


































































































































































































S. Organization and Structure. 

In this Chapter, we look into the overall organizatJon and structure of UOPT in imple­

menting the optimization algorithms presented in Chapters 3 and 4. The interactions am.ong 

the optimizations performed arc addressed. A specific ordc1 . .:'or performing the optimizations is 

developed. Based on our implementation, the timings and efficiencies of the various optimiza· 

tion phases are studied. The data structures used in UOPT are deiicribed. The methods used 

in the collection of data Bow information arc examined. The interactions of UOPT with the 

procedure integrator Pl\i!ERGE are also discussed. 

5.1. Optimization Phase Structure 

In performing optimization on an input program module, UOPT passes over the program 

code only once, when it reads in the code of the procedures. It optimizes procedures one at 

a time, writing out the optimized code reading in the next procedure. In general, the 

contents of one procedure have no effect on the optimization of other procedures (i.e. no inter· 

procedural analysis is done). The one exception to this is that UOPT does remember the levels 

of previously encountered procedures. By taking the static nesting of procedures into account, 

UOPT .can determine whether side effects on variables in the current procedure are possible. 

The input procedure code is separated into basic blocks while they are read. Basic blocks . 

are delimited according to the set of op-codes that mark the ends of basic blocks, and U·Code 

labels that mark the starts of new basic blocks. As the code is read in, unreachable code is also 

removed by skipping until the next label if the previous batiic block ends with an unconditional 

jump or a return. Some local optimizations are performed as part of the process of inputing 

program code, when data structures are built to represent the basic block code. After each basic 

block is completely read in, the remaining set of local optimization transformations are invoked 

(St.>ction 3.1). Following local optimization, the local data Bow attributes (Section 3.3.1) are 

collected. The reading of a basic block also causes a node to be added to the global control How 

graph. 

Once the whole procedure is read in, the global optimization phases begin. The initial 

step is analysis of the control flow graph. Unreachable Bow graph nodes are idtmtified, and 

the corresponding basic blocks are deleted. The control !low graph nodes are put into a depth· 

first ordering for maximizing speed in the subsequent oata flow analyses. Additional data flow 

information is collected from the program code. 

Using tbe global optimization approach presented in Chapter 3, we identify the following 

three underlying phases in global optimization: 
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5.1. OPTIMIZATION PHASE STRUCTURE 

Phase A - Copy propagation. 

Phase D - 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 pha8es that perform the optimizations not yet included: 

Phase D - Linear function test replacement. 

Phase E - Induction variable elimination. 

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 different optimization phases should be performed 

only once. This, however, conflicts with the objective of achieving the most optimization, sin~e 

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 arc applied or repeated that represents the best tradeoff between optimization 

efficiency and exhaustive optimization. We have LO take into account the interactions between 

the various optimizations and the need to update the relevant data flow information after each 

optimization phase. 

5.1.1. 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 a.nt.1 ·u denotes a direct 

reference of a. Let Ui denotes an operation which may potentially reference the value of a, and 

d, denotes an operation which may potentially alter the value ofa. 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 p~ameters to called procedures (see Section 5.4). 

The optirnizations 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 Chapte. 3 are criteria for determining the movement 

of items from on.e 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 au, u;, d or d; pointt. AB an example, suppose the variable a has the 

following occurrences in a straight-line piece of code: 

Then a legal rearrangement of this pi"ce o_f code is 

Whenever there 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 

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 

if d, had b<.'Cn moved backward (to the left) or deleted, it would be possible to move u1 backward 

past the original position of d,. Similarly, if d2 had been moved forward (to the right)or deleted, 

it would be possible to move u1 forward past the original position of d2. The same reasoning 

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

t When an item moved consists of multiple variables, the .,,.,,.,J•/ of all the variables are taken into account. 
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5.1.2. Relationships among the Phall!es 

We now study the interactions among the phases A to G we enumerated above in order to 

establish the best order of applying the various optimizations. The first observation we can make 

is that register allocation shollld be the last phase in the optimization sequence, because it has to 

take into account the appearances of all potential register-residing items, which arc affected by all 

the other optimizations. Among the register-residing items are optimizer-generated 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 ~!!z:.se in 

finding expressions to replace a test variable. Induction variable elimination (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 Lhls table, 

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 each application of the row entry's optimization in order to · 

exhaust all optimization opportunities. 

