





































































































































































































































































































5.1. OPTIMIZATION PHASE STRUCTURE

Phase A — Copy propagation.
Phase B — Partial redundancy elimination for expressions (backward code motion).

Phase C — Partial redundancy elimination for stores to both program variables and optimizer-

generated temporaries (forward code motion).
To the above, we add extra phases that perform the optimizations not yet included:
Phase D — Linear function test replacement.
Phase E — Induction variable climination.
Phase F — Register allocation.

Induction variable elimination (Section 3.7) cannot be included in phase C because the data
flow information used in solving for redundant induction variables has to be specially set up to

disregard increments to induction variables.

For completeness, we list the local optimization phase here since new local optimization

opportunities may be created by various code movements:
Phase G — Local optimization.

For maximum optimization efficiency, the diﬂ'érent optimization phases should be performed
only once. This, however, conflicts with the objective of achieving the most optimization, since
further optimization opportunities can be uncovered by performing a given set of optimization
transformations. Our objective is to develop a particular sequence in which the above opti-
mization phases are applied or repeated that represents the best tradeoff between optimization
efficiency and exhaustive optimization. We have io take into account the interactions between
the various optimizations and the need to update the relevant data flow information after each

optimization phase.

§.1.1. Underlying Principles

A program can be visualized as a sequence of points at which variables are alternately
defined and referenced. Let d denotes a direct assignment to a variable a and u denotes a direct
reference of a. Let u; denotes an operation which may potentially reference the value of a, and
d; denotes an operation which may potentially alter the value of a. d; and u; occur in indirect
loads (ILOD’s) and indirect stores (ISTR’s) respectively, and also in procedure calls due to side
effects, and in the passing of address pa.l;ametcrs to called procedures (see Section 5.4).

The optimizations of backward and forward code motion involve moving the u’s, d’s, u;’s

and d;’s around, although procedure calls are considered stationary points and never moved.
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5.1. OPTIMIZATION PHASE STRUCTURE

Embedded in the code motion algorithms of Chapter 3 are criteria for determining the movement
of items from one point to another. One of the criteria is the rule that governs the legality of
code movement: a u or u; item cannot be moved across a d or d; point, and a d or d; item
cannot be moved across a u, u;, d or d; point}. As an example, suppose the variable a has the

following occurrences in a straight-line piece of code:
d," ...‘ul...dg...ds...uq...'u." oo Ug.
Then a legal rearrangement of this picce of code is

d;,,..ug...dz...d,...us...u,-‘...ug.

Whenever tl_xere are two consecutive occurrences of d’s, the earlier occurrence is redundant.
This transformation takes place in the redundant store elimination algorithm of Section 3.5.
Thus, the above sequence of code can be reduced to

d,-‘...ul...da...ua...u.-‘...ug.

The u’s and d’s also govern the availability of computations, which plays a major role in copy
propagation and common subexpressions. An expression or assignment is no longer available
after the occurrence of a d or d; that changes the value of any of the variables in the expression
or the value of the assigned variable.

In the code motion optimizations of phases B and C, the above d’s and u’s occurrences are
what limit the code movement that can be attempted. Thus, in the code sequence

d;...‘u;...dz,

if dy had been moved backward (to the left) or deleted, it would be possible to move uy backward
past the original position of d,. Similarly, if d3 had been moved forward (to the right)or deleted,
it would be possible to move u; forward past the original position of d. The same reasoning

applies to the movement of a d in relation to the other u’s, u;’s, d’s and d;’s in its vicinity.

t When an item moved ists of multiple variables, the use-7sf of all the variables arc taken into account.

P
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5.1. OPTIMIZATION PHASE STRUCTURE
5.1.2. Relationships among the Phases

We now study the interactions among the phases A to G we cnumcrated above in order to
establish the best order of applying the various optimizations. The first observation we can make
is that register allocation should be the last phase in the optimization sequence, because it his to
take into account the appearances of all potential register-residing items, which are affected by all
the other optimizations. Among the register-residing items are optimizer-gencrated temporaries
whose associated optimizations are beneficial in terms of execution speed only if the temporaries
are allocated in registers.

Linear function test replacement (phase D) has to be performed right after backward code
motion (phase B), because it makes use of the availability information computed in that phzase in
finding expressions to replace a test variable. Induction variable climination (phase E) depends
on the test replacements performed, so phase E should occur after phase D.

Having taken care of register allocation, linear function test replacement and induction
variable elimination, we are left with copy propagation (phase A), backward code motion (phase
B), forward code motion (phase C) and local optimization (phase G). To study the interactions
among these four different optimizations, we construct Table 5.1.1. In each entry of this lable,
we need to decide whether the optimization of the row entry affects the optimization of the
column entry. Theoretically speaking, whenever an entry is yes, it is necessary to repeat the
column entry’s optimization after éach application of the row entry’s optimization in order to '
exhaust all optimization opportunitigs. ‘

Entry I(a). According to our lécal'optiinization algorithms, the local optimization pass
does all possible local optimizations within each basic block, and it is useless to repcat the

local optimization pass on itself.

Entry I(b), I(c) and I(d). Local optimization can affect all other optimizations. We
do not consider the optimization of local common subexpressions here, since it is a direct
result of inputing the program code. Constant folding and stack height reduction change
the structures of expressions. Expressions are mapped to their constant-folded and stack-
height-reduced forms, and these locally optimized forms of the expressions are used in global
data flow analyses. As we have mentioned in Section 3.1.2, local copy propagation cnables
more common subexpressions to be recognized, and also can create redundant assignments.
Thus, we make the local optimization phase in UOPT precede all other optimizations.

Entry II(a). Copy propagation merges expressions from outside the basic block into
expressions within the basic block. New local common subexpressions can be introduced.

The large cxpressions may cxhibit new oppox;tunities for constant folding and stack hcight
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5.1. OPTIMIZATION PHASE STRUCTURE

(a) Local (b) Copy | {c) Backward | (d) Forward
Optimization | Propagation | Code Motion |Code Motion
1. Local
Optimization No Yes Yes Yes
I Cop.y Yes No Yes Yes
Propagation
III. Backward
Code Motion Yes Yes No Yes
IV. Forward
Code Motion No ‘Yes Yes Yes

Does the optimization of the row entry brings in new

opportunities in the optimization of the column entry?

Fig. 5.1.1 Inter-relationships between the optimizations

reduction. In UQOPT, local common subexpressions are recognized after copy propagation
by re-hashing the newly formed expressions. Constant folding and stack height reduction
are repeated in the final code re-emission phase.

Entry II(b). The copy propagation algorithm of Section 3.4 does all possible copy prop-
agation for each basic block variable, and every' time a new expression is merged into a
basic block, the copy propagation algorithm is repeated recursively in the newly introduced

expression. Thus, it is unnecessary to repeat the copy propagation pass on itself.

Entry II(c). As we have mentioned in Section 3.4, common subexpression recognition is

a necessity after copy propagation for preventing the proliferation of copied expressions.

Entry II(d). One primary purposc of copy propagation is to create dead variables or
redundant assignments. Thus, a redundant store climination phase should always take
place after copy propagation.

Entry III(a). Backward code motion involves the deletion and insertion of expressions
at various points in the program. Expression structures are not altered. Any new local

copy propagation that can possibly be resulted could have been globally accomplished in
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5.1. OPTIMIZATION PHHASE STRUCTURE

global copy propagation. Any ﬁew local common subexpression that results from the inser-
tions would have already been recognized as such by our backward code motion algorithm.
Backward code motion cannot result in new store redundancy in the program variables.
However, backward code motion does create new opportunities for l;)cal copy propagation,
which we explain under entry III(b).

Entry III(b). Backward code motion does not usually create new opportunities for copy
propagation, because the movement of the expressions does not alter the solution for the
availability of assignments, represented by Eq. (3.4.1). An exception is in the case of
induction expressions, where in the original code the incremer.ts to the induction variables
prevent copy propagation from taking place. After an induction expression is moved to a
loop header, an assignment to the induction variable may be available there so that new
copy propagation can occur. For example, in Fig. 3.7.1, the induction expression & x 3 is
constant propagated to 1 x 3 and then folded to 3 after code motion has taken place.

Entry ITI(c). Backward code motion involves the movement of both the d’s and the ws.
In the code sequence

..d;...ul...,‘

after dy has beéen moved to the left, #; can be moved to the left past the original position
of dy. This movement of u; past the original position of dy cannot be done concurrently in
one pass of our backward code motion algorithm, since the deletion of dy from its original
position is not done until the end of the pass. The movement of d; to the left must be due
to some store partial redundancy in the variable. This means that some d nccurs to the left
of dy, and the presence of this earlier d implies that the same form of partial redundancy
that moves d, to the left cannot occur to u; after the movement of d;. Thus, we conclude
that, in the above code, if d; has been moved to the left, repetition of our code motion
algorithm will never result in moving u; to the left past the original position of dy. The
same argument applies to the code sequence

..ul..‘dl....

Thus, there is nothing to gain by rcpeating the backward code motion pass on itself.

Entry III(d). Backward code motion involves the backward movement of u’s, u;’s, d’s and
d;’s, and forward code motion involves their forward movement. Thus, the optimizations of
these two phases are mutually restricting, and no new forward code motion optimization can
be brought about by backward code motion. Even when some redundant expressions are

deleted, no new redundancy in stores can be resulted, since the redundant cxpressions are
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Fig. 5.1.2 Effects of redundant store elimination followed by further forward code motion

deleted at points where some earlier occurrences of the expressions are available. However,
our forward code motion phase also eliminates redundancies in the saving of temporaries,
and these temporaries are generated by the backward code motion phase. Thus, a forward
code motion pass should always take place after the backward code motion phase.

Entry IV(a). Forward code motion is not likely to introduce new opportunities for local
optimization. It involves the movement of assignments together with their assigned ex-
pressions. It does not alter expression structures. Any new local copy propagation could
have been globally performed in the global copy propagation phase. Any new local com-
mon subexpression could have been recognized as global common subexpression in the
backward code motion phase. Any new local redundant assignment could also have been
globally suppressed earlier.
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Fig. 5.1.3 Effects of redundant store elimination followed by further forward code motion

Entry IV(b). Forward code motion‘ does not create new occasions for copy propagation,
since the code motion does not influence the solution of Eq. (3.4.1). However, copy prop-
agation for the temporaries creatcd in other optimizations is possible after forward code
motion. In Fig. 3.10.1(c), copy propagation of the temporary ¢ is possible. This optimiza-
tion is not performed in UOPT since such cases do not frequently occur and they do not

considerably affect execution time.

Entry IV(c). As we have mentioned under entry II(c), the code movements in backward

code motion and forward code motion are mutually restricting when no deletion is involved. .

However, when deletion of d’s, d;’s, u’s or u;’s takes placet, backward code motion can
benefit because larger gaps for code movement are made possible. For cxample, in Fig.
5.1.1, the deletion of the redundant j «— 2+ (a u in t) enables 1 — 5 (a d in 1) to be
moved out of the loop. The decletion of a d is possible only when the next occurrence is
another d, so the backward movement of any u further down cannot be affected. But the
example shows that a store redundancy elimination phase can create more opportunities
for backward code motion.

Entry IV(d). The reasoning similar to that of entry III(c) is also applicable here. However,
in the current case, dcletions involve deleting both the redundant stores and the right-hand-
side assigned expressions. The assigued expressions may contain u’s that previously obstruct

the forward movement of the corresponding d’s. For example, in Fig. 5.1.2, the deletion

1 The delction ‘of assig ts are uni in that both the left and right hand sides are eliminated. The left

hand side is a d for the assigned variable, and the right hand side may consists of w's for other variables.

The data flow solution in forward code motion that leads to the deletion of stores is dependent only on the

data flow attributes of the left hand sides of stores, aud is independent of the data flow attributes of the
right hand side expressions.
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5.1. OPTIMIZATION PHASE STRUCTURE

of i « j+1 (a u in j) cnables the forward movement of j «— 7 (a d in j) to remove a
store partial redundancy in j. The deleted store may also facilitate the forward movement
of assignments whose assigned' expressions contain uses of the variables whose stores are
deleted. For example, in Fig. 5.1.3, the deletion of j +— 2 (a d in :1) enables the forward
movement of ¢ — j + 3 (& u in j) to remove. a store partial redundancy in i. Thus, it is

useful to repeat the forward code motion phase on itself.

5.1.3. The Actual Optimization Phases

We now construct a practical optimization sequence according to Table 5.1.1 and our dis-
cussions related to this table. As we have mentioned earlier, local optimization is applied while
inputing each basic block. Because copy propagation and backward code motion can affect
local optimization, we repeat local copy propagation and constant arithmetic in the final code
re-emission phase. :

Because copy propagation affects both backward code motion and forward code motion
(entries II(c) and II(d)), it is best performed as the first global optimization phase. Under entry
IV(c), we have concluded that a store redundancy elimination phase is beneficial for backward
code motion. Thus, after copy propagation, we conduct a store redundancy elimination phase.
This -phase does not perform full forward code motion optimization since this is done in a later
phase. Next, we perform backward code motion. Immediately following backward code motion
is linear function test replacement and then induction variable elimination. The final global code
optimization phase is forward code motion, which takes into account the expression tcmporaries
generated in the backward code motion phase and the induction variables eliminated in the
induction variable elimination phase. Register allocation concludes the global optimization
phases.

We now list the complete sequence of events in the optimization of a procedure by UOPT:

Phase 1 — Input of the procedure code and performance of local optimization on a block by
block basis.

Phase 2 — Collection and setting up of data flow information.

Phase 3 — Processing of the program control flow graph.

Phase 4 — Copy propagation.

Phase 5 — Elimigaticn of redundant assignmenta.

Phase 6 — Partial redundancy climination for expressions by backward code motion. (This
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5.1. OPTIMIZATION PHASE STRUCTURE

includes global common subexpressions elimination, loop-invariant expression re-
moval and strength reduction.)

Phase 7 — Linear function test replacement.
Phase 8 — Induction variable elimination.

Phase 9 — Partial redundancy elimination for stores to both program variables and optimizer-

generated temporaries by forward code motion.

Phase 10 — Global register allocation and assignments, and allocation of storage to temporaries

not residing in registers.

Phase 11 — Emission of optimized code, with further local transformations applied to a few

op-codes.

To recognize the relationship displayed in Table 5.1.1, our requirement is that, for cach yes
entry in the table, there must be an occurrence of the optimization of the corresponding column
a&er the occurrence of the optimization of the corresponding rowt. The above optimization
sequence in UOPT obeys our requircment with the exception of entries III(b) and IV(b). Notice
that the extra redundant assignment elimination pass of phase 5 has taken care of entries IV(c) -
and IV(d). Entries II(a) and II(a) are taken care of by the extra local optimizations performed
during the final code emission phase. The ignorance of entry III(b) results in induction variable
moved out of loops not being globally constant propagated. However, in most cases, the constant
propagation of these induction variables is local in nature, and this is taken care of in the code
emission phase.

Updates of all data flow information are necded for the code transformations done in phases
4 and 5. After phase 6, only the data flow information related to stores needs to be updated.
Global data flow analysis is performed in phases 4, 5, 6, 8, 9 and 10. These different optimizations
require different kinds of global data flow information. Also, since the global data flow attributes
may be affected by each update, it is necessary to re-compute the relevant global data flow
information cach time prior to its use.

UOPT can potentially be re-invoked to conduct another optimization pass over its own
optimization output to further exhaust the optimization opportunities. In such a second opti-
mization pass, the new optimization opportunities that can be recognized will be very marginal,

not only because most of them have already been performed, but also due to the numerous

t To fully implement Table 5.1.1, it is neccssary to-to apply this rcasoning for the repctition passes also, but
we regard this as overkill.
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5.1. OPTIMIZATION PHASE STRUCTURE

NSTR’s introduced that prevent the construction of complete trees. The items allocated in reg-
isters also need to be remapped to regular storage. To re-run UOPT over its own optimized

output, it is currently necessary to turn off the register a_llocation option in previous runs.

5.2. Timings of the Optimizaﬁion Phases

The execution times of the various optimization phases in UOPT have been measured on
a set of input benchmark programs. The approximate times spent in the different phases,
expressed as percentages of the total optimization time, are as follows:

Phase 1: 5~ 10 %.
Phase 2: 25 - 30 %.
Phase 3: negligible.
Phase 4: 5-7%.
Phase 5: 2 %.
Phase 6: 10 - 15 %.
Phase 7: negligible.
Phase 8: 2-3%.
~ Phase 9: 10 - 15 %.
Phase 10: 20 - 25 %.
Phase 11: 5-10 %.

All the above optimization times. are reasonable, except perhaps phase 2. The main reason
why phase 2 is time-consuming is that, for each variable, expression or assignment that occurs
in the procedure, it is necessary to check whether it is affected by the code of each individual
basic block, regardless of whether it occurs in the basic block or not {Section 5.4). Thus,
the complexity of this phase is of the order of the total number of variables, expressions and
assignments in the procedure, which is the length of the bit vectors, times the total number of
basic blocks.

