that will ever cause a register-to-register move
between scratch registers (unless such a move is buried in the depths of some template). This
simplifies debugging. In some cases, there is a rather strange interaction between the register
allocation and the Sethi-Ullman number: if there is an operator or situation requiring a particu-
lar register. the allocator and the Sethi-Ullman' computation must conspire to ensure that the
target register is not being used by some intermediate result of some far-removed computation.
This is most easily done by making the special operation take all of the free registers, prevent-
ing any other partially-computed results from cluttering up the works.

Compiler Bugs

The portable compiler has an excellent record of generating correct code. The require-
ment for reasonable cooperation between the register allocation, Sethi-Ullman computation,
rewriting rules, and templates builds quite a bit of redundancy into the compiling process. The
effect of this is that. in a surprisingly short time, the compiler will start generating correct code
for those programs that it can compile. The hard part of the job then becomes finding and
eliminating those situations where the compiler refuses to compile a program because it knows
it cannot do it right. For example. a template may simply be missing; this may either give a
compiler error of the form “*no match for op ...”" , or cause the compiler to go into an infinite
loop applying various rewriting rules. The compiler has a variable. nrecur, that is set to 0 at the
beginning of an expressions. and incremented at key spots in the compilation process: if this
parameter gets too large. the compiler decides that it is in a loop, and aborts. Loops are also
characteristic of botches in the machine-dependent rewriting rules. Bad Sethi-Ullman computa-
tions usually cause the scraich registers to run out: this often means that the Sethi-Ullman
number was underastimated. so smre did not store something it should have: alternatively. it
can mean that the rewriting rules were not smart enough to find the sequence that sucomp
assumed would be used.

The best approach when . compiier error is detected involves several stages. First, try o0
get a small example program thaut steps on :he bug. Second. turn on various debugging flags in
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the code generator, and follow the tree through the process of being matched and rewritten.
Some flags of interest are —e, which prints the expression tree, —r, which gives information
about the allocation of registers, —a, which gives information about the performance of rallo,
and —o, which gives information about the bchav:or of order. This technique should allow
most bugs to be found relatively quickly.

Unfortunately, finding the bug is usually not enough: it must also be fixed! The difficulty
arises because a fix to the particular bug of interest tends to break other code that aiready
works.- Regression tests, tests that compare the performance of a new compiler against the per-
formance of an oider one, are very valuable in preventing major catastrophes.

Summary and Conclusion

The portable compiler has been a useful tool for providing C capability on a large number
of diverse machines, and for testing a number of theoretical constructs in a practical setting. It
has many blemishes. both in style and functionality. It has been applied to many more
machines than first anticipated, of a much wider range than originaily dreamed of. Its use has
also spread much faster than expected, leaving parts of the compiler still somewhat raw in
shape.

On the theoretical side, there is some hope that the skeleton of the sucomp routine could
be generated for many machines directly from the templates; this would give a considerable
boost to the portability and correctness of the compiler, but might affect tunability and code
quality. There is also room for more optimization, both within oprim and in the form of a port-
able ‘‘peepholie’” optimizer.

On the practical, development side, the compiler could probably be sped up and made
.smaller without doing too much violence to its basic structure. Parts of the compiler deserve to
be rewritten: the initialization code, register allocation, and parser are prime candidates. It
might be that doing some or all of the parsing with a recursive descent parser might save
enough space and time to be worthwhile; it would certainly ease the problem of moving the
compiler t0 an environment where Yacc is not already present.

Finally, I would like to thank the many people who have sympathetically, and even
anthusiastically, helped me grappie with what has been a frustrating program to write, test, and
install. D. M. Ritchie and E. N. Pinson provided needed early encouragement and philosophi-
cal guidance; M. E. Lesk, R. Muha, T. G. Peterson. G. Riddle, L. Rosler, R. W. Mitze, B. R.
Rowiand. S. [. Feidman, and T. B. London have all contributed ideas, gripes, and all, at one
time or another, climbed ‘‘into the pits™ with me to help debug. Without their help this effort
would have not been possible; with it, it was often kind of fun.
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ABSTRACT

A network of over eighty UNIXt computer systems has been established

using the telephone system as its primary communication medium. The net-
work was designed to meet the growing demands for software distribution and
exchange. Some advantages of our design are:

The startup cost is low. A system needs only a dial-up port, but systems
with automatic calling units have much more flexibility.

No operating system changes are required to install or use the system.

The communication is basically over dial-up lines, however, hardwired
communication lines can be used to increase speed.

The command for sending/receiving files is simple to use.

Keywords: networks, communications, software distribution, software
maintenance
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D. A. Nowiz
M. E. Lesk

Bell Laboratories
Murray Hill, New Jersey 07974

1. Purpose

The widespread use of the UNiXt system! within Bell Laboratories has produced problems
of software distribution and maintenance. A conventional mechanism was set up to distribute
the operating system and associated programs from a central site to the various users. However
this mechanism alone does not meet all software distribution needs. Remote sites generate
much software and must transmit it to other sites. Some UNIX systems are themselves central
sites for redistribution of a particular specialized utility, such as the Switching Control Center
System. Other sites have particuiar, often long-distance needs for software exchange; switching
research, for example, is carried on in New Jersey, Illinois, Ohio, and Colorado. In addition,
general purpose utility programs are written at all UNIX system sites. The UNIX system is
modified and enhanced by many people in many places and it would be very constricting to
deliver new software in a one-way stream without any alternative for the user sites to respond
with changes of their own.

Straightforward software distribution is only part of the problem. A large project may
exceed the capacity of a single computer and several machines may be used by the one group of
people. It then becomes necessary for them to pass messages, data and other information back
an forth between computers.

Several groups with similar problems, both inside and outside of Bell Laboratories, have
constructed networks built of hardwired connections only.2-3 Our network, however, uses both
dial-up and hardwired connections so that service can be provided to as many sites as possible.