Entry I(a). According to our local'optiinization algorithms, the local optimization pass 

does all possible local optimizations within each basic block, and it is useless to repeat 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-rcduced forms, and these locally optimized forms of the expressions are used in global 

data llow analyses. As we have mentioned in Section 3.1.2, local copy propagation enables 

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 expressions may exhibit new opportunities for constant folding and stack height 
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5.1. OPTIMIZATION PHASE STRUCTURE 

(a) Local (b) Copy .(c) Backward (d) Forward 
Optimization Propagation Code Motion Code Motion 

I. Local 
No Yes Yes 

Optimization 

II. Copy 
Yes No Yea 

Propagation 

ill. Backward 
Yea Yes No 

Code Motion 

IV. Forward 
No Yes Yea 

Code Motion 

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 

Yes 

Yea 

Yes 

Yea 

reduction. In UOPT, 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-emis~ion 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 ll(c). As we have mentioned in Section 3.4, common subexp~ession recognition is 

a necessity after copy propagation for preventing the proliferation of copied eJC:pressions. 

Entry II{d). One primary purpose of copy propagation is to create dead variables or 

redundant assignments. Thus, a redundant store elimination 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 result~d could have been globally accomplished in 
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global copy propagation. Any new 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 !he program variables. 

However, backward code motion does create new opportunities for local copy propagation, 

which we explain under entry ID(b). 

Entry DI(h). 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 incremimts 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 ex:ampfo, in Fig. 3.7.1, the induction expression ix 3 is 

constant propagated to 1 x 3 and then folded to 3 after code motion has taken place. 

Entry m(c). Backward code motion involves the movement of both the d's and the u's. 

Jn the code sequence 

... di• .. Ui ••• , 

after di has been moved to the left, ui can be moved to the left past the original position 

~f di. This movement of ui past the original position of di cannot be done concurrently in 

one pass of our backward code. motion algorithm, since the deletion of di from its original 

position is not done until the end of the pass. The movement of di to the left must be due 

to some store partial redundancy in the variable. This means that some d f)Ccurs to the left 

of di, and the presence of this earlier d implies that the same form of partial redundancy 

that moves di to the left cannot occur to ui after the movement of di. 'l'hus, we conclude 

that, in the above code, if di has been moved to the left, repetition of our code motion 

algorithm will never result in moving ui to the left past the original position of di. The 

same argument applies to the code sequence 

... ui ... dJ. •••• 

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

Entry m(d). Backward code motion involves the backward movement of u's, u1's, d's and 

d/s, and forward code motion involves their forward movement. Thus, the optimizations of 

these two phases arc mutually restricting, and no new forward code motion optimization can 

be brought aoout by backward code motion. Even when some redundant expressions are 

deleted, no new redundancy in stores can be resulted, since the redundant expressions are 
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Fig. 5.1.l Effects of redundant store elimination followed by backward code motion 
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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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Optimise 

i live 

j dead 

Fig. 5.1.3 Effects of redundant store elimination followed by further forward code motion 

Entry IV{b). Forwar~ 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 created in other optimizations is possible after forward code 

motion. In Fig. 3.10.l{c), copy propagation of the temporary tis p~ssible. 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 ill(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, di's, u's or ui's takes placet, backward code motion can 

benefit because larger gaps for code -movement are made possible. For example, in Fig. 

5.1.1, the deletion of the redundant j +- 2 + i (a u in i) enables i +- 5 (a d in i) to be 

moved out of the loop. The deletion 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 ill(c) is also applicable here. However, 

in the current case, deletions 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 

t The deletion of assignments are unique in that both the left and right band sides are eliminated. The left 
band side is a d for the assigned variable, and the right hand side may consists of u's for other variables. 
The data Jlow solution in forward code motion that leads to the deletion of stores is dependent only on the 
data How attributes of the left band sides of stores, ~nd is independent of the data Jlow attributes of the 
right hand side expressions. 
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of i ..... j + 1 (a u in j) enables 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 vari;bles whose stores are 

deleted. For example, in Fig. 5.1.3, the deletion of j +- 2 (ad in j) enables the forward 

movement of i +- j + 3 (c. 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 Optimisation Phases 

We now construct a practical optimization sequence according to Table 5.1.1 and our dis­

cussions related to this table. As we hi.ve 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 motiqn 

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 temporaries 

generated in the backward code motion phase and the induction variables eliminated in the 

induction variable elimination phase. Re~ister 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 - Elimination of redundant assignments. 