The total amount of time spent in data flow analysis has also been measured. There
are altogether 15 separate data flow analysis steps among all the phases. It is found that
approximately 10 — 17 % of the total optimization time is spent in performing data flow analysis.

The average number of iterations needed in performing each data flow analysis is 3.

Because quite a number of operations in the various phases are of the order of complexity
of the total number of variables, expressions and assignments in the procedure times the total
number of basic blocks, the time taken to optimize a procedure is approximately proportional

to the square of the procedure size.
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The data structures in UOPT are designed to represent the executable code of a complete
procedure while performing optimizations. Since a procedure can be ol arbitrary length, the
data structures have to be space-efficient to accommodate large procedures. The data structures

should also allow the various operations during optimization to be performed efficiently.

5.3.1. Data Structures for Global Optimization

For the purpose of recording program code, hash tables and linearly linked lists of statement
nodes are used. A node in the linear list represents the equivalent of a statcment in the source
language. The order of appearance of the statements in the input program is preserved in the
linked list. The hash tables are for representing expressions in the form of triples (op,l,r).
Hashing of the table entries allows fast retrieval of the entry for a given cxpression in the
construction of DAG’s.

Two hash tables are used in UOPT. The local hash table contains all the expressions in the
whole procedure. Apart from representing code, it also plays a crucial role in the recognition
of local common subexpressions, since expressions exist in the table in the form of DAG’s
(Section 3.1.1). Each entry gives the basic block in which the item occurs. The same variables
or expressions from different basic blocks are mapped to different table entrics, so that any
common subexpression recognized is limited to within the same basic block. Expressions in
the local hash table are pointed to from the statement nodes that reference them. The list of
statement nodes together with the local hash table gives the complete code of the procedure

being optimized.

The global hash table is used to record the variables or expressions that exist in the proce-
dure. One of its uses is to give the unique bit vector position assigned to each data flow item.
Unlike the local hash table, each variable or expression is given a unique entry, regardless of
where and how many times it occurs in the procedure. Although it is also in the form of DAG’s,
it is not used for recognizing common subexpressions. The DAG characteristic, which is due
to the hashing nature of the table, also allows a smaller number of entrics to be used in the
case of tree expressions with commonly nested subtrees. An additional column in the global
hash table gives the entry number of the item assigned to each bit position. Thus, from the
assigned bit positions, the aggregate of all the variables and expressions that have appeared in
the procedure can be accessed. An entry in the global hash table can be regarded as the image
of many different entries in the local hash table, which are of the same variable or expression
but belong to diffcrent basic blocks. Thus, the global hash table is of a fraction of the size of
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the local table. Each entry in the local hash table has a pointer field that gives its image in the
global hash table.

The control flow graph of a procedure is represented by a list of graph nodes. Each node
corresponds to a basic block in the procedure, and has a list of predecessor nodes and a list of
successor nodes. The predecessor and successor relationships together give the control structure
of the procedure. The list of statement nodes for each basic block originates from the corre-
sponding graph node in the control flow graph. Each basic biock node also gives information
about the state of register usages in that block.

Data flow analysis in UOPT is perforn;ed by bit vector operations. The total number of bits
used depends on the number of different variables and expressions that exist in the procedure.
Bit vectors are implemented by linked lists of sets in Pascal so that the lengths of bit vectors
used are not restricted. As a result, a bit vector operation corresponds to multiple set operations
for individual sets in the bit vector lists. The efficiency of bit vector operations depends on the
maximum set length that the host machine can handle in a single machine operation. A bit
vector gives information about a certain data flow attribute at a given basic block. To provide
information about an attribute throughout the procedure, there has to be one bit vector per’
basic block for the data flow attribute. Since the bit vectors are used mainly in data flow analysis,
they are closely related to the coutrol flow graph. Thus, the bit vectors for the different data
flow attributes also originate from the basic block nodes in the control flow graph.

The basic block nodes also have other bit vectors that give details about the changes to be
made to the code in the basic blocks as the results of global optimizations. Computations to be
inserted at the entry and exit of each basic block are indicated by two INSERT bit vectors, and
computations to be deleted in the basic block are given by the DELETE bit vector (Section 3.5
and 3.10). The final code re-emission phase will generate the optimized output according to the
contents of these bit vectors. While these b1t vectors have been the direct results of our global
optimization algorithms, this method of representation is also space-cfficient, since bits rather
than actual code-representing data structures are used. The overhead in manipulating the data
structures in code insertions and deletions is also saved.

5.3.2. Data Structures for Register Allocation

Register allocation determines the items to reside in register at any point in the program
code. The smallest segment of code over which an item is assigned to a register is a basic block
in the control flow graph. Each basic block node contains information about the availability of

the register resource for cach register class in the basic block during and after register allocation.
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Before register allocation begins, the live ranges of all potential registes-residing items have
to be determined by data flow analysis (Section 4.5). At the end of the data flow analysis, an
ACTIVE bit vector in each basic block node indicates the variables and expressions whose live
ranges cover that basic block. Inside a given basic block, only these active items need to be
considered for possible assignment to registers. We refer to each pair of basic block and active

item as a live unit.

Although the live ranges of the variables and expressions are alreédy given in the ACTIVE bit
vectors of the basic block nodes, such a representation is not adequate for supporting the various
manipulations during register allocation. Additional data structures to represent individual live
ranges and individual live units are necessary. A live range node represents a live range for a
variable or expression. Each entry in the global hash table points to a list of the live range
nodes corresponding to all its separate live ranges in the procedure. Since only one live range is
assumed for each item initially (Section 4.8), only one live range node is created at the beginning
of register allocation. As live ranges are split in the course of register allocation, new live range
nodes are created and linked together in the lists. Before register allocation, each variable or
expression is assigned a unique bit position. These bit position assignments are also used for
the unsplit live ranges at the start of register allocation. As new live ranges are formed from
splitting, they are assigned new, unique and unused bit positions to indicate that they are now

considered separate from their parent live ranges.

Each live range node points to a ﬁst of live unit nodes that represents the individual live
units belonging to the live range. Each live unit node contains register allocation information
for the item in a basic block. This iﬂcludes the number of local uses and assignments of the
item, and information as to whether the first appearance is a store, and whether the item is
dead on block exit. According to whether the predecessors and successors belong to the same °
live range, two flags also indicate whether RLOD and RSTR nced to be generated at the block
entry and exit respectively if the item ig allocated in register. An additional field tells if the
item has been locally allocated to register in the local register allocation phase.

Each live range node contains other information related to register allocation. All the basic
blocks covered by the live range are given by a set of basic block numbers. The saving estimate
that indicates the saving achieved if a register is assigned to the live range, which is computed in
the node coloring algorithm (Section 4.8), is also given. A field also indicates if a color (register)
has been assigned to the live range.

The interference graph is given using pointers among the live range nodes. Each live range
node has a list of interference pointers that point to the live range nodes interfering with it. To

sce whether two live ranges interfere, it is only nccéssary to check whether they contain common
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basic blocks. This can easily be found by computing the intersection of the two sets of basic
block numbers in their live range nodes and checking whether the result is an empty set.

In implementing the node coloring algorithm of Section 4.6, bit vectsrs are used in separat-
ing all the live ranges into pools. For example, bit vectors are used to indicate the items that
are candidates for each class of registers. Another bit vector gives the unconstrained versus the
constrained live ranges. During the node coloring iterations, ano'ther bit vector gives the items
that have so far been allocated to registers. This method of processing is storage-efficient, and
also reduces the overhead in moving data structures around.

At the end of register allocation, the final register assignments are given in tables in the
basic block nodes, with one table entry for each register in the target machine. The register
tables also indicate whether RLOD’s and RSTR’s are necessary. In the final code re-emission
phase, these tables are referenced to generate the appropriate register code for items residing
in registers. Registers not used by the optimizer throughout the procedure are indicated in the
output so that they may be used by the code-generating back-ends. .

5.4. Collection of Data Flow Information

In Secﬁon 3.3,.data flow information is classified into local attributes and global attributes.
Local attributes are the data flow information that can be collected by looking at the code of a
basic block. Global attributes are the data which have to be computed by data flow analysis.
In this section, we focus on the collection of the local attributes.

Data flow information depends on the memory relationships among the storage items in a
program, and the sequence in which the uses and stores of the items occur. In Section 5.1, we
have referred to these appearances as u’s, d’s, u;’s and d;’s. We divide memory references into
four categories:

(i) Direct loads of simple variables — This corresponds to the LOD instruction.

{ii) Indirect loads with known source range — This comes from the uses of the ILOD and the
indirect comparison operators whose base addresses are given by the LDA instructions. The
passing of a reference parameter is also regarded as an indirect reference, and so is included
in this category. This corresponds to a PAR instruction with an address parameter based
on an LDA instruction. '

(iii) Indirect loads with unknown source range — This comes from the uses of the ILOD and the
indirect comparison operators whose base addresses are loaded from locations in memory
or are the results of function calls. The passing of a refercnce ;;arameter whose address is
formed the same way is also included.
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(iv) Procedure calls — A called procedure can reference variables at the lexical levels that

surround it (up-level references).

The indirect comparision operators are IEQU, INEQ, IGRT, IGEQ, ILES and ILEQ. Each of
them involves two indirect references. Associated with the LDA instruction are two ficlds that
specify the lower and upper limits of the address range within which the resultant address of
any address computation that ensues can possibly lie. This information can casily be supplied
by the compiler.

In a similar way, memory assignments are classificd into four categories:
(a) Direct stores to simple variables — This corresponds to the STR instruction.

(b) Indirect stores with known target range — This occurs with the uses of the ISTR, INST, MOV
and VMOV instructions whose base addresses are given by the LDA instruction. The passing
of a reference parameter can also involve a potential store to the passed parameter in the
called procedure, and is also included.

(c) Indirect stores with unknown source range — This comes from the uses of the ISTR, INST,.
MOV and VMOV and the indirect comparison operators whose base addresses are loaded from °
locations in memory or are the results of function calls. The passing of a reference parameter
whose address is formed the same way is similarly included.

(d) Procedure calls — A called procedure can store to aﬁy variable at the lexical levels that
surround it. ’ )

In collecting data flow information, we are concerned with whether a memory reference
(categories (i), (ii) and (iii)) is affected by the memory assignments (categories (a) to (d)) in
the region concerned, and whether an assignment (categories (a), (b) and (c)) is affected by
the memory references and assignments (categories (i) to (iv) and (a) to (c)) in the region
concerned. The kinds of operations to be taken into account depend on the actual definition
of the local data attribute being considered (Section 3.3.1). In all cases, a memory rcference
affects (or kills) a memory assignment, and vice versa, if the two operations can possibly involve
a common memory location. '

Table 5.3.1 summaﬁzes the rules for determining if a memory reference and a memory
assignment can kill each other for each combination of reference and assignment categories.
All available information is used in trying to effect as little kills as possible, since the killing
operations restrict the optimization opportunitics that can be unfolded. The explanations of

the rules are as follows:
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(a) Direct Store

(b) Indirect Store
{Range Known)

(c) Indirect Store

{Range Unknown)

(d) Procedure
Call

(i) Direct Load

Check Overlap

Check Overlap

Block no. of (i)
# Current Block

Level of (i)
encloses Called Proc.

(ii) Indirect Load

Check Overlap

Check Overlap

Block no. of (ii)

Level of (ii)

(Range Known) # Current Block |encloses Called Proc.
(iii) Indirect Load| Block no. of (a) Block no. of (b)
{Range Unknown) # Current Block # Current Block Always Kill Alwa.ys Kill
(iv) Procedure Level of (a) Level of (b)
) Always Kill | (Not Applicable)

Call

encloses Called Proc.

encloses Called Proc.

Table 5.3.1 Rules for the killing between memory references and assignments

— When the source range of the memory reference and the target range of the assignment
are known, it is only necessary to check whether the two ranges overlap. Entries (i-a), (i-b),
(ii-a) and (ii-b) of the table fall under this rule.

~ When either the source rangé of the memory reference or the target range of the as-
signment is unknown, the unknown range must not be from the local memory area of the
current procedure. If the known range is from the local memory area, then it is certain
that the two ranges do not overlap. Otherwise, it is possible that they overlap. This covers

entries (i-c), (ii-c), (ili-a) and (iii-b).

— When both the source range of the memory reference and the target range of the as-
signment are unknown, they must both be outside the local memory area of the current
procedure. No information is available to determine whether the source and target ranges

aoverlap, so it has to be assumed that they kill cach other. This covers entry (iii-c).

~ When a source or target range is known, a called procedure can refercnce or alter a
location only if the address is at a lexical level that encloses the called procedure. This fact
is used in determining whether a procedure call can affect a memory reference or assignment
in entries (i-d), (ii-d), (iv-a) and (iv-b).

- When a source or target range is unknown, then a procedure call is assumed to affect it.
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(b) Indirect Store |(c) Indirect Store | (d) Procedure
(a) Direct Store (Range Known) (Range Unknov;n) Call
(i) Direct Load General Equivalence Alias Side Effects
(ii) Indirect Load
(Range Known) Equivalence’ General Alias Side Effects
(i) Indirect Load
(Range Unknown) Alias Alias General Side Effects
(iv) Procedure )
Call Side Effects Side Effects Side Effects | (Not Applicable)

Table 5.3.2 Table of conditions for the occurrences of the killing relationships
This relates to entries (iii-d) and (iv-c).

Table 5.3.2 gives the circumstances that bring about the occurrences of the table entries.
Entries (i-b) and (ii-a) occur when a simple variable is within the range of an array, which can
only be brought about by equivalences. In cntries (i-c), (ii-c), (iii-a) and (iii-b), we want to
guard against the possibility that the same location is accessed both directly and indirectly,
which happens in association with aliases. Killing due to procedure calls is necessary because

of side effects. The other entries do not occur under specific circumstances.

The above rules apply only in the absence of inter-procedural data flow analysis. By
taking into account possible candidates to be associated with the formal parameters and also

the contents of called procedures, it is possible to eliminate many unnecessary kills among the
memory references and assignments.

An additional data structure is used to represent the presence of the above memory refer-
ences and assignments which affect data flow. Each basic block node points to a list of kill-nodes
consisting of the u’s, u;’s, d’s and d;’s in their order of appearances in the code of the basic
block. To determine whether an item is altered by the code of a basic block, it is only neccessary
to go through this list to check whether any clement in the list kills the item. To determine

whether a locally occurring item is anticipated at the basic block entry, it is only necessary to go
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throdgh the part of the kill-list that preccdes the item in the basic block. To determine whether
it is available at the block exit, the part of the kill-list that succeeds the item is used. These

kill-nodes have to be updated on deletions and insertions in the course of optimization.

5.5. Effects of Procedure Integration

A procedure integrator, called PMERGE, has been implemented on U-Code at Stanford.
Procedure integration is an optimization because it improves program running time by reducing
the overhead in procedure calls, returns and the associated parameter passing. When invoked,
PMERGE selects procedures in a program whose code is copied in-line at points at which they
are called. With procedure integration, there is an associated cost in the increase in the total
code size of the program. This cost does not apply for procedures that are called only once in
the program.

We are maihly interested in how the procedure integrator affects the optimization perfor-
mance of the global optimizer when they are used together. By invoking procedure integration
as a pre-pass, the global optimization opportunitics can be substantially increased, since the.
optimizations are performed one proce'dﬁre at a time. It is expected that the total reduction in’
execution time will be greater than the sum of the two separate reductions when they work in
isolation.

Procedure integration can bring in new global optimization opportunities in the following
ways: ’ '

1. Since a procedure becomes larger, the optimizer can take into account a greater segment of
code in looking for global optimization opportunities. All the optimizations performed can
benefit.

2. By eliminating procedure calls, the optimizer can save the killing of many variables that
arise out of the cails. Thus, computations can become available over a larger range. More
redundant assignments and dead variables can be exposed. Computations can also be

moved over greater distances since their movement is no longer hindered by the calls.

3. Copy propagation will dereference the parameters in the merged calls, so that more infor-

mation is available when optimizing the code of the merged procedures.

4. Code in the merged procedures can be moved outside to the caller. This is especially
beneficial when the merged call occurs in a loop and the merged procedure contains loop-

invariant computations or strength reduction candidates.
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5.5. EFFECTS OF PROCEDURE INTEGRATION

5. The bencfits of register allocation are substantially improved since the overhead of memory
updates, the saving of registers before procedure calls and their re-loads after the calls can
be eliminated. Registers can also be zllocated over larger ranges of code that include the
text of merged procedures.

The last point is particularly important in the case of common subexpressions occurring
across procedure calls. Mauy common subexpressions can save execution time only if their values
are saved and re-used in registers, because the cost of accessing main memory may exceed the
cost of their re-computations. Procedure calls occurring between the common subexpressions
can inhibit the use of registers to store their values, so that the full benefits of recognizing these

common subexpressions cannot be derived.