2. Design Goals

Although some of our machines are connected directly, others can only communicate
over low-speed dial-up lines. Since the dial-up lines are often unavailable and file transfers may
take considerable time. we spool all work and transmit in the background. We also had to
adapt to a community of systems which are independently operated and resistant to suggestions
that they should all buy particular hardware or install particular operating system modifications.
Therefore, we make minimal demands on the local sites in the network. Our impiementauon
requires no operating system changes: in fact, the transfer programs look like any other user
entering the system through the normal dial-up login ports, and obeying all local protection
rules.

We distinguish ‘‘active’™ and '‘passive’’ systems on the network. Active systems have in
automatic calling unit or a hardwired line to another system, and can initiate a connection. Pas-
sive systems do not have the hardware (o0 initiate a connection. However, an active system can
be assigned the job of calling passive systems and executing work found there: this makes a
nassive system the functional a2quivalent of an active system. except for an additional delay
while it waits to be poiled. Also. peopie frequently log into active systems and request copving
from one passive system to another. This requires two telephone cails, but even so. it is faster

*UNIX s a Trademark of Bell Laboratories.
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than mailing tapes.

Where convenient, we use hardwired communication lines. These permit much faster
transmission and multiplexing of the communications link. Dial-up connections are made at
either 300 or 1200 baud: hardwired connections are asynchronous up to 9600 baud and might
run even faster on special-purpose communications hardware.45 Thus, systems typically join
our network first as passive systems and when they find the service more important, they
acquire automatic calling units and become active systems; eventually, they may install high-
speed links to particular machines with which they handle a great deal of traffic. At no point,
however, must users change their programs or procedures.

The basic operation of the network is very simple. Each participating system has a spool
directory, in which work to be done (files to be moved. or commands to be executed remotely)
is stored. A standard program, wucico, performs all transfers. This program starts by identify-
ing a particular communication channel to a remote system with which it will hold a conversa-
tion. Uucico then selects a device and establishes the connection, logs onto the remote machine
and starts the wwcico program on the remote machine. Once two of these programs are con-
nected, they first agree on a line protocol, and then start exchanging work. Each program in
turn, beginning with the calling (active system) program, transmits everything it needs, and
then asks the other what it wants done. Eventually neither has any more work, and both exit.

In this way, all services are available from all sites; passive sites, however, must wait until
called. A variety of protocols may be used; this conforms to the real, non-standard world. As
long as the caller and called programs have a protocol in common, they can communicate.
Furthermore, each caller knows the hours when each destination system should be called. If a
destination is unavailable, the data intended for it remain in the spool directory until the desti-
nation machine can be reached.

The implementation of this Bell Laboratories network between independent sites, all of
which store proprietary programs and data, illustratives the pervasive need for security and
administrative controls over file access. Each site, in configuring its programs and system files,
limits and monitors transmission. In order to access a file a user needs access permission for
the machine that contains the file and access permission for the file itself. This is achieved by
first requiring the user to use his password to log into his local machine and then his locai
machine logs into the remote machine whose files are to be accessed. In addition, records are
kept identifying all files that are moved into and out of the local system, and how the requestor
of such accesses identified himself. Some sites may arrange to permit users only to call up and
request work to be done; the calling users are then cailed back before the work is actually done.
It is then possible to verify that the request is legitimate from the standpoint of the target sys-
tem, as well as the originating system. Furthermore, because of the call-back, no site can
~ masquerade as another even if it knows all the necessary passwords.

Each machine can optionally maintain a sequence count for conversations with other
machines and require a verification of the count at the start of each conversation. Thus, even
if call back is not in use, a successful masquerade requires the calling party to present the
correct sequence number. A would-be impersonator must not just steal the correct phone
number, user name, and password. but also the sequence count, and must call in sufficiently
promptly to precede the next legitimaie request from either side. Even a successful
masquerade will be detected on the next correct conversation.

3. Processing

The user has two commands which set up communications. wucp 10 set up file copying,
and wux 10 set up command execution where some of the required resources (system and/or
files) are not on the local machine. Each of these commands wiil put work and data files into
the spool directory for execution by wucp daemons. Figure 1 shows the major blocks of the file
transfer process.
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File Copy

The uucico program is used to perform all communications between the two systems. It
performs the following functions:

- Scan the spool directory for work.

- Place a call to a remote system.

- Negotiate a line protocol to be used.

- Start program wucico on the remote system.

- Execute all requests from both systems.

- Log work requests and work completions.
Uucico may be started in several ways;

a) by a system daemon,

b) by one of the uucp or uux programs,

c) by aremote system.

Scan For Work

The file names in the spool directory are constructed to allow the daemon programs
(uucico, uuxqv) to determine the files they should look at, the remote machines they should call
and the order in which the files for a particular remote machine should be processed.

Cail Remote System

The call is made using information from several files which reside in the uucp program
directory. At the start of the call process, a lock is set on the system being called so that
another cail will not be attempted at the same time.

The system name is found in a ‘“‘systems’” file. The information contained for each sys-
tem is:

(1] system name,

(2] times to call the system (days-of-week and times-of-day),

(3] device or device type to be used for call,

[4] line speed,

[S] phone number,

[6] login information (multiple fields).

The time field is checked against the present time to see if the call should be made. The
phone number may contain abbreviations (e.g. ‘‘nyc’’, ‘*boston’’) which get translated into dial
sequences using a ‘‘diai-codes’” file. This permits the same “‘phone number’’ to be stored at
avery site, despite local variations in telephone services and dialing conventions.