Phase 6 - Partial redundancy elimination for expressions by backward code motion. (This 
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includes· global common subexpressions elimination, loop-invariant expression re­

mo~al 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 each yes 

entry in the table, there must be an occurrence of the optimization of the corresponding column 

after the occurrence of the optimization of the corresponding rowt. The above optimization 

sequence in UOPT obeys our requirement with the exception of entries ill(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 ill(a) are taken care of by the extra local optimizations performed 

during the final code emission phase. The ignorance of entry ill(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 needed for the code transformations done in phases 

4 and 5. After phase 6, only the data flow information related to stores uee<lo to be updated. 

Global data flow analysis is perfom1ed 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 each 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 implmnent Table 5.1.1, it is necessary to· to apply this reasoning for the repetition passes also, but 

we regard this as oVCl'kiJI. 
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NSTR's introduced that prevl!Ilt the cons.tmction of complete trees. The items allocated in reg· 

isters also ne<!d to be remapped to regular storage. To re-r.m UOPT over its own optimized 

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

5.2. Timings of the Optimization 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-t%. 

Phase 5: 2%. 

Phase6: 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 perhap11 phase 2. The main reason 

why phase 2 is time-consuming is that, for each variable, expression or a&signment· 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 bJock 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 Jlow analysis has also been measured. There 

are altogether 15 separate data Jlow analysis steps among all the phases. It is found ·that 

approximately 10 - 17 % of the total optimization time is spent in performing data Jlow /malysis. 

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 pr.oportional 

to the square of the procedure size. 
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The data stM1cturcs in UOPT arc designed to represent the executable code of a complete 

procedure while performing optimizations. Since a procedure can be ot 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 he 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 ~tatement 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, I, r). 

Hashing of the table entries allows fast retrieval of the entry for a given expression 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 J>lays a crucial role in the recognition 

of local common s.ubexpressions, 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 entries, 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 ite:rn. 

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 subexpre8sions. The DAG characteristic, which is due 

to the hashing nature of the table, also allows a smaller number of entries 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 arc of the same variable or expression 

but belong to different basic blocks. Thus, the global hash table is of a fraction of the si?.e 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 tabli;. 

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 block node also gives information 

about the state of register usages in that block. 

Data flow analysis in UOPT is performed 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 ran 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 attribu~e throughout the procedure, there has to be one bit vector per . 

basic block for the data flow .~ttribute. Since the bit vectors are used mainly in data flow analysis, 

they are closely reln.tcd to the control !low graph. Thus, the bit vt.>ctors 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 bit vectors have been the direct results of our global 

optimization algorithms, this method of representation is also space-efficient, 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.Z. 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 baaic block 

in the control flow graph. Each basic block n0 de contains informat.ion about the availability of 

the register resource for each register class iu the basic block during and after reb-ister allocation. 

100 



5.3. DATA STRUCTURES 

Before register allocation begins, the live ranges of all potential registe<-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 th~ 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 ba.~ic block and active 

item as a live unit. 

Although the live ranges of the variables and expressions are already 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 4.6), 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 list of live unit nodea 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 includes 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 rangP., .two flags also indicat.P. wh,.thf>r RLOD and RS'ra need to be ~enerated at the block 

entry and exit respectively if the item ia.. ~ll2.<;.~ted in i:eaj_ster. An a<lrlitional 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 4.6), 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 Jive range 

node has a list ~f interference pointers that point to the live rang1! nodes interfering with it. To 

see whether two live ranges interfere, it is only necessary 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 vectQrs 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 ~ector gives the unconstrained versus the 

constrained live ranges. During the node coloring iterations, another 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 movin~ 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. 

6~4. Collection of Data Flow Information 

In Section 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 analyitjs. 

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 S.1, we 

have referred to these appearances as u's, d's, Ui's and di's. We divide memory references into 

four categories: 

(i) J;>irect loads of simple variables - This corresponds to the LOD instruction. 