There is a minor disadvantage thaf arises out of the use of the procedure mcrger with
regard to optimization. When a procecdure is integrated into the caller, its local variables are
merged into the stack frame of the calling procedure. If the caller contains other procedure
calls at some later points that cannot be merged, then these calls will prohibit the recognition
of dead variables and redundant assignments in the merged procedure, which could have been
recognized if the procedure is unmerged. In spite of this, the advantages of using a procedure
integration pre-pass far ~utweigh this occasional disadvantage.
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6. Performance Evaluation

In this Chapter, we study the performance of UOPT with respect to the optimizations
performed and their effects on real machines. Using one machine as a main example and a set of
benchmarks, the frequencies and contributions of the different optimization transformation are
analyzed. The effects of some program and machine parameters on optimization performance
are also cxam{ned. Then, we investigate the effects that the same machine-independent opti-
mizations at the intermediate code level have on a variety of machines. The machines considered
are the DEC 10 [Stan76], the 68000 [Moto80], the VAX [Digi81], the MIPS {Henn82c|, the FOM
[Bran82] and the S-1 [Hail79] [Livi83]. Using actual timing measurements, the differing im-
provements in the target machines are compared. We evaluate some machine characteristics
and discuss how these characteristics interact with the different optimizations performed by
UOPT and influence the ways that the optimizations are reflected in the underlying machine
code. Finally, we give some general comments about the role played by machine-independent op-.
timization and its relationship with all the other possible optimizations in real-world machines.
Although we assume throughout that U-Code is the intermediate code, most of the remarks in
this chapter also apply under more general compilation and machine-independent optimization
environments.

6.1. Analysis of Optimization ‘Performance

In this section, we study the coﬁtributions to overall performance of the different optinﬁza.-
tion phases in UOPT. A set of benchmark programs are run through the optimizer, and their
optimized running times compared with their original running times. These benchmark pro-
grams are standard application programs, with minimal calls to un-optimizable external routines
and runtimes. Inputs and outputs have been eliminated so that their execution is not affected
by external devices. These studics are done on the DEC 10 target machine. The corresponding

results for other machines are given at appropriate places to supplement the discussions.

Here is a brief description of the benchmark programs. All but the last two are in Pascal.

Perm — A program that computes permutations with recursions.

Tower — A program that solves the Tower of Hanoi problem. It is written in 120 lines of
Pascal code.

Queen — A program that solves the Eight Quecens problem. It contains a single recursive
procedure.

Intmm — A program to compute the product of two integer matrices.

Mm — This program is identical to Intinm cxcept that the matrices are in real numbers.

°
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6.1. ANALYSIS OF OPTIMIZATION PERFORMANCE

Puzzle — A compute-bound program that solves a puzale about packing blocks into a cube.
1t contains 4 procedures and a main program in 160 lines of Pascal code. One of the
procedures is recursive.

Quick — A program that performs the Quick Sort.

Bubble — A program that performs the Bubble Sort.

Tree — A program that performs the recursive Insertion Sort on a binary trce and checks

the correctness of the insertions.

Fft — A program to perform the Fast Fourier Transformation. It is written in 250 lines of
Pascal code.
Sieve — A program that compute the first n prime numbers using the Sieve of Erastosthenes.

It contains only a main program with loop.

Quick2 — A second program that also performs the Quick Sort, but written in Fortran. There
is no direct relation to the above Quick written in Pascal. In particular, it is not
fccur_aive. )

Inverse — A program written in Fortran that computes the inverse of a matrix and verifies the

result by multiplying back to form the unit matrix.

Table 6.1.1 shows the improvement in the running times of these benchmark programs on -
the DEC 10 using only PMERGE, only UOPT and a combination of the two. Some of the
programs do not have procedures that can be integrated. Procedure integration is especially
effective in reducing execution times in programs Perm, Tower, Bubble and Tree. In Perm
and Tree, where the programs consist of mainly short procedures and numerous procedure
calls, global optimization is not effective without-procedure integration. The improvement in
execution times shown in row 3 always exceeds the product of the improvement shown in rows
1 and 2.

The optimization in Mm is not as good as that in Intmm because constant arithmetic,
linear function test replacement and strength reduction are not performed on real numbers, and

the floating point operations have greater dominance of the running time.

6.1.1. Analysis by Statistical Counts

To analyze the usefulness of each optimization transformation, we have specifically set up,
in UOPT, counts of the number of instances that each transformation is performed in the course
of optimizing each program. Table 6.1.2 shows these statistics for the versions of the programs
that have been procedure-integrated. Although the data shown are those for DEC 10 U-Code,
they do not vary widely among different target machines. Due to the way we perform global

optimizations, it is not possible to separate out the different kinds of optimizations in the way
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Program Perm | Tower Queen' Intmm | Mm | Puzzle | Quick
o onamirmaostime | 15 | &8 [ % | & | 48 | 63 | 4%
e vt pose | 2 | 0 | O | G | | 0m | 08
2. Time wing only Uopt (o) | Cow | com | 3 | G | G | oo
i vyt 183 | (3| 05| | | 2 |
Program Bubble | Tree Fft Sieve | Quick2 | Inverse | Average
0. Orignalrumning time . | G0 | 4% | &% | &% | do | &% | (0)
1. Time using only Pmerge | 075) | (a3 | (o) | Go | uo | Go | (90
2 T gy Uopt | 3| 8| 1 | 2 | g | am | (e)
3. Time using Pmerge and Uopt ﬁf& (122) (’ 53,") (’6"’45) ('?3702) (2!?05) {.55)

Running times in Seconds
(Normalized running times in parentheses)

Table 6.1.1 Optimized and un-optimized running times

they are generally visualized. The number of instances of code motion can be approximated as
the number of insertions (row 5). However, these insertions are not only due to loop-invariant
code motion, but to partial redundancy suppression as well. The number of redundant expres-
sions can be taken as the number of deletions (row 6), but the deletions actually include those
made redundant after the insertions. Also, we cannot directly count the number of strength
reductions since they are performed as part of code motion. These same comments apply to

estimating the number of optimizations related to stores.

From Table 6.1.2, it can be seen that, with the exceptions of local redundant assignment
elimination (row 2) and linear function test replacement (row 7), all the optimization transforma-
tions occur quite frequently. Especially important are local and global common subexpressions,
code motion and constant expression computation. Most of the constant cxpressions come
from address collapsing in array offset computations. Common subexpressions, code motion

and induction expressions also frequently occur in association with address expressions. Copy
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Program Perm | Tower | Queen |Intmm | Mm | Puzzle | Quick
1. # of local common subexpr. 8 30 3 14 14 22 19
2. # of locally redundant assignments | 0 0 0 | 0 0 1 0

3. # of constant arith. . 4 11 13 21 21 83 21
4. # of global copy propagations . 2 15 0 S 5 18 30
5. # of backward code motion insertions | 4 10 6 20 21 42 5

8. # of backward code motion deletions 8 21 16 22 23 51 80
7. # of test replacements 2 0 1 4 4 2 0
8. # of globally redundant ausignmr;nts 7 22 2 5 5 11 14
9. # of forward code motion insertions 0 4 2 0 0 3 4
Program - Bubble| Tree Fft Sieve |Quick2 |Inverse| Total
L # of local common subexpr. 4 3 92 2 4 15 | 230
2. # of locally redundant assignments | 0 0 0 0 2 0 3 '
3. # of constant arith. 8 1 51 2 27 20 283
4. # of global copy propagaticn 3 18 18 1 1 1 117
5. # of backward code motion insertions 7 1 15 2 25 17 175
6. # of backward code motion deletions 11 15 18 4 27 25 321
7. # of test replaccments 1 1 2 1 1 0 19
8. # of globally redundant assignients 4 11 17 1 1 1 101
9. # of forward code motion insertions 1 0 0 0 8 1 23

Table 6.1.2 Optimization statistics

propagation often occurs with the parameters of procedures that have been integrated into the
callers. There is a strong correlation between the number of redundant assignments (row 8) and

the number of copy propagations, since the latter transformation often gives rise to non-live

.
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Program l Perm | Tower | Queen |Intmm| Mm | Puzzle | Quick
% of var. references in registers .85 40 .76 .95 .95 94 .67
% of var. assignments in registers| .70 .23 72 96 | .96 a7 7
Program Bubble| Tree Fft Sieve 'QuickZ Inverse | Average
% of var. references in registers 91 |, .78 .87 .87 .62 .71 7
% of var. assignments in registers| .92 .74 .80 .89 .62 75 .76

Table 6.1.3(a) Static register allocation statistics in the DEC 10

Program Perm | Tower | Queen |Intmm| Mm |Puzzle | Quick
% of var. references in registers .94 72 .90 .96 .96 .95 .80

% of var. assignments in registers| .95 .58 1.0 .95 .95 a7 .80
Program Bubble| Tree Fft Sieve |Quick2 | Inverse | Average|
% of var. references in registers | .90 | .79 | .93 86 | .74 | .88 .87

% of var. assignments in registers| .91 .80 .83 .88 7 .94 .86

Table 6.1.3(b) Static register allocation statistics in the 68000

variables.

Table 6.1.3 displays the register allocation statistics for the benchmark programs. It shows
the percentages of variable references and the percentages of variable assignments that are in
registers. The data are obtained by static counts in the optimized programs. The dynamic
counts are expected to be better, since the register allocator in UOPT takes loop-nesting depths
into account. Since all the program procedures are fairly small, the data may not be typical of

those obtained in large procedures.

The DEC 10 uses the caller-save linkage convention, and the DEC 10 code generator allows
UOPT to allocate up to 9 registers. Most of the programs do not use up all the registers. It
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is the nature of the programs that dictates the percentages of variables allocated. Programs
that have many procedure calls (e.g. Tower) tend to diminish the percentage allocated because
the numerous instances of register saves and re-loads around procedure calls tend to increase
the cost of the allocations. These calls are frequently standard function calls that cannot be

merged.

The register allocation statistics for the 68000 is markedly different from that for the DEC
10, which is due to the use of the callee-save linkage convention in the 68000. The percentages
of variable accesses allocated in registers in the 68000 are always greater than those in the DEC
10, since register saves and re-loads do not occur around procedure calls, so that the cost of
allocating to registers does not increase due to procedure cails. Tables 6.1.3(a) and (b) show
that the linkage convention concerning the handling of registers does affect register allocation.
The 68000 code generator allows UOPT to use up to 6 data registers and 4 address registers,
out of the 8 data registers and 8 address registers available.

6.1.2. Analysis by Partial Optimization

Another method we can use to study the effectiveness of individual optimizations is by ap-
plying each optimization separately and studying the resulting improvement in running times.
1t is also possible to get some ideas about the degree of correlation between the diffcrent opti-
mizations by studying by how much the imprbvement from the completely optimized versions
of the benchmarks excecds the sum of the improvement from the partially optimized versions.
Partial optimization is possible in UOPT according to the phase structure of the optimization
process (Section 5.1.3). UOPT allows the.user to control the extents of optimization by speci-
fying options in his programs. In the following, we study the different degrees of improvement

in program running times due to the sclective applications of the various optimization phases.

Table 6.1.4 displays the running times of the benchmark programs on the DEC 10 for varying
degrees of global optimization. Shown in row 0 are the running times for the un-optimized
procedure-integrated versions. Row 1 shows the times when all the global .optimization phases
have been applied. Row 2 shows the running times with only local optimizations (phases 1, 3
and 11). Row 3 shows the running times with only local optimizations and register allocation
(phases 1, 3, 10, 11). Row 4 shows the times when copy propagation (phase 4) is left out. Row
5 shows the times when backward code motion, redundant expression elimination and strength
reduction (phase 6) are left out. Row 6 shows the times when no store optimization is performed,
in which phases 5, 8 and 9 are left out. The last row shows the optimized running times when
no register allocation (phase 10) is performed. The average column in the table shows that

backward code motion and register allocation are the optimizations that reduce running time
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the most. Next are store optimizations and copy propagation. Local optimization can only
reduce running time by 5% on the average.

We now look more closcly at the data for the individual programs: In all the programs,
the times shown in rows 4 and 6 are always worse than the times shown in row 1. This shows
that copy propagation and store optimizations always result in immprovement in execution time,
although the effect is not as substantial for copy propagation. Copy propagation is important
in the program Tower, where there is a 14% dcterioration in the optimized execution time when
copy propagation is not performed.

Backward code motion is important in most of the programs. Comparing row 5 with row 1,
it can be seen that the backward code motion phase is mainly responsible for the large running
time improvement in Queen, Intmm, Mm, Puzzle, Fft and Inverse. In Perm, Tower and Tree,
there are not many opportunities for code motion, and the numerous procedure calls tend to
inhibit the saving of common subexpressions in registers. In contrast to the DEC 10, procedure
calls do not affect register allocation to common subexpressions in the 68000, which explains
why Table 6.1.5 shows that backward code motion always decreases the running time in the
68000. For Bubble and Quick2 running on the DEC 10, backward code motion actually has a
negative effect on the optimization results. This is because most of the common subexpressions
and induction exﬁressions in these two programs are simple address expressions that can be
collapsed into single instructions using special operand addressing modes in the DEC 10. The
use of special operand addressing modes is facilitated when array indices have been allocated in
registers, so that the common subexpressions are not really beneficial. In addition, there is an
overhead in the saving and re-loading of these expressions. In the case of strength reduction,
there is the additional overhead of incrementing the induction expressions every time through
the loop. The effect of induction expression optimization is not pronounced when the induction
expression does not involve multiplication, and the target machine can address operands using
the indexed addressing mode. The good and bad effects of this backward code motion phase
exist in all programs, and not necessarily all machines. It is our belief that any non-beneficial
effect is marginal, but the gain is substantial enough in common programs to justify the use of
this optimization phase in all machines. Appendix E contains the unoptimized and optimized
object code for the inner loop of Bubble across a variety of machines.

Local optimization (phase 1) represents the minimal optimization that the user may specify
when he invokes UOPT. Local optimization is most effect in Fft, where there are many array.
references and fields within arrays. In Perm, Qucen, Puzzle, Bubble, Tree and Sieve, the re-
sulting running times are worse. However, if register allocation is added (row 3), the running

times are substantially improved. In fact, in Perm, Quick, Bubble, Tree, Sicve and Quick2, the
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Program Perm | Tower | Queen |Intmm|{ Mm |Puzzle| Quick
0. No optimisation a0 | &9 | (0 | @0 | @0 | do | (o
1. Full global optimization (m | ¢ | Com | a9 | @3 | Gm | o)
2. Only local optimizations | G Lol & | | & | oo
3. Only local optimizations, reg. alloc. (”s“a“) (l.k?) (fjgf) ("g’f) (f's“") (‘_;,‘f.f) (‘.:,’85)
- R
0 o ot ot o | 088 | (35 | 318 | 0 | 3 | 68 |
o 8 ot e i AERBEIERRE
7. All except regintr allc. Con | an | Cop | G0 | (9 | OB | G0
Program Bubble| Tree Fft | Sieve |Quick2|Inverse{Average| Cost
0. No optimization Gl o 1 o oo | do | &% | o | 0%
1. Pull global optimization Gl o | i | e | Sy | oy | (61) | 100%
2. Ouly local optimisations G0 | ony | Con | &35 | (ony | Coy | (:99) | 15%
3. Only local optimizations, reg. alloc. (51 | 30) | (59) | Ces) | oy | (vy | (79) | 37%
4. All except copy propagati IR LG K
oA etk ot moion | 038 |t | 2 | 0 | | 25 | o9 [ o
- A excep stor aptmna Con) | Comy | cam | Croy | (am | Csoy | (65) [ 83%
T— go o T aas T ean T am Tasn 1 (or) | o

t The times in this row correspond to the times in row 1 of Table 6.1.1

Running times in Seconds

(Ratio to un-optimized running times in parentheses)

Cost (last column) in % running time of full optimization by TOPT

Table 6.1.4 Running times for various extents of optimization (DEC 10)
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Pr~gram Perm | Tower | Queen |Intmm|Puzzle |Bubble{ Tree | Sieve

32.30 5.85 12.58 17.12 16.39 18.85 9.77 23.90,

No optimisation o)y | (1o) | (o) | o) | oy | oy | (o) | (1)

27.90 3.95 6.54 7.56 6.33 5.74 0.44 10.42

Full global optimization 86) | (68) | (.52) | (44) | (.38) | (.30) | (97) | (.44)

28.80 4.24 8.93 17.83 10.57 10.05 9.57 13.91

All except backward code motion] g9y | (72) | (1) | (1.04) | (.64) | (.53) | (98) | (.60)

Running times in Seconds

(Ratio to un-optimized running times in parentheses)

Table 6.1.5 Eﬂ'ectiveness'of backward code motion on the 68000

running times after only local optimization and register allocation approach or excced the times
after full optimization. The optimization cost in this case is only 37% of full optimization. Thus,
it can be said that local optimizatibn followed by register allocation is.the most cost-efficient
optimization choice if the user wants to compromise the needed performance of his programs
with the associated optimization running-time cost.