A ‘“‘devices’ file is scanned using fields (3] and (4] from the ‘‘sysiems™ file to find an
available device for the connection. The program will try all devices which satisfy [3] and (4]
until a connection is made, or no more devices can be tried. If a non-multiplexable device is
successtully opened, a lock file is created so that another copy of uucico wiil not try to use it. If
the ccnnection is complete. the login information is used to log into the remote system. Then a
command is sent to the remote system to start the wucico program. The conversation between
the two wucico programs begins with a handshake started by the cailed, SL.4 VE, system. The
SLAVE sends a message to let the WASTER know it is ready to receive the system
identification and conversation sequence number. The response {rom the WMASTER is verified
by the SLAVE and if acceptable, protocol seiection begins.
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Line Protocol Selection
The remote system sends a message
Pproto-list
where proto-list is a string of characters, each representing a line protocol. The calling program

checks the proto-list for a letter corresponding to an available line protocol and returns a use-
protocol message. The use-protocol message is

Ucode

where code is either a one character protocol letter or a N which means there is no common
protocol.

Greg Chesson designed and implemented the standard line protocol used by the uucp
transmission program. Other protocols may be added by individual installations.

Work Processing

During processing, one program is the MASTER and the other is SLAVE. Initially, the
calling program is the MASTER. These roles may switch one or more times during the conver-
sation.

There are four messages used during the work processing, each specified by the first char-
acter of the message. They are

send a file,
receive a file,
copy complete,
hangup.

TOxXxwn

The MASTER will send R or S messages until all work from the spool directory is complete, at
which point an H message will be sent. The SLAVE will reply with SY, SN, RY, RN, HY, HN,
corresponding to ves or no for each request.

The send and receive replies are based on permission to access the requested
file/directory. After each file is copied into the spool directory of the receiving system, a copy-
complete message is sent by the receiver of the file. The message CY will be sent if the UNIX
cp command, used to copy from the spool directory, is successful. Otherwise, a CN message is
sent. The requests and results are logged on both systems, and, if requested, mail is sent to the
user reporting completion (or the user can request status information from the log program at
any time). A

The hangup response is determined by the SLAVE program by a work scan of the spool
directory. If work for the remote system exists in the SLAVE's spool directory, a HN message
is sent and the programs switch roles. If no work exists, an HY response is sent.

A sample conversation is shown in Figure 2.

Conversation Termination

When a HY message is received by the MASTER it is echoed back to the SLAVE and the
protocols are turned off. Each program sends a final "OO" message to the other.

4. Present Uses

One application of this software is remote mail. Normally, a UNIX system user writes
‘*mail dan™" to send mail to user ‘‘dan’’. By writing ‘‘mail usg!dan’ the mail is sent to user
**dan’ cn system ‘“‘usg’’. '

The primary uses of our network to dait2 have been in software maintenance. Relatively
few of the bytes passed between systems are :intended for people to read. Instead, new pro-
grams (or new versions of programs) are sent 'o use-s. and potential bugs are returned to
authors. Aaron Cohen has implemented 1 "*stcckrnom’™ which allows remote users to cail in
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and request software. He keeps a ‘‘stock list”” of available programs, and new bug fixes and
utilities are added regularly. In this way, users can always obtain the latest version of anything
without bothering the authors of the programs. Although the stock list is maintained on a par-
ticular system, the items in the stockroom may be warehoused in many places; typically each
program is distributed from the home site of its author. Where necessary, uucp does remote-
to-remote copies.

We also routinely retrieve test cases from other systems to determine whether errors on
remote systems are caused by local misconfigurations or old versions of software, or whether
they are bugs that must be fixed at the home site. This helps identify errors rapidly. For one
set of test programs maintained by us, over 70% of the bugs reported from remote sites were
due to old software, and were fixed merely by distributing the current version.

Another application of the network for software maintenance is to compare files on two
different machines. A very useful utility on one machine has been Doug Mclilroy’s **diff"** pro-
gram which compares two text files and indicates the differences. line by line, between them.b
Only lines which are not identical are printed. Similarly, the program ‘‘uudiff"’ compares files
(or directories) on two machines. One of these directories may be on a passive system. The
**uudiff™" program is set up to work similarly to the inter-system mail, but it is slightly more
complicated.

To avoid moving large numbers of usually identical files, wudiff computes file checksums
on each side, and only moves files that are different for detailed comparison. For large files,
this process can be iterated; checksums can be computed for each line, and only those lines that
are different actuaily moved.

The *“‘uux’ command has been useful for providing remote output. There are some
machines which do not have hard-copy devices, but which are connected over 9600 baud com-
munication lines to machines with printers. The wux command ailows the formatting of the
printout on the local machine and printing on the remote machine using standard UNIX com-
mand programs.

5. Performance

Throughput. of course, is primarily dependent on transmission speed. The table below
shows the real throughput of characters on communication links of different speeds. These
numbers represent actual data transferred; they do not include bytes used by the line protocol
for data validation such as checksums and messages. At the higher speeds, contention for the
processors on both ends prevents the network from driving the line full speed. The range of
speeds represents the difference between light and heavy loads on the two systems. If desired,
operating system modifications can be installed that permit full use of even very fast links.

Nominail speed Characters/sec.

300 baud 27
1200 baud 100-110
9600 baud 200-850

[n addition to the transfer time. there is some overhead for making the connection and logging
in ranging from 13 seconds to | minute. Even at 300 baud. however, a typical 5,000 bvte
source program can e !ransferred in four minutes instead of the 2 days that might be required
to mail a tape.

Traffic between systems is variable. Between two ciosely refated systems, we observed 20
files moved and 5 remote commands executed in a typical day. A more normal traffic out of a -
single sysiem woulid e around a dozen files per day.

The total number of sites it present in the main network is 82, which includes most of
the Bell Laboratories :uil-size machines which run the UNIX operating system. Geographically,
the machines range fi»m Andcvar. Massachusetts to Denver, Colorado.
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Uucp has also been used to set up another network which connects a group of systems in
operational sites with the home site. The two networks touch at one Beil Labs computer.

6. Further Goals

Eventually, we would like to develop a full system of remote software maintenance. Con-
ventional maintenance (a support group which mails tapes) has many well-known disadvan-
tages.” There are distribution errors and delays, resulting in old software running at remote
sites and old bugs continually reappearing. These difficulties are aggravated when there are 100
different small systems, instead of a few large ones.