(ii) Indirect loads with known sour.cc range - This comes from the uses of the ILOD and the 

indirect comparison operators whoae 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 reference parameter 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 fields 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 easily be supplied 

by the compiler. 

In a similar way, memory assignmen~ are classified 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 VNOV instructions whose base addresses are given by the ~A 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,. 

NOV and VNOV 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 any 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 reference 

affects (or kills) a memory assignment, and vice versa, if the two operations can possibly involve 

a common memory location. 

Table 5.3.1 summarizes 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 opportun,itfos that can be unfolded. The explanations of 

the rules are as follows: 
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(b) Indirect Star~ (c) Indirect Store (d) Procedure 
(a) Direct Store 

(Range Known) (Range Unknown) Call 

Block DO. of (i) Level of (i) 
(i) Direct Load Check Overlap Check Overlap 

;/; Current Block encloses Called Proc. 

(ii) Indirect Load Block no. of (ii) Level of (ii) 

(Range Known) 
Check Overlap Check Overlap # Current Block encloses Called Proc. 

(iii} Indirect Load Block no. of (a) Block no. of (b) 

(Range Unknown) # Current Block # Current Block 
Always Kill Always Kill 

(iv) Procedure Lev~) or (a) Le!el of (b) 

Call encloses Called Proc. encloses Called Proc. Always Kill (Not Applicable) 

Table S.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 

arc 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 range of ~he 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), (iii-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 

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

- When a source or target range is known, a called procedure can reference 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 Unknown) Call 

(i} Direct Load General Equivalence Alias Side Effects 

(ii) Indirect Load 

(Range Known) 
Equivalence· General Alias Side Effects 

(iii) Indirect Load 

(Range Unknown) Alias Alias General Side Effects 

(iv) Procedure 

Call Side Effects Side Effects Side Effects (Not Applicnble} 

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 di'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 necessary 

to go through this- list to check whether any clement in the list kiiJs the item. To determine 

whether a locally occurring item h1 anticipated at the basic block entry, it is only necessary to go 
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through the part of the kill-list that precedes 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, bas 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 atid the associated parameter passing. When invoked, 

PMERGE selects procedures in a program whose code is copied in-line at points at which they 

are caJled. 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 mainly interested in bow the procedure integrator alfects the optimization perfor.. 

mance of the global optimizer when they are used together. By invoking procedure integration 

as a pre-pass, the global optimization opportunities can. be substantially increased, since the. 

optimizations are performed ~ne procedure 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 calls. 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 ill available when optimizing the code of the merged procedures. 

4. Code in the merged procednres can be moved outside to the caller. This is €specially 

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. The benefits of register allocation arc substantially improved since the overhead of memory 

updates, the saving of registers before procedure calls and their re-loads after the calls can 

be f'Jiminated. Registers can also be cllocated over }arger 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 sui>exprcs'lions 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 that arises out of the use of the procedure merger with 

regard to optimization. When a procedure is integrated into the caller, its local variables are 

merged into the stack franie 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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In this Chapter, we study the performance of UOPT with rcspec~ 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 optimir.ation performance 

are also examined. 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 

arc the DEC 10 [Stan76], the 68000 [Moto80], the VAX [Digi81], the MIPS [llenn82c), the FOM 

[Bran82] and the S-1 [Hail79] [Livi83]. Using actual timin!!: 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 arc 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 contributions to overall performance of the different optimiza­

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 studies 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 Qu~ns problem. It contains a single recursive 

procedure. 

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

Mm- This program is identical to Intmm except that the matrices arc in real numbers. 
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Puzzle - A compute-bound program that solves a puzzle about packing blocks into a cube. 

It co~tains 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 tree 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 m:st n prime numbers using the Sieve of Erastosthenes. 

It contains only a main program with loop. 

Quick2 - A second progl'am that also performs the Quick Sort, but written in Fortran. There 

is no direct relation to the above Quick written in Pascal. Jn particular, it is not 

recursive. 