Row 7 shows that, in order to bring across the full benefits of the various global optimiza-
tions, register allocation is a required concluding phase of the optimizations. Without register
allocation, the programs Bubble, Tree, Sieve and Quick2 are worse in spite of all the global
optimizations. Even more instructive is comparing the differences in improvement that row 3
has over row 2 and row 1 has over row 7. Rows 2 and 3 show between them the cffects of adding
the register allocation phase if the optimizer performs only the minimal local optimizations.
Rows 1 and 7 show between them the effects of leaving out the register allocation phase when
the optimizer performs its full set of optimization. In the average column, row 3 is .16 less
than row 2, and row 1 is .26 less than row 7. This means that register allocation is a lot more
effective when the optimizer performs other global optimizations. Without register allocation,
the benefits of the other global optimizations cannot be fully exposed, because the cost of saving
intermediate quantities in main memory is high enough in some cases to cancel out the benefits
that can be derived from the optimizations. .

The programs Quick and Sicve present an additional observation. In these two programs,
copy propagation, backward code motion and store optimizations are all beneficial phases, since
the running time is worse when each of them is left out (comparing row 1 with rows 4, 5 and 6
respectively). However, when all these three kinds of optimization are not performed, as is in

row 3, the resulting running times are better instcad. This means that these optimizations build
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on each other. The benefits of a set of transformations can often be augmented if preceded or
followed by other transformations. Thus, it is important not to leave out any of these phases
when carrying out global optimization.

.

6.2. Effects of Optimization Parameters

In this section, we study the variétion ir. optimization performance due to some parameters
that influence optimization. The observations are explained and, in some cases, inferences are
made regarding optimization in general. The studies are also done using the DEC 10 as the
target machine.

6.2.1. Number of Registers Available the Optimizer

The DEC 10 has 14 general-purpose registers that can be used in code generation. Of these,

the code generator set aside 9 registers for use by UOPT in allocating to program variables.

" The remaining registers are used by the code generator in generating machine instructions. We'

investigated the effects of allowing different numbers of registers to be allocated by UOPT. The

results displayed in Table 6.2.1 show that the optimized running times always improve when a

larger number of registers are available to UOPT. The 5 registers used by the code generator

is enough for most-practical purposes, and increasing the number for the code generator (i.e.

decreasing the number used by UOPT) does not cause appreciable improvement in execution

speed. Thus, we see that global machine-independent register allocation is an extremely useful
optimization. '

Another observation in Table 6.2.1 is that different programs require different numbers of
registers for optimal register allocation. In the programs Perm, Tower and Tree, 4 registers
seem to be all that are needed; for others, increasing the number further yields better execution
speeds. In the programs Puzzle and Sieve, just 2 registers can dramatically improve the program
running time. Different programs have different cut-off points regarding the number of registers
they need for optimal register allocation. The cut-off number of registers required is related to
the chromatic numbers of the interference graphs — the numbers of colors needed to color the
graphs.

Combining the data of Table 6.2.1 with those in Table 6.1.3(a), in which 9 registers are
used, we notice that in the programs Perm, Tower and Tree in which the percentages of variable
accesses in registers are not high, the programs have not run out of registers. These programs
actually have a large number of variable accesses that should not be put into registers. This
supports our original conviction that the best allocation for some architectures is not necessarily

the one that puts all variables into registers.
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Prograr;l Perm | Tower | Queen | Intmm | Mm | Puzzle | Quick
Oregisters | (%) | (9 | G | ao | a9 | a0 | do
s | 0 | 0| 0% | b | B | b | o8
dregisers | (3 | (o0 | (m | cw | (on | (e | ()
Gregisters | () | (o3) | (| (e | ¢ | lom | o
Al 9 registers| (50 | (on | ¢y | e |y | Com | (any
Program Bubble | Tree Fft Sieve | Quick2 | Inverse | Average
Oregisters | (g | (o) | (o | (o | 0o | Go | 00
2registers | 3 | (8 | () | Com | oo | Cony | (88)
dregisters | oy | (e | ) | comy | (em | Com | (84)
Gregisters | 5 | (5o | () | (o) | () | Ge | (79)
All 9 registers (2;'5313) (:gg) (l.:;)ss) (3.'5?) ('.5;12) ("..'133 (.73)

Running times in Seconds
(Normalized running times in parentheses)

Table 6.2.1 Effects of the number of registers available for register allocation (DEC 10)
8.2.2. Changing the Register Move-Cost

In Section 4.3, we discussed the cost and saving estimates that determine whether a variable
should reside in a register. MOVCOST is the cost of a transfer operation between register and
memory. LODSAVE and STRSAVE arc the amounts of execution time saved for cach reference and
assignment of a variable respectively, due to the variable being in register at the time. The
best values to usc for these parameters vary among target machines. They are dependent on

machine architectures and instruction characteristics.

Only the ratios of MOVCOST to LODSAVE and STRSAVE are important. We take both LODSAVE
and STRSAVE to be 1. The value of MOVCOST ig then a paramcter in UOPT that can be set by

the user in his program. When MOVCOST is 0, it implics that no execution time is sacrificed in
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(Time shown is in Seconds-of CPU time)

Program Perm | Tower | Queen | Intmm Mm | Puzzle | Quick
MOVCOST = 0 7.67 1.21 2.61 42 .55 2.53 1.49
MOVCOST = 1.0 | 7.44 1.24 2.58 42 .05 2.48 1.30
MOVCOST = 1.5| 7.44 1.27 2.67 42 .55 2.47 1.30
MOVCOST = 2.0 | 7.44 1.28 3.61 42 .55 2.47 1.29
MOVCOST =3.0| 7.55 1.28 3.61 42 .55 2.49 1.29
MCVCOST =4.0| 8.08 1.28 3.61 42 .55 2.49 1.28
Program Bubble | Tree Fft Sieve | Quick2 | Inverse
MovcosT=0 | 233 | .94 | 107 | 325 | 622 | 236

MOVCOST = 10| 2.33 .93 1.07 3.25 579 ‘;’.36

MOvCOST = 1.5 | 2.33 .93 1.07 3.25 572 2.36

AMOVCOST =20 233 .93 1.07 3.24 573 2.36

MOVCOST = 3.0 | 2.33 93 | 107 | 324 | 572 | 2.36

MOVCOST = 4.0 | 2.33 .95, 1.07 3.24 572 2.36

Table 6.2.2 Effects of the value of MOVCOST to optimized running times (DEC 10)
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register-memory transfers. Since no cost is involved, UOPT will allocate as many variables in
registers until all the registers are used up. Such a value of MOVCOST does nbt befit any machine
in the real world. When MOVCOST is 1, it implies that, in the target machine, arithmetic and
logic opcrations can only be performed on registers. If any computation involves a memory item
as an operand, the item must first be brought into a register by a separate memory transfer
instruction. The memory target to receive the value of a computation also has be stored into by
a separate instruction. When MOVCOST is vary large, it means in the limiting case that the target
machine can access memory as fast as it accesses the registers. This happens when the machine
contains no fast memory elements, and all computations directly refercnce operands in memory

(memory-to-memory architecture). In this case, UOPT will not allocate anything in register due
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to the large value of MOVCOST. Thus, it can be seen that MOVCOST and the related LODSAVE and

STRSAVE are indispensible parameters in the context of machine-independent register allocation.

Sinca the value of MOVCOST is machine-dependent, for each target machine, there must be
an optimal value of this parameter at which the optimizer will yield the best register allocation.
We studied the effects that varying the value of MOVCOST has on the optimized running times
of the benchmark programs on the DEC 10. The results are t;abulated in Table 6.2.2. The
occurrences of the minimal running times in the table empirically determine MOVCOST.

From the table, it can be seen -that the value of MOVCOST at which the optimized running
times are best also vary among individual programs. This is because each program has differ-
ent occurrence counts of individual machine instructions and addressing modes, which exhibit
different fetch times. Also, register allocation can introduce an added degree of flexibility to the

instruction selection process of the code generators that also affects the execution time.

The optimized running times displayed in Table 6.2.2 also have different degrees of depen-.
dence on the value of MOVCOST. The running times of Intmm, Mm, Bubble, Fft, Sieve and Inverse
are somewhat unaffected by the variation in the value of MOVCOST, whereas Perm, Tower, Queen,
Quick and Quick2 show higher dependence. This degree of dependence on MOVCOST is based on
many factors. Programs that have only a few number of register-memory transfer operations
(RLOD’s and RSTR’s), or whose such instructions are not nested inside loops, are relatively inde-
pendent of the value of MOVCOST. This is because in our algorithm the cost of register allocation
represented by MOVCOST arises directly from the RLOD and RSTR instructions. There are aiso
different degrees of clustering of occurrences of the same variable. When a variable occurs very
frequently in a block, the saving out of allocating the variable in register is great; MOVCOST will
have to be made very large for UOPT to decide not to allocate the variable in register. When
the target machine has many registers available for use by the optimizer, the results displayed
in the row MOVCOST = 0 will worsen because the optimizer will allocate many items in registers
even though their allocation is not profitable in terms of execution time.

In Table 6.2.2, the program Perm shows the best optimization when MOVCOST is 2; Queen
shows the best time when MOVCOST is 1; Puzzle, Tree and Quick2 shows the best times when
MOVCOST is from 1.5 to 2. We conclude that, for the DEC 10, the best value of MOVCOST is in
the region 1.5 to 2. We have set MOVCOST to be 1.5 in the production optimizer.

6.2.3. Effects of Bounds Checking

Table 6.2.3 compares the optimization perforinance for versions of the programs with and
without bounds-checking. Programs which have bounds-checking contain extra code that checks

whether the ranges of subrange types or array subscripts are cver exceeded. Bounds-checked
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versions always take longer to run than the corresponding versions without bounds-checking.
UOPT does not perform any specific optimization on bounds-checking. We are comparing
the percentage improvement that is achieved with respect to their un-optimized versions. The

improvement shown in the table includes the effects of procedure integration.

The results show that programs without bounds-checking can be optimized more than the
corresponding versions with bounds-checking. This is due to the fact that the bounds-checking
instructions (CHKL, CHKR) cause changes in the tree structures of cxpressions that prohibit tree-
restructuring in stack-height reduction. Address collapsing and strength reduction are affected,
since they cannot casily be performed across a bounds-checked expression subtree. Bounds-
checking also reduces the number of common subexpressions, since two expressions are the
same only if their bounds-checking code is identical. It is possible to incorporate an extra
bounds-checking optimization phase to further extend the optimization capability of UOPT.

Program Perm | Tower | Queen | Intmm | Mm | Puzzle | Quick
s, wen somiectie] 13| 38 | 3% | 0% [ % | &% | o
—— R
Unoptimised, with bounds-checks | (15) | (1) | (i) | a0 | do | a0 | (o
Optimized, with bounds-cherl ot | Con | w | @9 | e | Gen | G
Program Bubble| Tree Fft Sieve | Quick2 | Inverse | Average
- [Unoptimised, without bounds-checks| (0} | (%) | () | (o | oy | (Toy | (10)
Onimie, i vonisavete | 235 | 8 | 08 | 1 | B | (5 | 19
oot i bmivciotn | (%5 | 0% | 0% | & | % | 88 | 00
Optimized, with bounds-checks (4 60:) (1..8111) (l.f:) ("’ ;01) (1:59) (4:25) (-69)

Running times in Seconds
(Normalized running times in parentheses)

Table 6.2.3 Comparison of optimization for versions with and without bounds-checking (DEC 10)
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6.3. Characterization of Machines

In this section, we look at the machine characteristics that influence the ways the machines

can benefit from the machine-independent optimizations we have addressed in the previous

chapters. We are mostly concerned with the instruction sets, since they have the most to'do

with optimizability at the program code level. In Section 6.6, we shall summarize our findings

about the relationships between the various machine-independent optimizations and machine

characteristics.

Number of Addresses in Instructions

Most arithmetic operations reference two operands and yield a result. There are different

ways in which machine instructions can upecify these addresses:

1

Three-address instructions: This instruction format completely specifies the two operands
and the address where the result of the operation is stored.

Two-address instructions: The two addresses specify the two operands in the case of binary
operations, or the source and target in the case of data move operations. The result of an

arithmetic operation is always left in one of the two addresses.

One-address instructions: Arithmetic operations are always carried out on a single register
or accumulator. The results are always left on the accumulator. Since there is only one
possible accumulator, the instructions do not need to specify it explicitly. They only specify
the second operand in the case of binary operations, or the load and store targets in the

case of transfers to and from the accumulator.

Addressing Modes

Operands can be specified in different ways in machine instructions:

Immediate addressing: The operand, which is a constant, is directly specified in the in-
struction.

Direct addressing: The instruction provides the absolute address of the operand in memory.

A special case is register direct addressing, in which a register contains the operand.

Indirect addressing: The instruction gives the address of a memory location that in turn
provides the address of the actual operand. A special case is register indirect addressing, in
which the instruction selects a register that contains the address of the operand. Another
variation of indirect addressing is indirect with autoincrement or autodecrement, in which
the location containing the address is automatically incremented or decremented after or

before the operand fetch.
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4. Indexed addressing: The instruction specifies an offset and an index register. The address
of the operand is found by adding the offset to the content of the index register. The
actual base address can be either the offset or the content of the index register. When
the base address is contained in a register, it is termed base addrese;ing which can be used
to implement program relocatability, for addressing within an activation record using a

stack-frame pointer or in accessing array reference parameters.

On top of the number of addresses and the possible addressing modes for each field in
the instructions, numerous restrictions or idiosyncracies may be present. This concerns the
orthogonality of the instruction set. A machine with an orthogonal (symmetric or regular)
instruction set provides uniform addressing capability for all op-codes. A machine with a non-
orthogonal instruction set has different restrictions on addressing modes among the op-codes
and the fields in each instruction. For each addressing mode, there can be other restrictions
as well, such as limitation to a subset of the registers and the size of the constant or address
specified.

An attribute often used to describe machines is the complexity of the instruction set, which
has to do with the number and types of instructions provided and the lengths of the instruc-A
tions. Complicated instruction sets often exist in machines that provide powerful operations
and addressing modes, which require multiple instruction word lengths for their complete spec-
ifications (e.g. S-1). Reduced instruction-set computers (RISC’s) have only a limited number

of instructions that execute in singlé clock cycles and are of the same word size.

An important consideration regarding machine instruction sets is whether each address field
in the instruction can address memory. The common situation is that not all the address fields
can address memory, regardless of the number of addresses in the instruction. In such machines,
individual arithmetic operations usually involve multiple instructions, the extra instructions
being for transfering memory operands to registers. In machines with simple instruction sets,
memory access is usually restricted only to the load and store commands (e.g. MIPS).

A additional attribute used to qualify machines is the level of the machine code. When
many non-primitive operations are provided by the instruction sect, the level of the instruction
code is high. A special type of machines, the directly-executable language (DEL) processors,
directly map language constructs into hardware. These machines are hardware interpreters for
the source language statements. An example is the Fortran Optimized Machine (FOM) at IBM.

6.4. Optimization Results in Different Machines
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Program Perm | Tower | Queen | Intmm | Mm | Puzzle
Original DEC 10 running time | (1) | (%) | G0y | 4o | (0 | (o)

Optimized DEC 10 running time| (55 | (51 | (aw | (s» | (3 | (iey

orgnd oo reming e | 33| &9 | R | W | P 4

opimi o v e | T | 205 | 085 | 03 | 1| o

orgnu vax rmng e | 038 | i [ 0w | g | ay |

Ot vax rnmng e | B3 | 03 | 0 | b | o | B

Original MIPS running time? (1.0) | (1.0) | (1.0) | (1.0) -1 (1.0)

Optimised MIPS running time? | (.52) | (.35) | (46) | (41) | -1 | (24)

Trogram Quick |Bubble | Tree | Fft | Sieve | Average
Original DEC 10 running time | 4% | &%) | (&5 | &% | &% | 10

Optimized DEC 10 runming time| 158 | 238 | (33 | o | (ea | (53)

vt oo rnming ame | %ae | 0ot | 0w | -1 | 2 [ 0o

Optimised 63000 running time | 133 | 324 | o4t | _t | toa1 | (5

Original VAX running time Go | &8 | &% | &S | oY | o

it vix e | {3 | (3 | (o9 | G | oo | o

Original MIPS running time! | (1.0) | (1.0) | (.0) | -t | (o) | (10)
Optimized MIPS running time} | (.52) | (33) | (71) | -1 | (40 | (45)

{ Floating point instructions not yet available for running these progr

3 Real running times not available; programs are run using a simulator.

Running times in Seconds

(Normalized running times in parentheses)

Table 6.4.1 Optimizaticn performance on different machines
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To this date, the optinii~ation output of UOPT has been used on 6 different machines —
the DEC 10, the 68000, the VAX, the MIPS, the S-1 and the FOM. The code generators for
these machines are all implemented at Stanford. The S-1 and the FOM are not capable of
running real programs yet. In Table 6.4.1, we present the optimization results for the preceding
benchmarks on the DEC 10, the 68000, the VAX and the MIPS.