The availability of file transfer on a network of compatible operating systems makes it
possible just to send programs directly to the end user who wants them. This avoids the
bottleneck of negotiation and packaging in the central support group. The ‘‘stockroom’’ serves
this function for new utilities and fixes to old utilities. However, it is still likely that distribu-
tions will not be sent and installed as often as needed. Users are justifiably suspicious of the
**latest version'" that has just arrived, all too often it features the ‘‘latest bug.”” What is needed
is to address both problems simultaneously:

1. Send distributions whenever programs change.
2. Have sufficient quality control so that users will install them.

To do this, we recommend systematic regression testing both on the distributing and receiving
systems. Acceptance testing on the receiving systems can be automated and permits the local
system to ensure that its essential work can continue despite the constant installation of changes
sent from elsewhere. The work of writing the test sequences should be recovered in lower
counseling and distribution costs.

Some slow-speed network services are also being implemented. We now have inter-
system ‘‘mail”” and ‘‘diff,"”" plus the many implied commands represented by ‘‘uux.”” However,
we still need inter-system ‘‘write”” (real-time inter-user communication) and ‘‘who’* (list of
people logged in on different systems). A slow-speed network of this sort may be very useful
for speeding up counseling and education, even if not fast enough for the distributed data base
applications that attract many users to networks. Effective use of remote execution over slow-
speed lines, however, must await the general installation of multiplexable channels so that long
file transfers do not lock out short inquiries.

7. Lessons
The following is a summary of the lessons we learned in building these programs.

1. By starting your network in a way that requires no hardware or major operating system
changes, you can get going quickly.

2. Support will follow use. Since the network existed and was being used. system main-
tainers were easily persuaded to help keep it operating, including purchasing additional
hardware to speed traffic.

3.  Make the network commands look like local commands. Our users have a resistance to
learning anvthing new: all the inter-system commands look very similar to standard UNIX
system commands so that little training cost is involved.

4.  An initial error was not coordinating enough with existing communications projects: thus,
the first version of this network was restricted to dial-up. since it did not support the vari-
ous hardware links between systems. This has been fixed in the current system.
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Uucp Implementation Description

D. A. Nowiz

Introduction

Uucp is a series of programs designed to permit communication between UNIXT systems using
either dial-up or hardwired communication lines. It is used for file transfers and remote com-
mand execution. The first version of the system was designed and implemented by M. E.
Lesk.! This paper describes the current (second) implementation of the system.

Uucp is a batch type operation. Files are created in a spool directory for processing by the uucp
demons. There are three types of files used for the execution of work. Dara files contain data
for transfer to remote systems. Work files contain directions for file transfers between systems.
Execution files are directions for UNIX command executions which involve the resources of one
or more systems.

The uucp system consists of four primary and two secondary programs. The primary programs
are:

uucp This program creates work and gathers data files in the spool directory for the
transmission of files.
uux This program creates work files, execute files and gathers data files for the

remote execution of UNIX commands.
uucico This program executes the work files for data transmission.
uuxqt This program executes the execution files for UNIX command execution.
The secondary programs are:

,uulog This program updates the log file with new entries and reports on the status of
uucp requests.

uuclean  This program removes old files from the spool directory.

The remainder of this paper will describe the operation of each program. the installation of the
system. the security aspects of the system, the files required for execution, and the administra-
tion of the system.

1. Uucp - UNIX to UNIX File Copy

The wucp command is the user’s primary interface with the system. The wucp command was
designed to look like cp to the user. The syntax is

uucp [ option| ... source ... destination

where the source and destination may contain the prefix system-name! which indicates the sys-
tem on which the file or files reside or where they will be copied.

The opuons interpreted by wucp are:
- Make directories when necessary for copying the file.

*tNIX .s 1 Trademark of Beil Laboratories.
4. . Lesk and A. S. Cohen, uNix Software Distribution by Communication Link. private communication.
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—c Don't copy source files to the spool directory, but use the specified source
when the actual transfer takes place.

—gletrer Put lerter in as the grade in the name of the work file. (This can be used to
change the order of work for a particular machine.)

-m Send mail on completion of the work.

The following options are used primarily for debugging:
-r Queue the job but do not start wucico program.
—sdir Use directory dir for the spool directory.

—xnum  Num is the level of debugging output desired.

The destination may be a directory name, in which case the file name is taken from the last part
of the source’s name. The source name may contain special shell characters such as ** ?*/]’. If
a source argument has a system-name! prefix for a remote system, the file name expansion will
be done on the remote system.

The command
uucp *.c usg!/usr/dan

will set up the transfer of all files whose names end with ‘‘.c’’ to the **/usr/dan’" directory on
the'‘usg’" machine.

The source and/or destination names may aiso contain a “user prefix. This translates to the
login directory on the specified system. For names with partial path-names, the current direc-
tory is prepended to the file name. File names with ../ are not permitted.

The command
" uucp usg!"dan/*.h "dan

will set up the transfer of files whose names end with ‘“.h”" in dan’s login directory on system
*‘usg’’ to dan’s local login directory.

For each source file, the program will check the source and destination file-names and the
system-part of each to classify the work into one of five types:

(11 Copy source to destination on local system.

[2] Receive files from other systems.

[3]1 Send files to a remote systems.

[4] Send files from remote systems to another remote system.

({51 Receive files from remote systems when the source contains special shell characters
as mentioned above.

After the work has been set up in the spool directory, the wucico program is started to try to
contact the other machine to execute the work (unless the —r option was specified).

Type 1

A c¢p command is used to do the work. The —d4 and the —m options are not honored in this
case.

Type 2

A one line work file is created for each file requested and put in the spool directory with the fol-
lowing fields, each separated by a blank. (All work files and execute files use a blank as the fieid
separator.)