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 

eJfective in reducing execution times in programs Perm, Tower, Bubble and Tree. Jn 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 Jntmm because constant arithmetic, 

linear function test replacement and strength reduction are not performed on real numbera, and 

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

8.1.1. 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 pmor1ned 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 targ!!t 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 

0. Original running time 13.77 2.48 3.05 1.30 1.43 
(1.0) (1.0) (1.0) (1.0) (1.0) 

1. Time using only Pmerge 9.62 1.68 3.05 1.29 1.42 
(.70) (.68) (1.0) (.90) (.99) 

2. Time using only Uopt 12.40 2.10 2.68 .46 .59 
(.90) (.84) (.68) (.35) (.4.l) 

3. Time using Pmerge and Uopt 7.44 1.26 2.68 .42 .56 
(.54) (.51) (.68) (.32) (.39) 

Program Ilubble Tree Fft Sieve Quick2 

0. Original running time 5.06 1.22 2.85 5.09 
(1.0) (1.0) (1.0) (1.0) 

l. Time using only Pmerge 3.69 1.01 2.85 5.09 
(.73) (.83) (1.0) (1.0) 

2. Time using only Uopt 3.80 1.15 1.08 3.25 
(.75) (.94) (.38) (.64) 

3. Time using Pmerge and Uopt 2.34 .93 1.05 3.25 
(.46) (.77) (.37) (.64) 

Running times in Seconds 

(Normalized running times in parentheses) 

.719 
(1.0) 

.719 
(1.0) 

.572 
(.80) 

.572 
(.80) 

Table 6.1.1 Optimized and un-optimized running times 

Puzzle Quick 

5.32 1.94 . 
(1.0) (1.0) 

5.22 1.60 
(.98) (.82) 

2.58 1.739 
(.49) (.90) 

2.47 1.30 
(.46) (.67) 

Inverse Average 

4.71 (1.0) (1.0) 

4.71 (.90) (1.0) 

2.35 (.65) (.50) 

2.35 (.55) (.50) 

they are generally visualized. The number of instances of code motion can be approximated as 

the number of insertions (row 5). However, these insertions arc not only due to loop-invariant 

code motion, but to partial redundancy suppression as well. The number of redundant exprcs· 

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 expressions come 

from address collapsing in array offset computations. Common subexpressions, co.de motion 

and induction expressions also frequently occur in a.'!sociation with address expressions. Copy 
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Program Perm Tower Queen Int mm Mm Puzzle Quick 

1. # of local common aubexpr. 8 30 3 14 14 22 19 

2. # of locally redundant assignments 0 0 0 D 0 1 0 

3. # of constant arith. 4 11 13 21 21 83 21 

4. # of global copy propagation• 2 15 0 5 5 18 30 

5. # of backward code motion insertions 4 10 6 20 21 42 5 

6. # ol backward code motion deletions 8 21 16 22 23 51 80 

7. # of test replacementll 2 0 1 4 4 2 0 

8. # ol globally redundant NISigmnenta 7 22 2 5 5 11 14 

9. # ol forward code motion insertion• 0 4 2 0 0 3 4 

Program Bubble Tree Fft Sieve Quick2 Inverse Total 

1. # of local common aubexpr. 4 3 92 2 4 15 230 

2. # of locally redundant asaignmenta 0 0 0 0 2 0 3. 

3. # of constant arith. 8 1 51 2 27 20 283 ._, 
4. # of global copy propagation 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 

1. # or test replaccmentll 1 1 2 1 1 0 19 

8. # of globally redundant asaignmenta 4. 11 17 1 1 1 101 

O. # of forwnrd 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 redunda.i1t assignments (row 8) and 

the numb<'r of copy propagations, since the latter transformation often gives rise to nou·live 
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Program Perm Tower Queen Int mm Mm Puzzle Quick 

% of var. references in registers .65 .40 .76 .95 .95 .94 .67 

% of var. asoigmncnts in registers .70 .23 .72 .96 .96 .77 .77 

Program Bubble Tree Fft Sieve Quick2 Inverse Average 

% of var. references in registers .91 .78 .87 .87 .62 .71 .77 

% of var. asaigmnents 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 

% ohar. references in registers .94 .72 .90 .96 .96 .95 .so 

% of var. assignments in registers .95 .58 1.0 .95 .95 .77 .80 

Program Bubble Tree Fft Sieve Quick2 Inverse Average 

% of var. re£ercnces in registers .90 .79 .93 .86 .74 .88 .87 

% of var. 11118ignments in registers .91 .80 .83 .88 .77 .94 .86 

Table 6.l.3(b) Static register allocation statistics in the 68000 

variables. 