Table 6.4.1 compares the original running times of the programs with their running times
after procedure integration and global optimization. The data for the MIPS are based on
counts of the number of instructions executed on the MIPS simulator. The 68000 currently
implements multiplication using subroutines, and this may influence the comparison since more
time is spent in performing multiplication. Also, the 68000 uses 32 bits for all non-boolean
data even though it is not a true 32-bit machine, and the extra running time due to the use
of 32-bit arithmetic cannot be optimized. Apart from the 68000, which uses the callee-save
convention, and the FOM, which does not have conventional registers, all the machines use the
caller-save linkage convention. All the code 'generators are implemented by different persons,
so that there ie a variety of code generating methodology used. The code generators perform
machine-dependent peephole optimization, and the peepholing may duplicate some of the local
optimizations performed in UOPT. The timing data for the unoptimized versions of the programs
in the table include the effects of the machine-dependent optimization. Since the quality of the
translated object code for a machine is highly dependent on the code generator, it is possible
that a different code generator for the same machine may yield very different results in the Table ‘
6.4.1.

6.5. Effects of the Optimizations on Machine Code

In this section, we look at the different types of optimizations performed in UOPT and
consider how these optimizations at the intermediate code level can bring about differing effects
on the object code of target machines. Since UOPT uses U-Code as the optimization medium,
a machine that closely resembles the hypothetical U-Code machine is expected to exhibit the
most direct and predictable benefits from the optimizations performed. The case in point is a
stack machine whose instruction set closely resembles U-Code. We are mainly interested in how
optimization in U-Code influences the object code loi‘ machines with other characteristics.

Among the optimizations performed, those that shorten code sequences will yield noticeable
improvements in all machines, since the translated machine code will correspondingly be short-
ened. Thus, it can be certain that dead code elimination, redundant store and dead variable
elimination are always bencficial; these optimizations result in the removal of useless code. Con-

stant expression evaluation replaces a sequence of arithmetic operations by a single constant.
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Since this cuts the code size of the computation to a fraction of its original length, the benefits

of this optimization are also independent of the characteristics of the target machines.

Another class of optimizations moves program code from frequently sxecuted regions of the
program to less frequently executed regions. The transformation involves little or no change to
the forms of the moved code, and thus their effects on the real machines are also independent
of the machine characteristics. These optimizations include the various forms of code motion,

which are related to either loop invariant expressions or partial redundancy suppression.

Next we consider the remaininig types of optimizations whose effects on the underlying
machines are not as obvious those just considered:

Constant propagation

Constant propagation rcplaces a memory operand by a constant. This allows the use of
immediate addressing in the machine instruction, and saves the target machine a memory cycle
to access the content of the memory location originally referenced. This does not necessarily
result in the elimination of any machine instruction. However, if the constant is small, the
immediate address occupies less space in the instruction. In two- or three-address machines in
which only one operand can address memory, this can allow the code generator to squeeze the

specification of an arithmetic operation into a single instruction.
Example. For the statement “I := I + J” where J is folded to 3, in 68000 code,

movl pp$dat+680,d0 load J
addl d0,pp$dat+576 add to I

can be reduced to:

addql  #3,ppSdat+578 add 3to I

In the MIPS, an instruction to load a constant is also eliminated because the add instruction
cannot address memory but can take an immediate operand:

1d FPinit+(-3).,r1. load J
1d FPinit+(-4),r2 load 1
add r2,r1 I+13
st r1,FPinit+(-4) store to 1
is reduced to:
1d FPinit+(-4),r1 load 1
add #3,r1 add 3to X
st r1,FPinit+(-4) store to I

In the DEC 10, however, there is no chax‘\ge in the'number of instructions:

MOVE 2 ,PPSDAT+87 load I
ADD 2 ,PPSDAT+88 I+3
MOVEM 2 ,PPSDAT+87 store to 1
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is transformed to:

o

MOVE 2 ,PPSDAT+87 load 1
' ADDI 2 ,3 I+3
MOVEM 2 ,PPSDAT+87 store to I

Stack height reduction

Stack height reduction affects the target machine code in two different aspects:

The U-Code stack is usually implemented using general-purpose registers in the underlying
machines. Stack height reduction reduces the number of registers needed to hold the items
on the stack, thus freeing registers for other usages and reducing the chance that the code
generators run out of registers, when spilling to main memory occurs with the associated
spill code. When an item on the stack is an intermediate result of an earlier computation,
a temporary register is always needed to keep its value. When the item on the stack is a
variable, however, depending on the target machines, it may or may not need to reside in a
register before being combined in the subsequent evaluation, since appropriate addressing
modes may allow the arithmetic instruction to address one or both operands directly in
memory. This optimization is especially important in machines that have only a small -

number of registers.

Stack height reduction can reduce the number of instructions in the target machine needed
to evaluate the entire expression by eliminating extra load instructions. This is especially
true in arithmetic instructions in which one and only one operand can address memory.
In machines that provide memory-to-memory' operations (e.g. S—l), no load instruction is
needed; in machines in which all operands in expressions need to be loaded (e.g. MIPS),
stack height reduction cannot reduce the number of load instructions.

Example. TFor the Fortran statement

I=(I+8)+ J+K + (L+M+ M+ D).

Original DEC 10 code:

MOVE 4 ,$MAIN,.+33 load 1

ADDI 4, 1+5

MOVE 1 ,SMAIN.+34 load J

ADD 1 ,SMAIN.+36 J+K

ADD 4,1 I+5+ T +X
MOVE 2 ,$MAIN.+38 load L

ADD 2 ,SMAIN.+37 L+M

MOVE 3 ,SMAIM +37 . load M

ADD 3 ,SMAIN.+34 M+

ADD 2.3 (L+M) +(M+1J)
ADD 4,2 I+5)+@+K)+ ((L+M)+M+1J)
MOVEM 4 ,SMAIN.+33 store to I .

127



‘

6.5. EFFECTS OF THE OPTIMIZATIONS ON MACHINE CODE

Stack-height reduced DEC 1u code:

MOVE 4 ,SMAIN.+33 . load I

ADDI 4, : 1+5

ADD 4 ,SMAIN.+34 add J

ADD 4 ,SMAIN.+35 add K

ADD 4 ,SMAIN.+36 add L

ADD 4 ,SMAIN.+37 add M

ADD 4 SMAIN.+37 add M

ADD 4 ,SMAIN.+34 add J

MOVEM 4 ,SMAIN.+33 store to I
Original S-1 code:

Add.S  RTA,SMAIN.+118,#6 1+5

Add.S  RTB,SMAIN.+120,SMAIN.+124 J+K

Add.S  RTA,RTB (I+5)+ (I +K)

Add.S  RTB,SMAIN.+128,$MAIN.+132 L+ M)

Mov.S.S R1 ,SMAIN.+132 load M

Add.S  R1 ,SMAIN.+120 M+13

Add.S  RTB,R1 L+M+M+J) .

Add.S  $MAIN.+116,RTA,RTB : I=@1+5)+ T +K)+ ((L+M)+(M+13)
Stack-height reduced S-1 code:

Add.S RTA,SMAIN.+116,#5 - 1+5

Add.S RTA,SMAIN. +120 add J

Add.S RTA,SMAIN.+124 add K

Add.S RTA,SMAIN.+128 add L

Add.S RTA,SMAIN.+132 add M

Add.S RTA,SMAIN.+132 add M

Add.S SMAIN.+116,RTA,SMAIN.+120  add J and store to I

a

In the above examples, the DEC 10 instructions allow only one <;perand to address memory.
Thus, the improvement in the optimized codec-is quite significant. The S-1 instructions allow
both operands to address memory, and the effect of stack-height reduction is not as dramatic. In
the MIPS, the arithmetic instructions cannot have memory operands, and all memory references
require separate load instructions. Thus, the number of instructions in expression evaluation
will not be affected by stack-height reduction. However, stack-height reduction still benefits the
MIPS by reducing the number of registers required in expression evaluation.

Register allocation

Register allocation on the intermediate code level can affect the underlying machine code

in many different ways:

1. By referencing variables in registers, it allows the use of the register direct addressing mode
without the need of extra load instructions generated by the code gencrators. The same is
true for stores to variables. The use of the register direct mode saves one memory cycle.
The number of instructions may or may not be affected depending on the machine and the
type of operation. '

128



6.5. EFFECTS OF THE OPTIMIZATIONS ON MACHINE CODE

Example. In the DEC 10, the number of instructions is not.changed in the case of addition

because the code generator can use direct memory addressing. Register allocation only changes

the addressing mode:
.
ADD 3 ,PPSDAT+86 add I to register 3
is changed to
ADD 3 .4 : add 1 in register 4 to register 3

In the MIPS, register allocation is especially effective because the arithmetic instructions cannot
reference operands in memory. The expressions A + B is translated to:

1d #FPinit-104,r4 load A tord
1d #FPinit-100,r5 . load B tor$
add r4,r8 Afl}+B(1]

If variables A and B have been allocated to registers, the two load instructions can be eliminated.
a .

2. The positions of the load and store instructions to and from registers are optimized so that’
they do not occur at frequently executed program points. This optimization is effective

regardless of the machine characteristics.

3. By allocating index variables in registers, it facilitates i;he code generators to use the indexed
or base addréssing modes instead of performing straight additions in address expressions.
Each IXA operation in U-Code can he handled by the use of an indexed operand address.

Example. In accessing an array element A[I], the DEC 10 code before register allocation is:

MOVEI 2 ,PPSDAT+86 load adr(A)
ADD 2 ,PPSDAT+287 adr(A)+1
MOVE 4 ,0(2) load Aff]

After register allocation, the code becomes:

MOVE 4 ,PPSDAT+86(1) load A[l] (I residing in register 1)

In the S-1, the code before register allocation for the statement “A[I] := B[J]” is:

Shfa.Lf.S  RTA,PPSDAT+300 #2 load T and shift it by 2 bits
Shfa.Lf.S  RTB,PPSDAT+296,#2 load J and shift it by 2 bits
Mov.S.S PPSDAT+304[RTA],PPSDAT+340(RTB] Afl] := B(J]

After register allocation, the entire statement can be handled by one instruction, with I residing
in register R27 and J residing in register R28.

Mov.S.S PPSDAT+304(R27]+2, PPSDAT+340[R28]42
]

4. By allocating -address variables in registers, it facilitates the use of the register-indirect

addressing mode or base addressing, possibiy in conjunction with an index register.
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Exaﬁlple. In the 68000, the base address in the indirect or indexed addressing mode is always
specified using an address register. The instructions to load addresses into the address registers
prior to the uses of these addressing modes can be avoided if the address quantitics have been

allocated in registers by the optimizer. (See the examples on induction expressions below.)

The cffects of 3 and 4 depend on the availability of the respective addressing modes in the
machine. Since different machines provide different forms of addressing, the effects of register

allocation on addressing can vary widely among machines.
Common subexpressions

Common subexpression optimization eliminates duplicate computations occurring in the
prbgrax'n. Since redundant code is eliminated, this optimization is beneficial regardless of the
machine characteristics. However, the values of the common subexpressions have to be saved at
their points of computation and re-loaded at their subsequent occurrences. Since each redundant
computation involves at least one memory referencet, the execution time saved is likely to be
greater than the cost for the saving and re-loading. The net speed-up depends on how much
the saved computation time exceeds the time for the saving and re-loading. If registers cannot
be used to save the contents, the saving and re-loading to and from memory may exceed the -
computation time saved in the case of simple expressions. Thus, if the underlying machine does
not provide many registers, common subexpression elimination may not be very effective. This
saving and re-loading of the values of expressions also occurs in the case of the code motion of
expressions, but in that case, it is the movement of computations out of loops that is mostly
responsible for speeding up the execution time.

The optimizer detects redundancy among all expressions. In the case of address exi;res-
sions, however, the recognition of redundancy may or may not be beneficial, depending on the
machines. This is because it is possible to incorporate some address arithmetic into operand
addresses using special addressing modes. Examples of address arithmetic that can be handled
by special addressing modes are the indirect loads and indexing operations. In some cases,
special addressing modes can represent the same computations as entire address expressions. If
common subexpressions- are recognized in address cxpressions that can be translated into spe-
cial operand addresses, the saving into temporaries may be more expensive than the redundant
address computations. If a common subexpression is nested inside a larger address expression,
the saving operation also prevents the collapse of the larger address expression into a single
operand address. Thus, common subexpression optimization in address expressions is not as
effective in machines with advanced addressing modes. But since not all address expressions can

t Otherwise, constant arithmetic wilt be performed by the optimizer.
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fit into single operand addresses, common subexpression optimization in address expressions is

still beneficial in many situations.
Example. The array reference A[I] can be translated: into a single opcrand address in the
DEC 10:
MOVE 10,PP$SDA+86(5) load A[l], Iin register 5
Even if the address computation of A[I] has been saved in an earlier occurrence, the re-use of

the saved value would not result in better code because indexed addressing is just as fast as
indirect addressing in the DEC 10:

MOVEI 8,PPSDA+86(5) save adr(A(I])

ADD 10,0(8) . load A[l] using address in register 8

a
Strength reduction

The optimization of strength reduction, associated with induction expressions in loops, can
bring about the following effects on the underlying machines:

1. Mpmsive multiplication operations are replaced by additions, thus saving computation
time. '
2. The computation of address expressions is moved out of loops and incremented each time

through the loop; this can be looked at as code motion of expressions that contain induction

variables.

Example. Suppose the array reference A[I,J] occurs in a loop. The DEC 10 code for the

address computation is:

MOVE 4 ,PPSDAT+20087 load I

IMULI 4 ,100 1 times 100

MOVE 1 ,PPSDAT+20088 load J

S0s 1.1 decrement J

MOVET 2 ,PPSDAT+-13(4 ) load adr(A)

ADD 2,1 adr(A) + computed offset
MOVE 4 ,0(2) . load AfLJ)

After optimization, the induction expression that computes the address of A[I,J] are moved

outside the loop. In the loop, the same array reference is replaced by:

MOVE 1 ,0(8 )

where register 8 contains the address of A[I,J]. Register 8 is incremented in .thc loop whenever

the induction variables I and J arc incremented. O
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3. Registers are allocated to contain: the address expressions that are moved, thus facilitating
the usec of special addressing modes, especially the register-indirect addressing mode and

base addressing.

4. Because the optimizer introduces the increments of registers containing address expres-
sions, it enables the code generators to make use of the autoincrement and autodecrement
addressing modes in machines where these addressing capabilities are available.

Exampie. Pascal Foﬁ loop:
FOR I:=1 TO 100 DO A[I]:=A[I]+B(I];

Original 68000 code:

movl  #1,pp$dat+1378 I:=1
$2:

mov1i ppSdat+1378,d0 load I
asil #2,d0 1 times 4 to get offset in bytes
mov1 #ppSdat+572,a0 load adr(A)
mov1 pp$dat+1376,d1 load 1
asn #2,01 1 times 4 to get offset in bytes
mov1 #ppSdat+572,al load adr(A)
mov1 ppSdat+1376,d7 load 1
asll #2,d7 I times 4 to get offset in bytes
mov1 #pp$dat+372,ab load adr(B)
movl  a1@(0,d1:iL),d1 load Aff]
addl  a5@(0,d7:L),d1, Af1}+Bi1)
mov1 d1,a08(0,d0:L) assign to Afl)
addql  #1,pp$dat+1376 increment I
cmpl #100,ppSdat+1378 check for loop termination
Jie $2

Optimized 68000 code:
moveq #1,d7 I=1
mov1 #ppSdat+576,a4 load adr(A)
mov1 #pp$dat+976,ad load adr(B)

$2:

mov1 a6@8+,d0 load B{l] and increment adr(B{I})
addl d0, ad4@+ add BII] to A[l} and increment adr(A([f])
addql #,d7 increment I
cmpl #100,d7 check for loop termination
ile $2

u]

The detection of the opportunities to use autoincrement or autodecrement addressing, as in
the above example, is limited to information that can be gathered within one basic block, since
code generators rarely do global analysis of the program. If the reference and increment of an
address do not occur in the same basic block, the code generator mi;y not be able to recognize

the opportunity.
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We now summarize how the relevant machine qualifications we mentioned in Section 6.3

influence the ways machines can benefit from the optimizations of UOPT.

Three-address machines can completely specify an arithmetic operation in one instruction.
Small common subexpression elimination may not be very useful to such machines, since a one-
instruction computation may be less expensive than the saving and re-loading of an identical

computation.

In one-address machines, stack height'reduction is extremely beneficial, because the number
of load instructions is minimized. In a stack height reduced, left-associative expression tree, only
a single load instruction is needed; other operands are added to the accumulator directly from
memory. In this case, the total number of instructions is equal to one plus the number of

operations involved in the expression.

Machines without the immediate addressing mode cannot benefit from constant propaga-
tion, since constants have to be stored and referenced from memory. Machines with register
indirect addressing benefit from the allocation of address.quantities in registers. The use of the
autoincrement and autodecrement modes are also made possible by strength reduction. Ma-
chines with indexed and base addressing also benefit from register allocation. In machines with
multiple offset fields in these addressing modes, however, the optimization of address collapsing
may not have direct benefits since the constants to be combined could have originally occupied
the multiple offset fields.