(11 R
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(2] The full’ path-name of the source or a usqr/path-namc. The “user part will be
expanded on the remote system.

(3] The full path-name of the destination file. If the “user notation is used, it will be
immediately expanded to be the login directory for the user.

[4] The user’s login name.

(51 A =" followed by an option list. (Only the —m and —d options will appear in
this list.)

Type 3

For each source file, a work file is created and the source file is copied into a dawa file in the
spool directory. (A ‘‘=c’ option on the uucp command will prevent the dasa file from being
made.) [n this case, the file will be transmitted from the indicated source.) The fields of each
antry are given below.

11 s

(2] The full-path name of the source file.

(3] The full-path name of the destination or “user/file-name.

(4] The user's login name.

(5] A **="" followed by an option list.

(6] The name of the dara file in the spool directory.

[7] The file mode bits of the source file in octal print format (e.g. 0666).

Type 4 and Type S

* Uucp generates a wucp command and sends it to the remote machine; the remote wucico exe-
cutes the wucp command.

2. Uux - UNIX To UNIX Execution

The wux command is used to set up the execution of a UNIX command where the execution
machine and/or some of the files are remote. The syntax of the uux command is

uux | = 1l option] ... command-string

where the command-string is made up of one or more arguments. All special shell characters
such as **<>I""" must be quoted either by quoting the entire command-string or quoting the
character as a separate argument. Within the command-string, the command and file names
may contain a system-name! prefix. All arguments which do not contain a **!"" will not be
treated as files. (They will not be copied to the execution machine.) The **—"" is used to indi-
cate that the standard input for command-string should be inherited from the standard input of
the uux command. The options. essentially for debugging, are:

-r Don't start uucico or uuxqr after queuing the job:
—xnum Num is the level of debugging output desired.
The command
pr abc | uux — usg'lpr

will set up the output of *pr abc’" as standard input to an ipr command 0 be executed on sys-
tem "‘usg’.

Uux generates in execure sile which contains the names of the files required for 2xecution
(including standard input), the user's login name, the destination of the standard output. and
the command to be executed. This file is either put in the spool directory for local execution or
sent 0 the remote system using a generated send command “type 2 ioove).

For -=quired files which are not on the 2xecution machine. wux vil Jenerate receive command
fles 't/me 2 above). These command-files will be put on :he 2xezution machine and executed
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by the uucico program. (This will work only if the local system has permission to put files in
the remote spool directory as controlled by the remote USERFILE. )

The execute file will be processed by the wuxqr program on the execution machine. It is made

up of several lines, each of which contains an identification character and one or more argu-
ments. The order of the lines in the file is not relevant and some of the lines may not be
present. Each line is described below.

User Line
U user system
where the user and svstem are the requester’s login name and system.

Required File Line
F file-name real-name

where the file-name is the generated name of a file for the execute machine and real-name
is the last part of the actual file name (contains no path information). Zero or more of
these lines may be present in the execute file. The uuxqt program will check for the
existence of all required files before the command is executed.

Standard Input Line
I file-name

The standard input is either specified by a **<'’ in the command-string or inherited from
the standard input of the wux command if the **—'" option is used. If a standard input is
not specified, **/dev/null’ is used.

Standard Output Line
O file-name system-name

The standard output is specified by a ‘*>"" within the command-string. If a standard out-
put is not specified. ‘‘/dev/null’’ is used. (Note — the use of **>>"" is not imple-
mented.)

Command Line
C command |arguments] ...

The arguments are those specified in the command-string. The standard input and stan-
dard output will not appear on this line. All required files will be moved to the execution
directory (a subdirectory of the spool directory) and the UNIX command is executed using
the Shell specified in the wucp.h header file. In addition, a shell *“PATH" statement is
prepended to the command line as specified in the wuxgr program.

After execution, the standard output is copied or set up to be sent to the proper place.

3. Uucico - Copy In, Copy Out
The uucico program will perform the following major functions:

- Scan the spool directory for work.

- Place a call to a remote system.

- Negotiate a line protocol to be used.

- Execute all requests from both systems.

- Log work requests and work completions.

Uucico may be started in several ways;



a) by a system daemon,
b) by one of the uucp, uux, uuxqt or uucico programs,
c) directly by the user (this is usually for testing),

d) by a remote system. (The uucico program shouid be specified as the ‘‘shell” field in
the **/etc/passwd’" file for the *‘uucp’” logins.)

When started by method a, b or ¢, the program is considered to be in MASTER mode. In this
mode, a connection will be made to a remote system. If started by a remote system (method
d), the program is considered to be in SLA VE mode.

The MASTER mode will operate in one of two ways. If no system name is specified (—s
option not specified) the program will scan the spool directory for systems to call. If a system
name is specified, that system will be called, and work will only be done for that system.

The uucico program is generally started by another program. There are several options used for
execution:

-rl Start the program in MASTER mode. This is used when wwucico is started by a
program or ‘‘cron’” shell.

—=ssys Do work only for system sys. If —sis specified, a call to the specified system
will be made even if there is no work for system sys in the spool directory.
This is useful for polling systems which do not have the hardware to initiate a
connection.

The following options are used primarily for debugging:
—ddir Use directory dir for the spool directory.
—xnum  Numis the level of debugging output desired.
The next part of this section will describe the major steps within the wuucico program.

Scan For Work
The names of the work related files in the spool directory have format
type . system-name grade number
where:
Type is an upper case letter, ( C - copy command file, D - data file. X - execute file);
Svstem-name is the remote system;
Grade is a character;
Number is a four digit, padded sequence number.
The file
C.res45n0031
would be a work file for a file transfer between the local machine and the ‘‘res45™" machine.

The scan for work is done by looking through the spool directory for work files (files with prefix
*C.”). A list is made of all systems to be cailed. ('ucico will then call each system and process
all work fiies.