Table 6.1.3 disp~ys 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 co1mts in the optimized programs.. The dynamic 

counts are expected to be better, since the register allocator in UOPT takes lC'op-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 cpnvention, 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 rl'gister saves ;ind re-loads ar?und procedure calls tend to increase 

the cost of the allocations. These calls are frequently ~tandard 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 percent'lges 

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 calls. 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. 

It is also possible to get some ideas about the degree of correlation between the different opti­

mizations by studying by how much the improvement from the completely optimized versions 

of the benchmarks exceeds 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 selective 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 registl'r 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) arc 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 allo~ation (phase 10) is performed. The average column in the table shows that 

backward code motion and register allocation arc· the optimizations that reduce running time 
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the most. Next arc store optimizations and copy propagation. Local optimization can only 

reduce running time by 5% on the average. 

We now look more closely 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 iu row 1. Thi;i shows 

that copy propagation and store optimizations always result iu in_iprovcmeut 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% deterioration 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, .vhich 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 expressions 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 neces!!arily 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 Dubble 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, Queen, Puzzle, Bubble, Tree and Sieve, the re­

sulting n:nning times are worse. However, if register allocation is ~dcd (row 3), the nmuing 

times are substantially improved. Iu fact, in Perm, Quick, Dubble, Tree, Sieve aud Quick2, the 
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Program Perm Tower Queen Intmm Mm Puzzle Quick 

O. No optimi•ation t 0.62 1.68 3.95 1.29 1.42 5.22 1.60 
(1.0) (l.O) (1.0J (1.0) (1.0) (I.OJ (1.0) 

1. Full global optimiaation 7.44 1.27 2.6.7 .42 .55 2.47 J.30 
(.77) (.75) (.68) (.33) (.38) (.47) (.70) 

2. Only local optimizations 10.92 1.68 4.22 1.10 1.23 5.24 1.42 
(1.14) (1.0) {l.07) (.85) (.87) {1.0) (.89) 

3. Only local optimizations, reg. alloc. 8.46 1.39 3.99 1.05 1.111 4.86 1.26 
(.88) (.83) (1.01) (.81) (.84) (.93J (.78) 

4. All except copy propagation 7.44 1.44 2.68 .43 .56 2.46 1.37 
(.77) (.86) (.68) (.33) (.30) (.47) (.86) 

5. All except backward code motion 8.00 1.31 3.00 1.22 1.35 4.83 1.45 
(.83) (.78) (J.01) (.05) (.95) (.93) (.01) 

6. All except store optimizations 8.94 1.37 2.68 .43 .56 2.52 1.36 
(.93) (.82) (.68) (.33) (.30) (.48) (.85) 

7. All except register alloc. 8.87 1.36 3.76 .65 .78 3.74 1.60 
(.112) (.81) (.95) (.50) (.55) (.72) (1.0) 

Program Bubble Tree Fft Sieve Quick2 Inverse Average Cost 

0. No optimization t 3.69 1.01 2.85 5.011 .719 4.71 {1.0) 0% (1.0) (I.OJ (1.0) (1.0) (1.0) (1.0) 

1. Full global optimization 2.33 .03 1.07 3.52 .572 2.36 (.61) 100% (.63) (.03) (.37) (.611) (.80) (.50) 

2. Only locnl optimizations 3.79 1.05 1.82 5.22 .703 3·.89 (.95) 15% (1.03) (1.04) . (.64) (1.03) (.98J (.83J 

3. Only local optimizations, reg. alloc. 2.04 .91 1.68 3.30 .487 3.67 (.79) 37% (.55) (.00) (.50) (.65J (.68) (.78) 

4. All except copy propagation 2.34 .91 1.10 3.57 .572 2.35 (.65) 94% (.63) (.110) (.30) (.70) (.80) (.80) 

5. All except backward code motion 1.98 .87 2.85 4.10 .497 3.67 (.85) 87% (.54) (.86) (I.OJ (.81) (.GO) (.78) 

6. All except store optimizations 2.53 .97 1.07 3.57 .588 2.37 {.65) 83% (.68) (.96) (.37) (.70) (.82) (.50) 

7. All except register alloc. 4.60 1.08 1.40 5.86 .807 3.17 (.87) 77% (1.25) (1.07) (.59) (l.15) (1.12) (.67) 

t The times in this row correopond 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 3 running time of full optimization by TTOPT 

