
SSA constant propagator [44]

Original Program

i 6
j  1
k  1
repeat

if
�
i = 6

�
then

k  0
else

i i + 1
fi

i i + k

j  j + 1
until (i = j)

SSA form

i1  6
j1  1
k1 1
repeat

i2  �(i1; i5)

j2  �(j1; j3)

k2  �(k1; k4)

if
�
i2 = 6

�
then

k3  0
else

i3  i2 + 1
fi
i4  �(i2; i3)

k4  �(k3; k2)

i5  i4 + k4

j3  j2 + 1
until (i5 = j3)

Each name is initialized to the lattice value >. Propagation proceeds only along
edges marked executable. Such marking takes place when the associated condi-
tion reaches a non-> value. The value > propagates along unexecutable edges.
Copyright c
1994 Ron K. Cytron. All rights reserved – 146 – SIGPLAN ’94 COMPILER CONSTRUCTION TUTORIAL

Why is SSA good?

Data flow algorithms built on def-use chains gain asymptotic efficiency as shown
below:

v = v = v =

= v = v = v

Quadratic def-use chains

v = v = v =

= v = v = v

v = O(v,v,v)/

Linear def-use chains

With each use reached by a unique def, program transformations such as code
motion are simplified: motion of a use depends primarily on motion of its unique
reaching def. Intuitively, the program has been transformed to represent directly
the flow of values. We’ll now look at some optimizations that are simplified by SSA
form.

Copyright c
1994 Ron K. Cytron. All rights reserved – 145 – SIGPLAN ’94 COMPILER CONSTRUCTION TUTORIAL



SSA constant propagator (cont’d)

Pass 1

i1  6
j1  1
k1 1
repeat

i2  �(i1; i5) = (6 ^ >) = 6
j2  �(j1; j3) = (1 ^ >) = 1
k2  �(k1; k4) = (1 ^ >) = 1
if

�
i2 = 6

�
then

k3  0
else

/? Not executed ?/
fi
i4  �(i2; i3)) (6 ^>) = 6
k4  �(k3; k2)) (0 ^ >) = 0
i5  i4 + k4 ) (6 + 0) = 6
j3  j2 + 1) (1 + 1) = 2

until
�
i5 = j3 ) (6 = 2) = false

�

Pass 2

i1  6
j1  1
k1 1
repeat

i2  �(i1; i5) = (6 ^ 6) = 6
j2  �(j1; j3) = (1 ^ 2) = ?
k2  �(k1; k4) = (1 ^ >) = ?
if

�
i2 = 6

�
then

k3  0
else

/? Not executed ?/
fi
i4  �(i2; i3)) (6 ^>) = 6
k4  �(k3; k2)) (0 ^ >) = 0
i5  i4 + k4 ) (6 + 0) = 6
j3  j2 + 1) (?+ 1) = ?

until
�
i5 = j3 ) (6 = ?) = ?

�

Our solution has stabilized. Even though k2 is ?, that value is never transmitted along
the unexecuted edge to the � for k4.
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SSA constant propagator (cont’d)

SSA Form

i1  6
j1  1
k1 1
repeat

i2  �(i1; i5)

j2  �(j1; j3)

k2  �(k1; k4)

if
�
i2 = 6

�
then

k3  0
else

i3  i2 + 1
fi
i4  �(i2; i3)

k4  �(k3; k2)

i5  i4 + k4

j3  j2 + 1
until (i5 = j3)

Pass 1

i1  6
j1  1
k1 1
repeat

i2  �(i1; i5) = (6 ^ >) = 6
j2  �(j1; j3) = (1 ^ >) = 1
k2  �(k1; k4) = (1 ^ >) = 1
if

�
i2 = 6

�
then

k3  0
else

/? Not executed ?/
fi
i4  �(i2; i3)) (6 ^>) = 6
k4  �(k3; k2)) (0 ^ >) = 0
i5  i4 + k4 ) (6 + 0) = 6
j3  j2 + 1) (1 + 1) = 2

until
�
i5 = j3 ) (6 = 2) = false

�
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SSA value numbering (cont’d)

� We essentially seek a partition of
SSA names by value equivalence,
since value equivalence is reflexive,
symmetric, and transitive.
� We’ll initially assume that all SSA

names have the same value.
� When evidence surfaces that a

given block may contain disparate
values (names), we’ll talk about split-
ting the block. Generally, the algo-
rithm will only split a block in two.
However, the first split is more severe,
in that names are split by the func-
tional form of the expressions that
compute their value.

v

w x

a

c

t

w

a

t

v

x

c

Above are shown the initial and final partitions for the example on the previous page.
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SSA value numbering [3, 39]

a read()

v  a + 2
c a

w  c + 2
t a + 2
x t� 1

For the above program, constant prop-
agation will fail to determine a compile-
time value for v and w, because the
behavior of the read() function must be
captured as ? at compile-time.

Nonetheless, we can see that v and w

will hold the same value, even though
we cannot determine at compile-time
exactly what that value will be. Such
knowledge helps us replace the com-
putation of (c+2) by a simple copy from
v.