Call Remote System

The call is made using information from severai iles which reside in the uucp program direc-
tory. At the starr of the call process. a lock is set o forbid multiple conversations between the
same :wo systems.

The system name is found in the L.sys file. The information contained for each system is;



[1] system name,
[2] times to call the system (days-of-week and times-of-day),
[3] device or device type to be used for call,
[4] line speed. '
[S] phone number if field [3] is 4CU or the device name (same as field [3]) if not 4ACU,
(6] login information (multiple fields).
The time field is checked against the present time to see if the call should be made.

The phone number may contain abbreviations (e.g. mh. py, boston) which get translated into
dial sequences using the L-dialcodes file.

The L-devices file is scanned using fields [3] and [4] from the L.sys file to find an available dev-
ice for the call. The program will try all devices which satisfy [3] and [4] until the call is made,
or no more devices can be tried. If a device is successfully opened, a lock file is created so that
another copy of uucico will not try to use it. If the call is complete, the login information (field
(6] of L.sys) is used to login.

The conversation between the two uucico programs begins with a handshake started by the
called, SLAVE, system. The SLAVE sends a message to let the MASTER know it is ready to
receive the system identification and conversation sequence number. The response from the
MASTER is verified by the SLAVE and if acceptable, protocol selection begins. The SLAVE
can also reply with a ‘‘call-back required’’ message in which case, the current conversation is
terminated. ‘

Line Protocol Selection
The remote system sends a message
Pproro-list
where proto-list is a string of characters, each representing a line protocol.

The calling program checks the proto-list for a letter corresponding to an available line protocol
and returns a use-protocol/ message. The use-protocol message is

Ucode

where code is either a one character protocol letter or N which means there is no common pro-
tocol.

Work Processing

The initial roles ( MASTER or SLAVE ) for the work processing are the mode in which each
program starts. (The MASTER has been specified by the *‘*—rl1'" uucico option.) The MASTER
program does a work search similar to the one used in the ‘‘Scan For Work"" section.

There are five messages used during the work processing, each specified by the first character of
the message. They are;

send a file,

receive a file,

copy complete,

execute a wucp command.
hangup.

The MASTER will send R. S or X messages until all work from the spool directory is complete,
at which point an A message will be sent. The SLAVE will reply with SY, SN, RY. RN, HY,
HN, XY, XN, corresponding o yes or no for each request.

X 0O =W
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The send and receive replies are based on permission to access the requested file/directory
using the USERFILE and read/write permissions of the file/directory. After each file is copied
into the spool directory of the receiving system, a copy-complete message is sent by the
receiver of the file. The message CY will be sent if the file has successfully been moved from
the temporary spool file to the actual destination. Otherwise, a C)V message is sent. (In the
case of CV, the transferred file will be in the spool directory with a name beginning with
“TM".) The requests and results are logged on both systems.

The hangup response is determined by the SLA VE program by a work scan of the spool direc-
tory. If work for the remote system exists in the SLAVE's spool directory, an AN message is
sent and the programs switch roles. If no work exists, an AY response is sent.

Conversation Termination

When a AY message is received by the WMASTER it is echoed back to the SLAVE and the proto-
cols are turned off. Each program sends a final ‘OO’ message to the other. The original
SLAVE program will clean up and terminate. The MASTER will proceed to call other systems
and process work as long as possible or terminate if a —s option was specified.

4. Uuxqt - Uucp Command Execution

The wuxge program is used to execute execute files generated by uux. The uuxqrprogram may be
started by either the wwucico or uux programs. The program scans the spool directory for execure
files (prefix **X.”"). Each one is checked to see if all the required files are available and if so,
the command line or send line is executed.

The execure file is described in the "*Uux’" section above.

Command Execution

The execution is accomplished by executing a s# —c of the command line after appropriate
standard input and standard output have been opened. If a standard output is specified, the
program will create a send command or copy the output file as appropriate.

5. Uulog - Uucp Log Inquiry

The wucp programs create individual log files for each program invocation. Periodically, wulog
may be executed to prepend these files to the system logfile. This method of logging was
chosen to minimize file locking of the logfile during program execution.

The uulog program merges the indjvidual log files and outputs specified log entries. The output
request is specified by the use of the following options:

=ssys  Print entries where sys is the remote system name:
—uuser Print entries for user user.

The intersection of lines satisfying the two options is output. A null sys or user means all sys-
tem names or users respectively.

6. Uuclean - Uucp Spool Directory Cleanup

This program is typically started by the daemon. once a day. Its function is to remove files
from the spool direciory 'vhich are more than 3 davs old. These are usually files for work
which can not be :cmpleted.

The options availabie uire:

—ddir The direcicry to Ye scanned is dir.

-m Send maii ‘0 the owner of each file being removed. (Note that most files put
into the scool directory will be owned by the owner of the uucp programs since
the setwid »it will be set on these programs. The mail will therefore most
often go '~ ‘e owner of the uucp programs.)
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—nhours Change the aging time from 72 hours to Aours hours.

—ppre Examine files with prefix pre for deletion. (Up to 10 file prefixes may be
specified.)

—xnmum  This is the level of debugging output desired.

7. Security

The uucp system, left unrestricted, will let any outside user execute any com-
mands and copy in/out any file which is readable/writable by the uucp login
user. It is up to the individual sites to be aware of this and apply the protec-
tions that they feel are necessary.

There are several security features available aside from the normal file mode protections.
These must be set up by the installer of the wucp system.

- The login for uucp does not get a standard shell. Instead, the wucico program is started.
Therefore, the only work that can be done is through wuucico.

- A path check is done on file names that are to be sent or received. The USERFILE supplies
the information for these checks. The USERFILE can also be set up to require call-back for
certain login-ids. (See the ‘‘Files required for execution’ section for the file description.)

- A conversation sequence count can be set up so that the called system can be more
confident that the caller is who he says he is.