Machines with non-orthogonal instruction sets usually exhibit a high degree of irregularity
or unpredictability in the ways they can benefit from machine-independent optimizations.

Machines with complex and powerful instruction sets usually do not benefit as much from
common subexpressions as reduced instruction-set machines. The primitive operations on the

intermediate code level do not map easily into the operations at the machine instruction level.

For machines in which one and only one operand field in arithmetic instructions can access
memory, stack height reduction is extremcly uscful, for the same reason as it is in the case
of one-address machines above. Whenever there are some operand fields in instructions that
cannot refcrence memory, register allocation is useful. For machines in which memory reference
is limited to only the load and store instructions, register allocation is especially beneficial.
These machines also benefit from stack height reduction because all variables that appear in
expressions have to occupy registers; the chance of running out of registers is reduccd, but the

total number of instructions will not be changed.
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The characteristics of directly-executable language (DEL) machines differ widely with re-
spect to the nature of the languages that they support. In the case of FOM, the level of the
machine code corresponds quite well with the level of U-Code. Since the level of U-Code is
not low, we do not anticipate much difficulty for other DEL’s to make use of optimizations
in U-Code. The instruction sets of DEL’s are usually quite orthogonal, and this enhances the
usefulness of machine-independent optimizations to them.

6.7. Additional Remarks

From the comparison of optimization results on different machines in Section 6.4, and the
discussion of the differing effects of the various optimizations un target machines in Section 6.5
and 6.6, we can reach an overall conclusion: the machine-independent optimizations performed
by UOPT are beneficial fqr most real rﬁachines, but are slightly more effective in machines
with simple instruction sets and addressing formats, although there are exceptions with respect
to individual optimizations. To explain this, we introduce the concept of context-independent
optimizations and context-dependent optimizations. Both these qualifications are applied to
machine-independent optimizations. The optimizations mentioned in Section 6.5 that have dif-
fering effects on different machines are context-dependent optimizations, because their effective-
ness dépends on the details of the machine code. The rest of the optimizations (e.g. dead code
elimination, constant arithmetic, code motioh, etc.) are context-independent optimizations,
because their effectiveness is independent of the machine characteristics. In machines with pow-
erful and complicated instruction sets and addressing modes, the code generation process is more
complex, because the code generator has’to look for opportunities of using specific constructs
in the instruction sets in order to fully utilize the capability provided by the machine. This
peephole optimization is highly machine-dependent, and interferes with the context-dependent
optimizations so that the latter’s effects are not so directly felt in the final machine code.

To bring the above remarks into better perspectives, we group the set of all possible opti-
mizations for a given machine according to whether they are machine-indépendent or machine-
dependent. As shown in Fig. 6.6.1, the machine-independent optimizations are further divided
into two subsets corresponding to the context-independent and context-dependent optimizations.
The set of machine-dependent optimizations intersects with the context-dependent subset be-
cause the effects of the latter are masked by machine-dependent peephole optimizations. The
set of machine-independent cptimizations is always the same, but the set of machine-dependent
optimizations varies among machines. A machine with a powerful instruction repertoire provides
greater opportunities for peephele optimization, and the sct of machine-dependent optimizations

shown in Fig. 6.6.1 will correspondingly be larger; and when this set is larger, it is likely that
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-- | ___Machinel
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Machine-independent

Possible
Optimizations Machine-dependent
Optimizations -

Fig. 6.6.1 Possible optimizations in real-world machines

its intersection with the context-dependent subset of machine-independent optimizations will
increase. Because of this larger area of intersection, a larger portion of machine-independent
optimizations is always performed in the code generation process, so that the imjmct of the
machine-independent optimizations on the object code is not as Qtrongly felt as in machines
with simpler instruction sets. .

Although a small part of the machine-independent optimizations can be obscured by the
code generation process, the optimizations performed by UOPT can effectively reduce the run-
ning times of the object code in all the machines we have encountered. The preceding mea-
surements and evaluations have allowed us to conclude that our approach of portable, machine-
independent optimization is highly feasible in implementing production optimizers.
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7. Conclusion

In this Chapter, we remark on the significance of this research, and put forth some sugges-
tions for further related work. -

7.1. Concluding Overviews

This thesis work has demonstrated that a separate, self-contained optimizer that exists
independently of the front-ends and.back-ends is both feasible and beneficial. The optimizer
UOPT has a simple and clean interface with the front-ends and back-ends, and does not require
significant changes to target it to new machines. It has been proven to be highly effective on a
wide rangc of machines.

We belicve that the intermediate code we used is a good compromise between completely.
machine-independent intermediate forms, which often restrict the cxtent of optimization that
can be performed, and low-level pseudo-machine languages, which limit the types of machmes
that can benefit from the machine-independent optimiz&tions. Although U-Code is slightly
mach,inc-dopendelif, this machine dependence does not limit the portability or the machine-
independence of UOPT. i

One of the greatest obstacles facing the prospective compiler writer is the need to implement
various optimizations in his compiler. As a result of UOPT, an optimizer potentially exists for
any machine, on the condition that the compilation process uses U-Code as the intermediate
form.

Looking at the implementation aspect of UOPT, the novel global optimization framework
introduced in this thesis makes it possible to systematize, simplify and speed up a full range
of optimization processes. Some previously separate optimizations can now be performed con-
currently.  We have addressed the problem of sequencing the various optimization phases for
maximal efficiency and best optimization results. All these are accomplished with an accompa-
nying reduction in implementation complexities. The global optimization methodology can be

followed by any other general-purpose optimizer.

In the area of register allocation, we have demonstrated that, using a few machine parame-
ters, register allocation can be effectively and efficiently performed in the machine-independent
context. Using a priority-based coloring algorithm, the traditional coloring problem can be

approached practically and efficiently at the intermediate code level.
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One of the main limitations to UOPT’s optimizations has been the need to assume the worst
case at procedure calls regarding which variables are altered or referenced. Implementing inter-
procedural flow analysis will alloiv UOPT to pin-point the exact variables affected by procedure
calls. The analysis will involve an initial pass over the program that gathers and computes the
effects of each procedure. The information made available by the inter-procedural flow analysis
can then be supplied to UOPT when it performs global optimization.

Extensions and additions to the optimizations performed in UOPT are possible. Among
these are the optimization of bounds-checking, optimizations aimed at reducing code size (e.g.
code hoisting) and the cg{pabﬂity to allow UOPT to change the control flow constructs of th-. pro-
grams. Since these interact with the optimizations already performed in UOPT, the conciseness

and ease of maintenance of UOPT may have to be compromised.

Register allocation in UOPT also provides opportunities for further enhancement, perhaps
at the expense of more optimization running time in the register allocation phase. Currently,
code motion of the register-memory move instructions is performed after all register allocation
has taken place. In the global coloring phase, register allocation priorities are computed by .
assuming that the register-memory move instructions are at their fixed positions, and no account
is taken of the possibility that these move instructions can be transferred later to better positions
to minimize the execution time cost. The algorithm could be made more exact if the possibility

of code motion to reduce cusi is factored into the priority .ordering.

Procedure parameters are commonly passed in registers. Optimizing the use of registers in
parameter passing is another possible extension to register allocation in UOPT. The primary
purpose is to minimize the cost for the loading of parameters into registers before they are passed
and the saving of parameters into home locations at the entries to callees. Register assignments
to passed parameters should take into account the appearances of the parameters in the callees
and before the points of call in the callers.

The possibility of overlapping registers of different sizes has not been treated in UOPT.
Although such sitnations have not appeared in the machines to which UOPT has been applied,
they do occur in other machines. It would be interesting to see how well the coloring algorithm
in UOPT can be adapted to such situations.

In the systems aspect, there are many other opportunities related to UOPT that can be
attempted. UOPT currently supports only Pascal and Fortran. It is possible to introduce ad-
ditional programming languages that are compiled via U-Code. Extensions to U-Code should

be minimized and reserved only for extreme cases. Specialized languages may display their
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own commonly-occurring optimization opportunities, and these languages can have their own
front-end optimizers that perform their own specialized optimization transformations and out-
put U-Code; UOPT can still be used to advantage as the general-purpose global optimizer in
the subscquent common optimization phase. Any extension to U-Code, or modification to its
semantics, could entail changes in the 6pnimizer itself. The extensions introduced should be
such that they do not affect the optimizations already cxisting in UOPT.

To recognize the existence of other intermediate code for other pfogrammiug languages and
code generators, UOPT can be re-implemented on other intermediate code. Although the inter-
mediate code may affect the optimizations that can be performed, the optimization methodogy
in UOPT is somewhat independent of the intermediate code. Another possibility is to build
translators betwcen U-Code and other intermediate forms supported by other programming
languages and code generators. This approach requires much less programming cffort, although
there is more overhead in the compilation and optimization processes due to the existence of

multiple intermediate forms and the larger number of phases in translation.

Lastly, it is also possible for specific installations to incorporate UOPT as a built-in com-
ponent in code generation. UOPT can be made the front part of a code generator. The code
generator uses UOPT as the module that inputs the intermediate code. After global optimiza-
tion, the code generator emits object code directly from the internal representations of UOPT.
Such an arrangement serves to climinatg the input/output overhead inherent in multi-pass com-

piling systems and can render greater code generation efficiency without sacrificing modularity.
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Appendix A. Short Guide to U-Code

U-Code, a descendent of the P-Code intermediate language emitted by many Pascal com-
pilers, exists in two different formats: a text format and a binary format. A U-Code instruction
is represented in compiler programs as a record. In the binary format, these records are written
directly into files. As a result, the read-write process is faster, and the binary format files occupy

much less disk spacé.

U-Code can be thought of as the assembler language for a hypothetical U-machine. The
U-machine has the following components: -

1. A stack for use in all expression evaluation.
2. A read-only storage area where instructions and string constants are kept.

3. A static storage area (memory type S) where global variables and Fortran own variables

are kept.
4. A sct of registers (memory type R) where data items can be kept for fast accesses.

5. A memory stack divided-into stack frames for the proccssing of procedure invocation. A -
stack frame (or activation record) is pushed on top of the memory stack whenever a pro-
cedure is invoked. The stack frame contains parameters, local variables and compiler-
generated temporaries. Stack frame storage areas are either designated as memory type M

for local storage or memory type P for parameters.
6. A heap for dynamic allocation of data objecté at program execution time.

The Pascal and Fortran front-ends that output U-Code are both one-pass compilers. U-
Code programs are organized into modules and procedures in the same order as they occur in
the source programs. In the following, we group the complete U-Code instruction set into classes
and give the syntax and a short description of each op-code. Information of particular use to
the optimizer is noted. The readers are referred to [Nye81| for a more complete definition of the
U-Code language.

1. Direct memory operations

I(op) (data type) (memory type) (block number) (address) (length) l

where (op) is:

LOD — load onto stack.

STR — store from stack into memory.

145



APPENDIX A. SHORT GUIDE TO U-CODE
NSTR — same as STR but not popping item.

The length information is important in checking for storage interference in instructions that
access memory. When the memory type is M or P, the variable is local if the block number is

the same as the block number of the current procedure.

2. Constants

ILDC {data type) (length) (constant value) l

lLCA (memory type) (length) (block number) (constant value) I

|LDA (memory type) (block number) (address) (length) (base address) |

II.DP (static level) (block number) (procedure name) I

LDC pushes a constant. value onto the stack. LCA pushes the address of a string constant
onto the stack. LDA pushes a constant address ‘onto the stack. LDP pushes a procedure descriptor
onto the stack. In the LDA instruction, the base address together with the length field gives the
range within which the result of the subsequent address computation will lie.

3. Unary operators
{op)

where (op) is:

CHKF — check if false.
CHKT — check if true.
CHKN — check if nil pointer.

{op) (data type) v

where (op) is:

ABS — get absolute value.
CHKH — check upper bound.
CHKL — check lower bound.
NEG — negate.

NOT — boolean not.

0DD —  check if odd number.
SQR — square root.

I (op) (data type) (integer value) l
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APPENDIX A. SHORT GUIDE TO U-CODE

where (op) is:

DEC — decrement.
INC — increment.
SGS — form singleton set.

| {op) (rcsultant data type) (original data type) J

where (op) is:

CVT — convert type of top of stack item.
CVT2 — convert type of second item on stack.
RND — round value of top of stack item.

[ADJ (data type) (offset) (length) |

ADJ adjusts the size of a set.

4. Binary operators

(op) (data type)

where {op) is:

ADD —  addition.

AND — boolean and.

DIF — set difference.

DIV — division.

EQU — equal.

GEQ — greater than or equal to.
GRT — greater than.

IOR — inclusive or.

LEQ — less than or equal to. ’
LES — less than.

MAX — maximum of two numbers.

MIN — minimum of two numbers.

MOD — remainder.

MPY — multiplication. .

MUS — form a set of the elements in the given range.

NEQ — not equal.
SUB — subtraction.
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.XOR —  exclusive or.

!IXA (data type) (unit size) j

IXA computes the offset within an array by multiplying the subscript by the nﬁit size of the
array and adding to the base address.

| (op) (data type) (length) |

where (op) is:

INT — set intersection.
UNI — set union.

IINN (data type) {check flag) ]

INN checks set membership of an element.

5. Indirect memory operations

[(op) (data type) {offset) (length) ‘

where (op) is:

ILOD — load indirect.
ISTR — store indirect.
INST — non-destructive store indirect.

l(op) (memory type) (length) ]

where (op) is:

MOV —  block move.

1EQU — indirect equal.

IGRT — indirect greater than.

IGEQ — indirect greater than or equal to.
ILEQ — indirect less than or equal to.
ILES — indirect less than.

INEQ — indirect not equal.

In cach of these instructions, the range of storage locations affected by the opcration is

given by the LDA instruction that loads the address argument.
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6. Labels
I(labcl) LAB (flag) l

The flag indicates whether there is jump to the label from outside the current procedlgre.
If there is such a jump, the block marked by the label is included as an entry point.
7. Jumps

(op) (label)

where (op) is:
FJP — jump if falze.
TJP — jump if true.
UJP — unconditional jump.

IGOOB (static level) (label) I

GOOB specifies a jump out of the current procedure to a nesting procedure.

RET causes control to return to the calling procedure.

IXJP (data type) (case label) (default label) (lower bound) (upper bound) I

| (1abel) CLAB (length) |

XJP and CLAB together implement the case statement.

8. Procedure calls

[CUP (data type) (block number) (name) (pop) (push) ]

[16UP (data rpe) (por) (push) |

MST (level)

IPAR {data type) (memory type) (block number) (address) (length) }

CUP calls the procedure specified. ICUP calls the procedure whose descriptor is on top of
the stack. MST marks the stack prior to parameter passing in procedure calls. PAR specifies
the current item on the stack as a parameter to be passed in the upcoming call. In the CUP
instruction, UOPT can determine the level of the called procedure by table look-up using the

block number given in the instruction.

149



APPENDIX A. SUHORT Gme TO U-CODE
9. Special operators
'

ISWP (top data type) {second data type) l

DUP pushes an extra copy of the top item on the stack. POP pops the stack top item. SWP
interchanges the top and second items on the stack.

10. Register operations '

!REGS (action) (register class) (offset) (length) l

REGS appears at the beginning of each procedure to reserve the registers used by UOPT in
that procedure.

l(op) {data type) {memory type) (biock number) (register offset) (length) ]

where {op) is:

RLOD — load register item on the stack.
RSTR — store item from top of stack to register.

11. Non-executable instructions:

lBGN (module name) (integer flag) |

!STP {module name) I

BGN and STP mark the beginning and end of a U-Code module. One module usually corre-
sponds to a source program file.

l(name) ENT (data type) (static level) {block number) (pop) (push) (external flag) l

END (name)
ENT and END mark the beginning and end of a procedure.

BGNB and ENDB together mark a range in the programn code where the-stack does not fall
below its height at the positions of the BGNB and ENDB.
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iLEX (tevel) (block number) I

LEX specifies the static levels and block numbers of the procedures that enclose the current
procedure. The nesting relationships among the procedures are determined according to the

LEX instructions.

ILOC (page number) (line number) (character count) I

LOC is used for rcporting source program line numbers for debugging purposes.
COMM (comment)

COMM is for putting in comments in U-Code files.

'OPTN {option name) (integer) l

OPTN is for specifying a variety of compilation and optimization options.

[(name) EXPV (data type) (memory type) (block number) (address) (length) ]

[(name) IMPV (data type) {memory type) (block number) (address) (length) ]

EXPV and IMPV specify the export and import of variables.
!(na.me) DATA {number) }

'DEF (memory type) (length) ]

ISDEF (block number) (length) ]

DATA is for associating a name and a block number to a static data area. DEF defines the size
of the M or P memory area of the current procedure. SDEF defines the size of a static memory
block.

lINIT (data type) (memory type) (block number) (first offset) (last offset) (length) (value) I

IZERO (data type) (memory type) (block number) (address) (lcngth)—l :

INIT initializes the given storage area to the specified value. ZERO is for zeroing out the

area indicated.