Value numbering attempts to label each
computation of the program with a num-
ber, such that identical computations
are identically labeled.

� Prior to SSA form, value numbering
algorithms were applied only within
basic blocks (i.e., no branching) [2].
� Early value numbering algorithms

relied on textual equivalence to de-
termine value equivalence. The
text of each expression (and per-
haps subexpression) was hashed to
a value number. Intervening defs
of variables contained in an expres-
sion would kill the expression. This
approach could not detect equiva-
lence of v and w in the example to
the left, since (a + 2) is not textually
equivalent to (c + 2).

It seems that x ought to have the same value as v and w, but our algorithm won’t
discover this, because the “function” that computes x (�n:n � 1) differs from the
“function” that computes v and w (�n:n + 2).
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SSA value numbering example

if (condA) then
a1  �

if (condB) then
b1  �

else
a2  �

b2  �

fi
a3  �(a1; a2)

b3  �(b1; b2)

c2  ? a3

d2  ? b3

else
b4  


fi
a5  �(a1; a0)

b5 �(b0; b4)

c3  ? a5

d3 ? b5

e3  ? a5

For brevity, symbols �, �, and 


represent syntactically distinct function
classes in the program shown to the left.

In the figures that follow, we’ll see that
c2 and d2 have the same value, while c3

and d3 do not. Thus, program optimiza-
tion will save a memory fetch by using
the value of c2 for d2.

Note that if b is declared volatile in
the language C, then this optimization
would be incorrect, because each ref-
erence to b should be realized. How
can one account for volatility in this
optimization? Perhaps by assuming that
volatile variables cannot have the same
value.

It would be difficult and expensive to
express all possible defs of a volatile
variable in SSA form.
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SSA value numbering (cont’d)

After construction of SSA form, we split by the function name that computes values for
the assigned variables. We thus distinguish between binary addition, multiplication,
etc.

One further point is that �-functions at different nodes must also be distinguished,
even though their function form appears the same. This is necessary because a
branch taken into one �-function is not necessarily the same branch taken into
another, unless the two functions reside in the same node.

Binary Plus

Unary Minus

x * y + z

cos(x)

PHI at node Y

PHI at node Z
foo(x,y)bar(x,y)

X =     (X,X)φ

X =    (X,X)φ
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SSA value numbering example (cont’d)

a0=
b0=
c0=
d0=

d2=*b3

c2=*a3

γ

β

β

b1=

a1=α
α

a2=

b2=

b4=

a3=    (a1,a2)

b3=    (b1,b2)

a5=    (a1,a0)

b5=    (b0,b4)

φ

φ

φ

φ

d3=*b5

c3=*a5

e3=*a5

a0=
b0=
c0=
d0=

d2=*b3

c2=*a3

γ

β

β

b1=

a1=α
α

a2=

b2=

b4=

a3=    (a1,a2)

b3=    (b1,b2)

a5=    (a1,a0)

b5=    (b0,b4)

φ

φ

φ

φ

d3=*b5

c3=*a5

e3=*a5

On the left, the block with a5 splits the five names shown into two subblocks; on the
right, b4 splits a5 from b5.
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SSA value numbering example (cont’d)

Here we see the initial partition of SSA
names:

� The syntactic classes �, �, and 
 are
distinguished;
� �-functions at different nodes are

distinguished;
� The initial value of each variable v0

is considered identical;
� Within each syntactic class, values

are considered identical.

a0=
b0=
c0=
d0=

d2=*b3

c2=*a3

γ

β

β

b1=

a1=α
α

a2=

b2=

b4=

a3=    (a1,a2)

b3=    (b1,b2)

a5=    (a1,a0)

b5=    (b0,b4)

φ

φ

φ

φ

d3=*b5

c3=*a5

e3=*a5

Copyright c
1994 Ron K. Cytron. All rights reserved – 153 – SIGPLAN ’94 COMPILER CONSTRUCTION TUTORIAL



Register allocation

� Optimal register allocation is NP-hard.
� Trivial approaches can be really bad: using the most recently freed register is

provably worst for pipelined machines.
� Many approaches begin by assuming an infinite number of virtual registers

for assignment to values. These are then covered by actual registers during
allocation.

Chaitin-Chandra

Each variable (or expression) is
assigned a virtual register for the dura-
tion of a procedure. Actual registers are
allocated by coloring an interference
graph, using Chandra’s heuristic. Where
allocation fails, some expressions care
chosen for spilling: these are not kept
in registers but loaded on demand and
immediately stored afterwards.

Chow-Hennessey

The maximum number of live variables
is computed. Some register allocation
can clearly succeed if there are suffi-
cient registers to cover max-live. How-
ever, this may involve allocating the
same variable to two different registers
in different live ranges. This necessitates
swapping registers for a given variable
where control flow merges.