- The wuxqr program comes with a list of commands that it will execute. A “PATH" shell

statement is prepended to the command line as specifed in the wuxgr program. The installer
may modify the list or remove the restrictions as desired.

- The L.sys file should be owned by uucp and have mode 0400 to protect the phone numbers
and login information for remote sites. (Programs uucp, uucico, uux, uuxqt should be aiso
owned by uucp and have the setuid bit set.)

8. Uucp Installation

There are several source modifications that may be required before the system programs are
compiled. These relate to the directories used during compilation, the directories used during
execution, and the local uucp system-name.

The four directories are:

lib (/usr/src/cmd/uucp) This directory contains the source files for generating
the wucp system.

program (/usr/lib/uucp) This is the directory used for the executable system pro-
grams and the system files.

spool (/usr/spool/uucp) This is the spool directory used during uucp execution.

xqtdir (/usr/spool/uucp/.XQTDIR) This directory is used during execution of exe-
cute files.

The names given in parentheses above are the default values for the directories. The italicized
named /ib, program. xqudir, and spool will be used in the following text to represent the appropri-
ate directory names.

There are two files which may require modification. the makefile file and the wucp.h file. The
following paragraphs describe the modifications. The modes of spoo/ and xqidir should be made
<0777,




Cucp.h modification

Change the program and the spoo/ names from the default values to the directory names to be
used on the local system using global edit commands.

Change the define value for MYNAME to be the local uucp sysitem-name.

makefile modification
There are several make variable definitions which may need modification.

INSDIR This is the program directory (e.g. INSDIR =/usr/lib/uucp). This parameter is
used if ‘*‘make cp” is used after the programs are compiled.

IOCTL  This is required to be set if an appropriate /ocr/ interface subroutine does not
exist in the standard ‘*C" library: the statement “‘IOCTL =ioctl.o’" is required
in this case.

PKON The statement “‘PKON=pkon.o™" is required if the packet driver is not in the
kernel.

Compile the system The command
make
will compile the entire system. The command
make cp
will copy the commands to the to the appropriate directories.

The programs uucp. uux, and uulog should be put in **/usr/bin”’. The programs wuxgr, uucico,
and uuclean shouid be put in the program directory.

Files required for execution

There are four files which are required for execution, aill of which should reside in the program
directory. The field separator for all files is a space unless otherwise specified.

L-devices

This file contains entries for the call-unit devices and hardwired connections which are to be
used by wucp. The special device files are assumed to be in the /dev directory. The format for
each entry is

line call-unit speed

where;
line is the device for the line (e.g. cul0),
call-unit is the automatic call unit associated with /ine (e.g. cua0), (Hardwired lines
have a number **0’" in this field.),
speed is the line speed.
The line

) cul0 cual 300

would be set up for a system which nad device cul0 wired to a call-unit cua0 for use at 300
baud.

L-dialcodes

This file contains entries with location abbreviations used in the L.sys file (e.g. py. mh, boston).
The entry format is
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abb dial-seq

where;

abb is the abbreviation,

dial-seq is the dial sequence to call that location.
The line

py 165—
would be set up so that entry py7777 would send 165—7777 to the dial-unit.

LOGIN/SYSTEM NAMES

It is assumed that the login name used by a remote computer to call into a local computer is not
the same as the login name of a normal user of that local machine. However, several remote
computers may employ the same login name.

Each computer is given a unique system name which is transmitted at the start of each call.
This name identifies the calling machine to the called machine.

USERFILE
This file contains user accessibility information. It specifies four types of constraint;

[11  which files can be accessed by a normal user of the local machine,

[2] which files can be accessed from a remote computer,

{31 which login name is used by a particular remote computer,

[4] whether a remote computer should be called back in order to confirm its identity.
Each line in the file has the following format

login.sys lcl path-name | path-namel ...

where:
login is the login name for a user or the remote computer,
Sys is the system name for a remote computer,
c is the optional call-back required flag,

path-name is a path-name prefix that is acceptable for user.

The constraints are implemented as follows.

(1] When the program is obeying a command stored on the local machine., MASTER
mode, the path-names allowed are those given for the first line in the USERFILE
that has a login name that matches the login name of the user who entered the com-
mand. If no such line is found, the first line with a nu/flogin name is used.

{2 When the program is responding to a command from a remote machine, SLAVE
mode, the path-names allowed are those given for the first line in the file that has
the system name that matches the system name of the remote machine. If no such
line is found, the first one with a nu{l system name is used.

(31 When a remote computer logs in. the login name that it uses must appear in the
USERFILE. There may be several lines with the same login name but one of them
must either have the name of the remote system or must contain a null system
name.

{4] If the line matched in ([3]) contains a **c’", the remote machine is called back
before any transactions take place.

The line
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u.m /usr/xyz

allows machine m to login with name « and request the transfer of files whose names start with
*/usr/xyz"".

The line

dan, /usr/dan
allows the ordinary user dan to issue commands for files whose name starts with **/usr/dan"".
" The lines

u.m /usr/xyz /usr/spool
u, /usr/spool

allows any remote machine to login with name «, but if its system name is not m. it can only
" ask to transfer files whose names start with **/usr/spool’’.

The lines

root, /
. lusr

‘allows any user to transfer files beginning with **/usr’ but the user with login roor can transfer
any file.

L.sys

Each entry in this file represents one system which can be called by the local uucp programs.
The fields are described below.

system name
The name of the remote system.

time
This is a string which indicates the days-of-week and times-of-day when the system should
be called (e.g. MoTuTh0800—1730).

The day portion may be a list containing some of
Su Mo Tu We Th Fr Sa
or it may be Wk for any week-day or 4ny for any day.

The time should be a range of times (e.g. 0800—1230). If no time portion is specified,
any time of day is assumed to be ok for the call.

device

This is either ACU or the hardwired device to be used for the call. For the hardwired
case, the last part of the special file name is used (e.g. tty0).

speed
This is the line speed for the call (e:g. 300).

phone

The phone number is made up of an optionai alphabetic abbreviation and a numeric part.
The abbreviation is one which appears in the L-diaicodes file (e.g. mh3900. bos-
0n995—9980).