IPLOD (data type) (memory type) (block number) {address) (length) l

!PSTR (data type) (memory type) (block number) {(address) (length) ]
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PLOD indicates the loading on the stack of a function result. PSTR indicates the storing of
parameters from the stack to their assigned locations at the entry point of a procedure.
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Appendix B. Notes on programming Data Flow Analysis

Data flow analysis plays a major role in the various global optimizations of UOPT. Since
data flow analysis constitutes a non-trivial part of the processing in global optimization, it is

necessary to do it as efficiently as possible.

The iterative algorithm is the simplest and most popular method to perform data flow
analyeis. The algorithm involves iterating through the nodes of the control flow graph applying
the appropriate data flow equation until no more changes take place. When properly imple-
mented, the average number of iterations in the outermost loop of the algorithm required to
reach the final solution is around 3, and is seldom above 4 for well-structured programs. How-
ever, there are details of implementation not directly evident in the algorithm itself which, if
not handled properly, can result in a substantial increase in the number of iterations required.
These implementation details are dependent on the nature of the data flow analysis performed.

Most of the data flow analyses in UOPT involve the simultaneous solution of an IN at.tribute'
and an QUT attribute at the entries and exits respectively of the basic blocks. As an illustration,
we take Eq. (3.3.1) from Chapter 3:

Availability System:

FALSE . if 7 is the entry block;
AVIN; = I Avour; otherwise. (3.3.1)
JEPred(s) -

AVOUT; = AVLOC; + —~ALTERED; - AVIN;.

The algorithm to compute AVIN and AVOUT is:
Algorithm Global Avaslabslsty.

i. changed « true;
2. WHILE changed DO
a. changed « false;
b. %+ graph head;
c. Repeat (i) - (vii) until 1 = last node;
(i) old — AVIN;
(i) For each predecessor j of i do
AVIN; « AVIN; - AVOUT;;
(iii) IF old # AVIN; THEN changed «— true;
(iv) old «— AVOUT;
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(v) AVOUT; — AVLOC; + ~ALTERED; - AVIN;;
(vi) IF old # AVOUT; THEN changed « true;
(vii) § — next node. o

There are a number of ways to minimize the number of iterations in the above algorithm:

1., The graph nodes should be put in depth-first ordering prior to executing the above algo-
rithm. This enables any change in the attribute of the current node to be immediately
propagated to its adjacent nodes.

2. If not all the bits of the bit vector are used, masking the unused bits may also eliminate any
extra iterations required to propagate {nfonna.tion in the unused bits. When the conjunction
operator is used, the unused bits should be initially set to 0. When the disjunction operator
is used, they should be initially set to 1. Using such masking, the values of the unused bits
will not change during the iterations.

3. If the propagation of information is in the forward direction, the loop of step 2c¢ should
" start from the head of the graph. If the propagation of information is in the backward
direction, this loop should start from the tail of the depth-first ordering. In the latter case,
step 2c(vii) becomes '

(vii) # ~ previous node.

4. The relative positions of steps 2c(i)-(iii) and 2c(iv)-(vi) also depend on the direction of
information propagation. When propagation is in the forward direction, the positions are
as they appear above. When propagation is in the backward direction, steps 2c(1v) (vi)
should precede 2¢(i)-(iii).

The arrangements of 1, 3 and 4 above specd up the algorithm by following the actual
paths of information propagation as close as possible in performing the data flow operations.
By propagating information downstream immediately, it is unnecessary to wait for the next
iteration in the loop of stcp 2 whenever any change in the attribute of a node occurs.



Appendix C. Hints on Writing Programs that Cater to Optimization

Different programs cxhibit different amount of optimization opportunitics. While optimiza-
tion opportunities are highly dependent on the hature of the programs, the ordinary programiner
can enhance the optimizability of his programs by adhering to some guidelines. Here, we give
a sct of guidelines in writing Pascal and Fortran programs that can specifically enhance the
optimizations performed by UOPT. Most of the following points are also applicable to other
general-purpose optimizers. Some of these are due to the abscence of inter-procedural data flow
analysis in UOPT.

1. Variable declarations: Variables should be declared locally and used locally as much as
possible. This is because a pointer cannot point to a local variable. Also, local variables
cannot be altered or accessed in calls to procedures not nested within the current one. In

Fortran, only the common blocks arc regarded as non-local storage.

2. Storage relationships: Storage overlaps caused by the use of equivalences (or variant
records in Pascal) or commons should be minimized. Storage overlaps may cause unneces-
sary storage interferences that obstruct code movement and the recognition of redundancies.
Equivalences also inhibit the allocation of variables in registers by UOPT.

3. Memory accesses: Up-level references and side effects (assignments to non-local variables)
should be minimized. A pointer or a procedure call can interfere with an up-level memory

access.

4. Parameters: Parametérs should be passed by value whenever possible. This serves to
suppress aliasing and side cffocts. An assignment to a reference parameter potentially kills
many non-local variables. Values should be returned via the return values of functions.
(This rule does not apply to Fortran programs, which only allow passing by reference.)

5. Procedure declaration: Procedures should be declared at the same level as much as
possible. In Fortran, this means not using statement functions. When there are nestings
among the procedures, procedures in down-level calls can access the local variables of the

callers via up-level references and side cffects.

6. Pointers: The use of pointers should be minimized. Pointer accesses kill all non-local

variables, since the pointer can potentially point to any of them.

7. Loops: The programmers should stick to the use of standard loops provided in the pro-

gramming languages. The compiler front-ends specifically compile the loops so that the
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resultant control flow structures allow for code motion out of loops. Jumps into or out of

loops should be avoided. The programmer should not construct his own loops using goto’s.

.
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Appendix D. What the Compiler Front-ends Should Do

UOPT assumes certain configurations in the input code that, if adhered to by the front-ends,
can greatly enhance the optimizétion tasks.

D1. Pascal Front-end

1. Order of procedures: The order of the procedures in the U-Code file must correspond
to the order in which they are declared in the source program. UOPT needs to know the
level of the called procedures at the points of calls and, due to its one-pass nature, the level
of a callee is recorded only if its body has been processed earlier.

2. Identification of the main block: The main program should be appropriately identified
to the optimizer so that, when it is processing the body of the main block, it can treat
global static variables as local variables. Currently, the main block is always assigned block
number 1 by the Pascal front-end.

4

_
, ,
loop header

—.—-pl

loop
body

!

| loop test

!

e

Fig. D.1 Recommended loop structure for WHILE and FOR loops
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WHILE and FOR loops: Because UOPT does not alter the control flow structure of the
program, the front-ends must compile loop statements in the source programs into forms
that allow for code insertions in code motion. There have to be header nodes for the
placement of loop-invariant expressions in backward code motion, and tail nodes for the
placement of assignments moved forward and out of the loops. The more usual WHILE loop
form of Fig. 3.6.8 does not accommodate code motion. For both WHILE loops and FOR loops,
the compiled control flow structure should be as shown in Fig. D.1. In this configuration,
the loop header and loop tail are formed by generating extra labels. In the unoptimized
program, these two nodes do not contain any code. During optimization, backward code
motion causes insertion of loop invariant expressions at the loop header, and forward code
motion moves redundant stores in the loop forward and inserts them at the loop tail. Note
that there is an increase in code space, since the loop termination condition appéars twice.
But constant propagation followed By constant arithmetic can often eliminate the loop
entry test. (The REPEAT loop does not-require any special treatment for the purpose of
optimization.)

D2. Fortran Front-end

1.

Static memory: All Fortran variables are own variables, and they must be allocated
static storage. Also, variables within a program unit are not accessible from within other
program units. Variables in the common areas are to be treated as global variables instead,
since they are static and accessible from more than one program unit. Thus, the block
in which non-common variables are allocated has to be identified to the optimizer so that
the optimizer can treat the variables there as local variables. Currently, this static block is
always assigned the block number 1 by the Fortran front-end.

The levels of procedures: There is no nesting of procedures in Fortran. However,
statement functions can access variables within the program units in whicl.the statement
functions are declared. The optimizer has to be able to distinguish statement functions
from other Fortran subroutines and functions because the static variables referenced within
statement functions are non-local variables. The Fortran front-end UFORT declares all
statement functions at static level 3. Except the main program unit, which is at level 1, all
other subroutines and functions are declared at lcvel 2.
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Appendix E. Examples of Optimized Code

In this appendix, we use a piece of Pascal source code as example and compile this code for
the 6 target machines. The U-Code both before and after optimization by UOPT are displayed.
For each of the 6 target machines, we list the object code generated from the unoptimized U-
Code followed by those generated from the optimized U-Code. This will serve to give a more
complete view of the effects that the same optimizations on the intermediate code have on

different target machine code.

The example we use is the full extent of the loop that does bubble sort, taken from the
benchmark program Bubble used in Chapter 6. The Pascal source code is:

top := 70;
WHILE top > 1 DO
BEGIN
i:=1;
WHILE i < top DO
BEGIN

IF list{i] > list(i+1]
THEN Swap(list[i], 1ist(i+1]);
i = i+ : :
END;
top := top -1
END; -

El. U-Code

The DEC 10 versions of U-Code are given here. The procedure Swap has been copied
in-line by the procedure integrator PMERGE earlier. Note the allocation of various quantities
in registers in the optimized version.

Unoptimized C Optimized
COMM top := 70: / COMM ----BB 06
/ COMM top := 70;
toc 1 40 0 /7 LoC 1 40 0
LOC L 36 70 / COMM while top > 1 do
cvVr J L /
STR J S 1 8280 36 /
COMM while top > 1 do /
toc 1 42 0 / Loc 1 42 0
LOD J S 1 8280 38 -/ COMM ----88 06
LDC L 36 1 /L5 LAB 0
cvr J L /L0C J 36 70
GRT J / STR J RO 72 36
FJP L4 / COMM ----8B 07
L5 LA3 0 /L6 LAB 0
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L6 LAB 0

/ COMM begin 1 := 1;
COMM begin i := 1; /
Loc 1, 43 0 / LoC 1 43 0
LoC L 36 1 / COMM while i < top do
STR L S 1 8244 36 /
COMM while 1 < top do /
Loc 1 44 0 / LoC 1 44 0
LOD L S 1 8244 38 /LDC J36 1
LOD J S 1 8280 38 / LOD J R O 72 36
Cviz J L / LES J
LES J / FJP L7
FJp L7 / COMM ----BB 08
L8 LAB 0 /L8 LAB 0
L9 LAB 0 / LDC L 36 1
COMM begin if 1ist[i] > 1ist[i+1] / STR LR 0 0 36
{ LDA S 1 3096 2520 3132
/LOD LROO36
/ IXA L 36
/ STR. AR O 368 38
/ LDA S 1 3132 2520 3132
/LOD LROO 386
/ IXA L 36
/ STR AR O 144 36
/ COMM ----8B 09
/L9 LAB 0
. / COMM  begin if 1ist[i] > 1ist[i+1] then
Loc 1 45 0 /7 L0C 1 45 0
LDA S 1 3096 2520 3132 / LOD AR O 36 38
LOD L S 1 8244 368 / ILOD J 0 36
IXA L 38 / NSTR J R 0 108 38
LOD L S 1 8244 38 / LOD AR 0 144 38
LoC L 36 1 / ILOD J 0 36
ADD L / NSTR J R 0 180 38
LDA S 1 3096 2520 3132 / GRT J
SwP AL /7 FJP L10
IXA L 38 / COMM ----BB 10
IL0D J 0 36 / COMM swap(1ist[1], 1ist[i+1]);
SWP J A / .
ILOD J 0 38 /
SWP JJ /
GRT J /
FJP L10 /
COMM swap(1ist{1], 1ist[i+1]) #
Loc 1 46 0 / LOC 1 46 0
COMM starting merge of call to BU / COMM begin t := x:
LDA S 1 3096 2520 3132 /
LOD L S 1 8244 36 /
IXA L 36 /
STR AM1 0238 /
LOD L S 1 8244 36 /
LDC L 36 1 /
ADD L ’ /
LDA: S 1 3096 2520 3132 /
SWE AL /
IXA. L 38 /
STR A M1 36 36 /
COMM code start for BUB$O01 /
COMM SWAP /
OPTN TSOURCELOC 385 /
COMM begin t := x; /
toc 1 220 / LOC 1 22 0
Lot AM10 36 / LOD J R O 108 36
ILOD J 0 36 / STR J R 0 216 36
STR J S 1 8352 38 / COMM x := y;
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IL0D J 0 36
LOD AM10 36
SWP A J
ISTR J 0 33
COMM y := t
Loc 1
LOD J S 1 8352 36
LOD A M1 36 36
SWP AJ
ISTR J 0 38
OPTN TSYMLOC 0
COMM end;
Loc 1 26 0
COMM end of merged call to
L10 LAB
COMM 1= i+
Loc 50 0
Lo L
e L
ADD L
STR L S 1 8244 38
LOD L S 1 8244 36
Js1
JL
J

24 0

1
S 1 8244 38
36 1

LoD 8280 36
cvr2

LES

TIP L9
L11 LAB 0
L7 LAB 0

COMM . top := top - 1

Loc 1 62 0
LOD J S 1 8288 36
LoC L 38 1
VT J L
sus
STR J S 1 8280 38
LoD J S 1 8280 38
LoC L 36 1

VT J L

GRT J
TP L8

L12 LAB O

L4 LAB O

BU

NN N N N NN NN N SN SN NN NN SN SN NSNS S SNSSNSNSSSNSSSNSNNSNSSSSSSS

El. U-CoDE

Loc

LoD 9
LoD A
SWP A
ISTR J
COMM y :

Loc

LoD J
LOD A
SWP A
ISTR J
COMM en

24 0

Loc 1 2560

COMM --~--BB 11

L10 LAB 0

COMM i := i+l
Loc 1 60 0

LOD R 0 36 38

LDC 36 1

cvt Jd

ADD
STR
LoD
LoC
cvrt
ADD
STR
LoD
LDC
ADD
STR
LOD
cvr

R 0 36 38
R 0 144 36
361

J

[N

072 36

racaLr-rrrreE>» »r0>»>rP> 230>

9
COMM ----BB 12
/L11 LAB 0
/ COMM ----BB 13
/L7 LAB 0 }
COMM top := top - 1
Loc 1 52 0
RO 72 38

J
Jd
J
J
J
J
J

TP L6

COMM ----BB 14
/L12 LA 0
/ COMM ----BB 18
/L4 LAB 0

NNSSSNSNSNSSNS
%
-
=
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El. U-CoDE

E2. DEC 10
Unoptimized DEC 10 Code-
1 == 4071  top := 70 MOVEI 1,70

MOVEM 1 ,BUBSDA+230

;== 42/1 while top > 1 do
CAIG 1,1
JRST  $4

p11 :

$6 B

3 -~ 43/1 begin 1 := i;
MOVEI 1 ,1
MOVEM 1 ,BUBSDA+229

;- 44/1 while i < top do
CAML 1 ,BUBSDA+230

SRST 87
$8 :
$9 :
; -- 45/1 begin if 1ist{i] > 1ist[i+1] then
MOVEI 1 ,BUBSDA+86
ADD 1 ,BUBSDA+229
MOVE 2 ,BUBSDA+229
A0S 2,2
MOVE 3 ,0(1)
CAMG 3 ,BUBSDA+86(2 )
JRST  §10
;starting merge of call to BUBSO1
3 == 48/1 swap(1ist[i], Tist[i+1]);
MOVEI 4 ,BUBSDA+86
ADD 4 ,BUBSDA+229
MOVEM 4 ,2(FP)
MOVE 1 ,BUBSDA+229
A0S 1,1
icode start for BUBSO1
1 SWAP

MOVEI 2 ,BUBSDA+86(1 )
MOVEM 2 ,3(FP)

3 == 2271 t 2 x3
MOVE 1 ,0(4)
MOVEM 1 ,BUBSDA+232

;== 2371 X = y3
MOVE 1 ,0(2)
MOVEM 1 ,0(4 )

3 == 24/1 y = t;
MOVE 2 ,BUBSDA+232
MOVEM 2 ,3(FP)@

;end of merged call to BUBSO1
3 == 25/1 .
$10 :

3 == 50/1 1= §+1

A0S 0 ,BUBSDA+229
MOVE 1 ,BUBSDA+229
CAMGE 1 ,BUBSDA+230
JRST  $9

$11

$7 :

: -= 52/1 top := top - 1
S0s 0 ,BUB$DA+230
MOVE 1 ,BUBSDA+230
CAILE 1 ,1
JRST  $6

$12 '