Knobe and Zadeck give a method that sloshes rather than spills: variables are kept
intermittently in registers.
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SSA value numbering example (cont’d)

a0=
b0=
c0=
d0=

d2=*b3

c2=*a3

γ

β

β

b1=

a1=α
α

a2=

b2=

b4=

a3=    (a1,a2)

b3=    (b1,b2)

a5=    (a1,a0)

b5=    (b0,b4)

φ

φ

φ

φ

d3=*b5

c3=*a5

e3=*a5

Finally, b5 splits c3 from d3. Here, note
that we could have used either a5 or b5

to do the job. Asymptotic efficiency is
gained by choosing b5, because there
are fewer uses of that name than of a5.

In summary, the algorithm is as follows:

1. Let W be a worklist of blocks to be
used for further splitting.

2. Pick and remove (arbitrary) block D

from W .
3. For each block C properly split by D,

(a) If C is on W , then remove C and
enqueue its splits by D;

(b) Otherwise, enqueue the split with
the fewest uses.

4. Loop to step 2 until W is empty.
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Conclusions

� Much of the work in crafting a compiler has been automated, by parser genera-
tors, tokenizing tools, attribute grammars, and automatic code generators.
� Partly due to these tools, creating the runtime library now occupies a large portion

of compiler construction time.
� To understand and better appreciate the automatic tools, I believe in giving

students practice in creating some components “by hand”.
� It’s important to get all the way through code generation in a one-semester

course.
� I prefer to leave program optimization for a second course.
� In a projects course of this nature, one is often loathe to assign (or grade)

homework. I have found the following strategy works well: a Give out a list of
6 problems that the students should be able to work. One week later, give one of
the six problems as a quiz, where the problem is determined by the roll of a die.

aThanks to Ken Goldman and Sally Goldman for this idea.
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Possible course and project coverage

I’ve found that if one tries to cover all the parsing methods in sequence, then the
projects tend to fall behind because the necessary lectures haven’t been given.
My solution is to alternate between the two kinds of lectures. I’ve tried to develop
examples that serve as glue. One such example is the grammar that structures left
and right values. While this is a good introduction to type checking, the grammar
also illustrates the limitations of SLR parsing.

I begin with a few warm up assignments

1. The Chinese menu problem (10
days).

2. A finite-state machine problem,
such as a reserved keyword or table
generator (12 days).

3. Prefix expression evaluation, by re-
cursive descent and a simple YACC

grammar (2 weeks).

And then start the sequence of assign-
ments that leads to a finished compiler.

1. Symbol tables, starting with the C
grammar (2 weeks).

2. Abstract syntax trees (10 days).
3. Semantic analysis: left and right val-

ues, type checking (10 days).
4. Preliminary code generation: simple

expressions (10 days).
5. Final code generation (2–3 weeks).
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Some textbooks

Aho, Sethi, Ullman: Compilers: principles, techniques, and tools, Addison-Wesley,
1988 (affectionately called “The Dragon Book”). A long-time favorite in classes and as a reference

book. Good coverage of popular parsing methods, though Earley’s method is not presented. Good description of runtime

storage organization. No real connections are given to projects, and no tools are provided (but references to extant tools

are given). No real insight given on how to disambiguate a grammar.

Fischer and LeBlanc: Crafting a Compiler with C, Benjamin/Cummings, 1991. There are

actually two versions of this book, one with C and one based on ADA. This is an excellent textbook (my favorite), with excellent

coverage of parsing, semantic analysis, and code generation. The text meshes nicely with tools provided by the authors.

Mason and Brown: lex & yacc, O’Reilly & Associates, 1992. A good companion for the tools it

covers. I list this as an optional reference book.

Waite and Carter: An Introduction to Compiler Construction, HarperCollins, 1993. A

relatively new book, strong on code generation, but thin in parsing and semantic analysis. Biased toward the VAX instruction

set. A consistent well-integrated text. Very weak on grammars: the text uses syntax diagrams.

Waite and Goos: Compiler Construction, Springer-Verlag, 1984. A now-dated but good text,

fairly broad and not overly deep in any one area.

My favorite in teaching has been Fischer and LeBlanc. That book is currently
undergoing revision, which will merge the language-specific versions and include
much new material, for example on program optimization. I am joining them as a
coauthor in this revision.
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In summary

Sung to the tune:
“I am the very model

of a modern Major General”

We start with some descriptions of our languages fanatical
That specify the syntax and the attributes grammatical
Through Yacc and Lexx our BNF is processed quite dramatical
By front ends that we generate these parsers automatical.

They shift, reduce, and scrutinize our errors problematical
And sometimes honest programs get transformed into the radical
But what the heck we know our derivations are canonical
And you’ll admit our diagnostics are the most laconical.

And you’ll admit our diagnostics are the most laconical,
Yes you’ll admit our diagnostics are the most laconical,
Because we know our diagnostics are the most laconi conical.

Code motion, hoisting, commoning and all the transforms you’d expect
Your program’s faster even if the output isn’t quite correct.
But most of us believe our transformations are canonical
And you’ll admit our diagnostics are the most laconical.
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