For the hardwired devices. this field contains the same string is used fcr the device field.



-12-

login
The login information is given as a series of fields and subfields in the format
expect send [ expect send] .

where: expect is the string expccted to be read and send is the string to be sent when the
expect string is received.

The expect field may be made up of subfields of the form
expectl—send—expectl...

where the send is sent if the prior expecr is not successfully read and the expect following
the send is the next expected string.

There are two special names available to be sent during the login sequence. The string
EOT will send an EOT character and the string BREAK will try to send a BREAK charac-
ter. (The BREAK character is simulated using line speed changes and null characters and
may not work on all devices and/or systems.)

A typical entry in the L.sys file would be
sys Any ACU 300 mh7654 login uucp ssword: word
The expect algorithm looks at the last part of the string as illustrated in the password field.

9. Administration

This section indicates some events and files which must be administered for the wucp system.
Some administration can be accomplished by shell files which can be initiated by cronsab entries.
Others will require manual intervention. Some sample shell files are given toward the end of
this section.

SQFILE — sequence check file

This file is set up in the program directory and contains an entry for each remote system with
which you agree to perform conversation sequence checks. The initial entry is just the system
name of the remote system. The first conversation will add two items to the line, the conversa-
tion count, and the date/time of the most resent conversation. These items will be updated
with each conversation. If a sequence check fails, the entry will have to be adjusted.

TM — temporary data files

These files are created in the spoo/ directory while files are being copied from a remote
machine. Their names have the form

TM.pid.ddd

where pid is a process-id and ddd is a sequential three digit number starting at zero for each
invocation of wucico and incremented for each file received.

After the entire remote file is received, the TM file is moved/copied to the requested destina-
tion. If processing is abnormally terminated or the move/copy fails, the file will remain in the
spool directory.

The leftover files shouid be periodically removed; the wuclean program is useful in this regard.
The command

uuclean —pTM
will remove all TM files oider than three days.
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LOG - log entry files

During execution of programs, individual LOG files are created in the spoo/ directory with infor-

»mation -about queued requests. calls to remote systems, execution of wux commands and file
copy results. These files should be combined into the LOGFILE by using the uulog program.
This program will put the new LOG files at the begmmng of the existing LOGFILE. The com-
mand

uulog

will accomplish the merge. Options are available to print some or all the log entries after the
files are merged. The LOGF/LE should be removed periodically since it is copied each time
new LOG entries are put into the file.

:.The LOG files are created initially with mode-0222. If the program which creates the file ter-
. “minates normally. it changes the mode to 0666. Aborted runs may leave the files with mode
‘0222 and the wulog program will not read or remove them. To remove them, either use rm,
-uuclean, or change the mode to 0666 and let uu/og merge them with the LOGFILE.

STST = system status files

These files are created in the spool directory by the uucico program. They contain information
of failures such as login, dialup or sequence check and will contain a THLK/NG status when to

" machines are conversing. The form of the ﬁle name is
STST.sys '
where svs is the remote system name.

" For ordinary failures (dialup, login). the file will pravent repeated tries for about one hour. For
sequence check failures, the file must be removed before any future attempts to converse with
that remote system.

If the file is left due to an aborted run. it may contain a T.4LK/NG status. In this case, the file
must be removed before a conversation is attempted.

LCK - lock files

Lock files are created for each device in use (e.g. automatic calling unit) and each system
conversing. This prevents duplicate conversations and multiple attempts to use the same dev-
ices. The torm of the lock file name is

LCK..str

where s is either a device or system name. The files may be left in the spool directory if runs
abort. They will be ignored (reused) after a time of about 24 hours. When runs abort and calls
are desired oefore the time limit, the lock files shouid be removed.

Shell Files

The uucp program will spool work and attempt to start the wucro program. but the starting of
uucico will sometimes fail. (No devices available. login failures 2tc.). Therefore, the wucico
program should be periodically started. The command to start wucico can be put in a ““shell”
file with 1 command to merge LOG files and started by a crontab entry on an hourly basis. The
file could contain the commands

program/ uulog
arogram/uucico —rl
Note that the " —rl"" option is required to start the wucico program in WMASTER mode.

Another shell file may be set up on a daily basis to remeve TW. ST and LCK files and C. or D.
files for work which can not be accomplished for reasons like bad phone number, login changes
21c. A shell file contining commands like
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program/uuclean —pTM —pC. —pD.
program/uuclean —pST —pLCK —nl2

can be used. Note the ‘*—nl2" option causes the ST and LCK files older than 12,_ﬁo’u1"s-ioj~'§be

deleted. The absence of the ‘“—n"’ option will use a three day time limit. cr e

A daily or weekly shell should also be created to remove or save old LOGFILEs. ‘A shell like
cp spool/LOGFILE  spool/o.LOGFILE R
rm spool/LOGFILE

can be used.

Login Entry

One or more logins should be set up for wucp. Each of the ‘‘/etc/passwd’’ entries should have
the ‘‘program/uucico’™ as the shell to be executed. The login directory is not used, but:if~the
system has a special directory for use by the users for sending or receiving file, it should as the
login entry. The various logins are used in conjunction with the USERFILE to restrict file
access. Specifying the sheil argument limits the login to the use of uucp { wucico) only.

File Modes . ,
It is suggested that lhe owner and file modes of various programs and files be set as follows

The programs wucp, uux, uucico and uuxqt should be owned by the uucp login with the “setuxd
bit set and only execute permissions (e.g. mode 04111). This will prevent outsiders from
modifying the programs to get at a standard shel! for the uucp logins.

The L.sys. SQFILE and the USERFILE which are put in the program dlrectory should be owned
by the uucp login and set wnh mode 0400 ‘