$4 :
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Optimised DEC 10 Code

; == 40/1 top := 70
;s == 42/1 while top > 1 do
$5 :
MOVEI 7 ,70
$6 :
; -= 43/1 begin {1 := 1;
s == 44/1 while 1 < top do
CAIG 7 ,1
JRST  §7
$8. H
MOVEI 6
MOVEI 6
MOVEI 9
$9 : .
.-- 46/ begin if Tist[1] > 1ist[1+1] then
_MOVE 8 ,0(6
MOVE 1 ,0(8
MOVE 10,0(9
CAMG 1 ,0(9
JRST 810
-- 46/1 swap(1ist{i], Vist[i+1]):
-- 22/1 t o= x3
MOVE 11,8
== 2371 X 1=y
MOVEM 10,0(6
s -= 2471 y =t
MOVEM 11,0(9
;== 25/1
s$10 : .
: -= 60/1 1= 441
MOVEI 6 ,1(6
MOVEI 9 ,1(9
AOS 0,5
CAMGE 5 ,7
JRST 89
$11 H
$7 : .
: == 52/1 top := top - 1
S0s 0,7
CAILE 7 ,1
JRST  $8

1
,BUBSDA+86(5 )
.BUBSDA+87(5 )

- . e
~ o~ ~

~~

$12
$4

o o

E3. 68000

Unoptimized 68000 Code

| 40 top := 70:
mov1 #70,bubblesort$dat+1148
| 42 while top > 1 do
cmpl #1,bubblesortSdat+1148
jle $4

| 43 begin 1 := 1; .
mov1 #1,bubblesortSdat+1144
[ 44 while i < top do
mov1 bubblesort$dat+1144,d0
cmpl bubblesort$dat+1148,d0
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|
$10

$12
$4:

45

46

22

23

24

26

50

E3. 68000

Jjge $7

begin if 1ist[i] > Tist{i+1] then

mov bubblesort$dat+1144,d0
asll #2,d0
mov1 #bubblesortSdat+572,a0
mov1 bubblesort$dat+1144,d1
addql  #1,d1
asli #2,d1
mov1 #bubblesortSdat+572,al
mov1 a0e(0,do:L),do
cmpt 416(0,d1:L),d0
jle $10

swap(1ist[1], Tist[i+1]):
mov1 bubblesort$dat+1144,d1
asll #2,d1
add? di.a0
movi a0,a6@(-4)
mov1 bubblesort$dat+1144,d0
addql #1,d0
asl? #2,d0
add1 d0,al .
mov1 al,a6@(-8)

mov1 a68(-4),a0 :
mov1 a0@,bubblesort$dat+1156

mov1 a6@(-8),a1
mov 1 al9,a00

. movl a6@(-8),a0
mov1 bubblesort$dat+1156,a0@

i = i1
addql  #1,bubblesortSdat+1144
mov1 bubblesort$dat+il44,d0
cmpl bubbiesort$dat+1148,d0
i1t $9

top := top - 1

subql  #1,bubblesortSdat+1148
cmpl #1,bubblesortSdat+1148
Jgt $6

Optimized 68000 Code

top := 70:
while top > 1 do

moveq #70,d4
begin { := 1;
while i < top do
cmpl #1,d4
jle 87
moveq #1.45
mov1 43,40
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E3. 68000

asll #2,d0

mov1 #bubblesortSdat+672,a0
Tea a00(0,do0:L),a4

movl d3,d1

asll #2,d1

mov1 #bubblesort$dat+576,al
lea a10(0,d1:L),a6

$9:
| 45 begin if 1ist[i] > 1ist[i+1] then
mov1 24@,ds
mov1 a5@,dé
cmpl d6,d5
jle $10
| 48 swap(1ist[1], Vist{i+1]):
| 22
mov1 dé,d7 .
|- 23
. mov1 d6,a4@
| 24
mov1 d7,as8
| 28
$1a0:
| 50 1o iel
addql #4, 24
addql  #4,ab
addql  #1,d3
“cmpl d4,d3
Jit $9
$11:
$7: .

| 682 top := top -1
subql #1,d4

cmpl #1,d4
gt $6
$12:
$4:
E4. VAX

Unoptimized VAX Code

# -- 40/1 top := 70;
mov1 $70,bubblesort_dat+1148
# -- 42/1 while top > 1 do
cmpl  bubblesort_dat+1148,$1
Jleq

# -- 43/1 begin 1 := 1;
movl  $1,bubblesort_dat+1144
# -- 44/1 while i < top do
mov] bubblesort_dat+1144,r10
cmpl r10,bubblesort_dat+1148
jgeq _7 ‘

# -- 45/1 begin if 1ist[1] > Vist[i+1] then
add13 bubblesort_dat+1144,bubblesort_dat+1144,r10
add12 r10,r10
3dd12 Sbubblesori_dat+572,r10
add13 $1,bubblesort_cat+1144,r
1dd12 r9 ,r9 :
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E4. VAX

add12 r9 ,r9

add12 Sbubblesort_dat+572,r9
movl  0(r10),r8

movl  0(r9 ),r7

cmpl r8 ,r?7

jleg _10
#starting merge of call to BUBBLESORTS01
¥ -~ 46/1 swap(list{i], Vist[i+1]):

add13 bubblesort_dat+1144 bubblesort_dat+1144,r6
add12 r6 ,r6
add12 Sbubblesort_dat+572,r6
movl r6 ,-4(fp )
add13 $1,budbblesort_dat+1144,r5
add12 r6 .6
addi2 r5 ,r§
add12 $bubblesort_dat+572,r5
#code start for BUBBLESORTS01
#SWAP
movl rb ,-8(fp )
# -- 22/1
movl  *-4(fp ),bubblesort_dat+1166
# -- 23/1
movi  *-8(fp ).*-4(fp )
# -~ 24/1
mov1 bubblesort_dat+1156,*-8(fp )
#end of merged call to BUBBLESORTS01
# -- 25/1
-10:
# -- 50/1 1 s i+
incl bubblesort_dat+1144
movl  bubblesort_dat+1144,r10
cmpl  r10,bubblesort_dat+1143
jiss  _9
<11

w7

# -~ 52/1 top := top - 1
decl bubblesort_dat+1148
cmpl  bubblesort_dat+1148,81
jgtr  _6

J12:

I H

Optimized VAX Code

# -- 40/1  top := 70;
# == 42/1 while top > 1 do
- H
movl  $70,r7
:-H
# -- 43/1 begin i := 1;
# -- 44/1 while 1 < top do
cmpl  $1,r7
jgeq 7
8:
movl  §1,r8
add13 r5 ,r65 ,r4
add12 r4 ,rd
addi2 S$bubblesort_dat+572,r4
mov1 r4 ,r8
addi3d r65 ,rb ,r3
add12 r3 ,r3 .
add12 $bubblesort_dat+576,r3
movl r3 ,r9
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E4. VAX

-9
# -- 45/1 begin if 1ist{i] > 1ist[i+1] then
movl 0(r8 ),r8
movl  0(r9 ),r10
movl 0(r6 ),r4
mov1 0(r9 ).r3
cmpl r4 ,r3
jleq .10
-- 46/1 swap(1ist[1], 1ist{i+1]):
-- 22/1 :
movl r8 ,rii
-- 23/1
movl r10,0(r6 )
-= 24/1
movl r11,0(r9 )
-- 26/1
~10: # -- 50/1 AREL IR L2 I
addi2 $4,r8
addi2 $4,r9
incl  r8
movl r§ ,ré4
cmpl r4 ,rl
jiss 9
~11:
. H
# -- 52/1 top := top - 1
decl 7
cmpl r? ,$1
jotr 8
~12:
. H

- = & wx

E5. MIPS

Note that the MIPS code generator incorporates the local optimization portion of UOPT,
so that local optimization is always performed.

Unoptimized MIPS Code

# -~ 40/1  top := 70;
# -- 42/1 while top > 1 do
mov #70,r1
st r1,FPinit+(~4)
LBUBBS:
LBUBBS:
# -~ 43/1 begin 1 := 1;
mov #1,r1
st r1,FPinit+(-5)
# -~ 44/1 while 1 < top do
1d FPinit+(-4),r2
bge #1,r2,LBUBB7
LBUBBS:
LBUBBY:
# -- 46/1 begin if 1istf1] > Tist[i+1] then
1d #FPinit-147,r1
1d FPinit+(-5),r2
1d [r1+r2],r3
1d #FPinit-148,r4
1d [r4+r2],r5
ble r5,r3,LBUBB10
# -- 46/1 swap(1ist[1], Vist[i+1]):
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E5. MIPS

add r4,r2,r6

st r6,-306[r16]
add r1,r2

st r2,-305[r15]
st r5,FPinit+(-2)
st r3,0[r6]

st r5,0[r2]

LBUBB10:

# -- 50/1 1= i#1
1d FPinit+(-5),r1
add #1,r1

st r1,FPinit+(-5)
1d FPinit+(-4),r2
bit r1,r2,LBUSR0
LBUBB11:
LBUBB7: .
# -- 52/1 top := top - 1
14 FPinit+(-4),r1
sub #1,r1
st r1,FPinit+(-4)
b1t #1,r1,.LBUBBS
LBUBB12:
LBUBB4:

Optimized MIPS Code

# -- 40/1 top := 70;
# -= 42/1 while top > 1 do -

LBUBBS:
mov #70,r12
LBUBBSG:
# == 43/1 begin 1 := 1;

# -~ 44/1 while 1 < top do
bge #1,r12,LBUBB7
L8usBa8:
mov #1,ri4
1d #FPinit-148,r1
add r1,r14,r13
1d #FPinit-147,r2
add r2,r14,r10
LBUBBY: . :
# -- 45/1 begin if 1ist[i] > 1ist[i+1] then
1d 0{r13],r11
14 ofr10],r9
ble r11,r9,LB8UBB10
# -- 46/1 swap(1ist[i], 1ist[i+1]);
mov ri1,r8
st r9,0[r13]
st r8,0[r10]
LBUBB10:
# -~ 50/1 1= i+l
add #1,r13
add #1,r10
add #1,r14 :
bit ri14,r12,LBUBBO
LBUBB11:
LBUBB7:
# -~ 52/1 top := top -~ 1
sub #1,r12 ’
b1t #1,r12,LBUBBG
LBUBB12: ’ : :
LBUBB4:
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E6. FOM

Unoptimized FOM Code

.

-=- 40/1 top := 70;

kaa, 0, $C70, TOP

-- 42/1 while top > 1 do

GtI
IfLF
Nop
Nop
Label
Label
-- 43/1
AddI
-~ 44/1
LtI
IfLF
Nop
Nop
Label
Label
-- 45/1
AddI
Addl
Loadl
AddI
AddI
Add1
LoadI
- GtI
-- 46/1
Nop

Nop

Add1
Add1
AddI
AddI
Add1
Add1
AddI
LoadI
Addl
AddI
AddI
Stol
Label
-=- 50/1
AddI
AddI
LtI
IfLY
Nop
Nop
Label
Label
-- 52/1

Subl
Addl
GtI
IfLTY
Nop
Nop

whi

top

aka, TOP, 1, $T6
aa., $76, LS4

LS5

LS8

egin i := 1;
kka, 0, 1, I

le 1 < top do
aaa, I, TOP, $T7
aa., $T7, L$?

L$8

LS9 .

begin if 1ist[i] > 1ist(1+1] then

kas, -1, LIST,

sas, , I,

sk., , 0

kaa, -1, LIST, $T9

aka, I, 1, $T10

aaa, $T9, $T10, $T9

ak., $7T9, 0

qqa, Load IfLF aa., $T11, LS10
swap(1ist[i], 1ist[i+1]):

kas, -1, LIST,

sas, , I,

ksa, 0, , T$1

kas, -1, LIST,

aka, I, 1, $T14

sas, , $T14,

ksa, 0, , T$2

ak., 7$1, ¢

kqa, 0, Load LoadI ak., T7$2, 0
kqa, 0, Load Stol ak., 781, 0
kaa, 0, T, T

ak., T$2, 0

1 = i+
aks, I, 1,
ksa, 0, , I
aaa, I, TOP, $T17
aa., $T17, LS9

L3111

LS$7

:= top - 1

aks, TOP, 1,

ksa, 0, , TOP
aka, TOP, 1, $T19

" aa., $T19, L$8
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Label
Label

E6. FOM

Ls12
L34

Optimized FOM Code

-= 40/1 top := 70:
-~ 42/1 while top > 1 do

. ve

e or

Label
AddI
Label
-= 43/1
-= 44/1
LtI
IfLF
Nop
Nop
Label
AddI
AddI
AddI
AddI
Add1
Addl
Label
-- 46/1
LoadI
Add1
AddI
IfLF
-= 46/1
Nop
Nop
AddI
AddI
Stol
Addl
Stol
Label
-~ 60/1
AddI
AddI
Add1
AddI
AddI
AddI
LtI
IfLT
Nop
Nop
Label
Label
-- 52/1
Subl
AddI
GtI
IfLT
Nop
Nop
Label
Label

b
whi

top

LSS

kaa, 0, $C70, TOP . .
L$6

egin 1 := 1;

1e 1 < top do

kaa, 1, TOP, $T5

aa., $T5, LS$?7

LS8

kka, 0, 1, I
kas, -1, LIST,
sas, ., I,

ksa, 0, , T$1
aas, LIST, I,
ksa, 0, , T$3

LS9

begin if 1ist[i] > 1ist[i+i] then

ak., T$1, 0

kga, 0, Load LoadI ak., T$3, 0

kqa, 0, Load GtI aaa, T$2, T34, $T8

aa., $T8, LS10
swap(list{1], Vist[i+1]);

kaa, 0, T$2, T
kaa, 0, TS4, TS4
ak., TS1, 0
kaa, 0, T, T
ak., T$3, 0
L$10

1= 441
aks, 181, 1,
ksa, 0, , T$1
aks, T$3, 1,
ksa, 0, . T$3
aks, I. 1,
ksa, 0, , I
aaa, I, TOP, $T12
aa., $T12, L$9

L$11

LS?

= top - 1

aks, TOP, 1,

ksa, 0, , TOP
aka, TOP, 1, $T14
aa., $T14, LS$6

L$12
LS4

170



E7. S-1

1i6. FOM

Unoptimized S-1 Code

s == 40/1
Mov.S.S

s = 42/1
Skp.Gtr.S
SJmp

$5:

$6:

s == 4371
Mov.S.S

;== 44/1
Skp.Lss.S
SJmp

$8:

$9:

s == 45/1
Shfa.Lf.S
Inc.s
Skp.Gtr.S
SJmp

: == 46/1
Shfa.Lf.S
Movp,.P.A
Inc.s
Movp.P.A

i == 22/1

Mov.S.S

- 23/1

Mov.S.S

-- 24/1

Mov.S.S

;== 26/1

$10:

s == 50/1
Inc.s
Skp.Geq.S
SJdmp

$11:

$7:

;== 52/1
Dec.s
Skp.Leq.S
Sdmp

$12:

$4:

top := 70;

BUBBLSDA+872,#70

while top > 1 do

BUBBLSDA+872,#1
$4

begin {1 := 1;
BUBBLSDA+868,#1
while i < top do
BUBBLSDA+868 ,BUBBLSDA+872
$7 ! :

begin if 1ist(i] > 1ist[i+1] then
RTA,BUBBLSDA+868 , #2
RTB,BUBBLSDA+868
BUBBLSDA+296[RTA],BUBBLSDA+296[RTB]*2
$10

swap(1ist(i], 1ist[i+1]);
RTA,BUBBLSDA+868, #2
(FP )0,BUBBLSDA+296(RTA]
RTA,BUBBLSDA+868
(FP )4,BUBBLSDA+296[RTA]*2

BUBBLSDA+880,{FP )08
(FP )0@,(FP )48

(FP )4@,BUBBLSDA+880

EEEBRL S
BUBBL$DA+868 ,BUBBLSDA+868
BUBBLSDA+868,BUBBLSDA+872
$9

top := top - 1
BUBBLSDA+872,BUBBLSDA+872
BUBBLSDA+872,#1
$6

Optimized S-1 Code

-~ 40/1

Mov.S.S
i- 431

-= 44/1
Skp.Lss.S
SJmp

$5
s6

$8:
Mov.S.S
Movp.P.A

top := 70;
s == 42/1 while top > 1 do

R24,#70 -

begin {1 := 1;
while 1 < top do

#1,R24

$7 '

R22,#1 ’ -t
R23,BUBBL$DA+296[ R22]12
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Movp.P.A

$9:

3 == 4571
Mov.S.S
Mov.S.S
Mov.S.S
Skp.Gtr.S
SJmp
~-= 4871

-- 22/1
Mov.S.S
3 o== 2371

Mov.S.S

;== 24/1
Mov.S.S

i == 25/1

$10:

s == 50/1
Mov.S.S
Movp.P.A
Movp.P.A
Inc.s
Skp.Geq.S
SJmp

$11:

$7:

; == §2/1
Dec.s
Skp.Leqg.S
SJdmp

$12:

$4:

E7. 8-1

R26,BUBBLSDA+300[R22]+2,

begin if 1ist[i] » Vist[i+1] then
R25, (R23)0
RTA, (R23)0
R27,(R26)0
RTA, (R26)0
$10
swap(1ist[i], Vist[i+1]);

R28,R25
(R23)0,R27

(R26)0,R28

i 41
RTA, (R26)0
R23, (R23)0[RTA]
R26, (R23)0[R26]
R22 ,R22
R22,R24
39

top := top - 1

R24,R24
R24,#
$6
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