Table 6.1.4 Running timc8 for various extents of optimiv.ation (DEC 10) 
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6.1. ANALYSIS OF OPTIMIZATION PER•'ORMANCB 

tJ'r"'gram Perm Tower Queen Intmm Puzzle Bubble Tree Sieve 

NO optimisation ~2.30 $.811 12.58 17.12 16.311 18.85 0.77 23.00. 
(1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) 

Full global optimizatioa 27.00 3.0li 6.54 7.56 6.33 li.74 0.44 10.42 
(.86) (.68) (.52) (.44) (.38) (.30) (.117) (.44) 

All acept backward code motion 28.80 4.24 8.93 17.83 1(1.&7 10.05 9,57 13.91 
(.89) (.72) (.71) (1.04) (.84) (.$3) (.08) (.80) 

Running times in Seconds 

(Ratio to un-optimized running times in parentheses) 

Table 6.1.5 Effectiveness of backward code motion on the 68000 

running times after only local optimization ~d register allocation approach or exceed the times 

after full optimization. The optimization cost in this case is only 37% of full optimization. Thus, 

it can be said that local optimization 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 program81 Bubble, Tree, Sieve and Quick2 are wor8e 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 ovm- row 7. Rows 2 and 3 show between them the effects 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 tbe 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 Sieve 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 perform11d, as is in 

row 3, tbe resulting running times are better instead. This means that these optimizations build 
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6.1. ANALYSIS OF OPTIMIZATION PERFORMANCE 

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 variation ir. optimization performance due to some parameters 

that inlluence optimization. The observations are explained and, in some cases, inferences nre 

made regarding optimization in general. The studies are also done using the DEC 10 as the 

target machine. 

8.2.1. 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 diiferent numbers of registers to be allocated by UOPT. The 

results displayed in Table G.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 en~ugh for most practical purposes, and increasing the number for the code generator (i.e. 

decreasing the number used by UOPT) ~oes 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-olf 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.l.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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Program 

0 registers 

2 registers 

4 registers 

6 registers 

All 9 registers 

Program 

0 registers 

2 registers 

4 registers 

6 registers 

All 9 registers 

6.2. EFFECTS OF OPTIMIZATION PARAMETERS 

Perm Tower Queen Int mm Mm 

8.87 1.38 3.78 .65 .18 
{l.O) (1.0) (1.0) (1.0) (1.0) 

8.25 1.28 3.82 .M .78 
(.93) (.94) (.08) (.98) (.09) 

7.44 1.28 3.29 .58 .71 
(.84) (.94) (.88) (.89) (.01) 

7.44 1.27 2.88 .43 .56 
(.84) (.93) (.71) (.06) (.72) 

7.44 1.28 2.68 .42 .55 
(.84) (.02) (.71) (.65) (.71) 

Bubble Tree Fft Sieve Quick2 

4.60 1.08 1.40 5.86 .807 
(1.0) (1.0) (1.0) (1.0) (1.0) 

3.71 .06 1.24 4.02 .724 
(.81) (.80) (.80) (.60) (.00) 

3.8"· .93 1.14 3.99 .680 
(.83) (.86) (.81) (.68) (.83) 

2.33 .93 1.09 3.53 .621 
(.51) (.88) (.78) (.60) (.77) 

2.33 .93 1.05 3.25 .572 
(.51) c;86) (.75) (.55) (.71) 

Running times in Seconds 

(Normalized running times in parentheses) 

Puzzle 

3.74 
(l.O) 

2.58 
(.68) 

2.54 
(.68) 

2.1)4 
(.68) 

2.47 
(.68) 

Inverse 

3.17 
(1.0) 

2.80 
(.91) 

2.75 
(.87) 

2.40 
(.78) 

2.35 
(.74) 

Quick 

1.80 
(1.0) 

1.48 
(.93) 

1.42 
(.80) 

1.42 
(.80) 

1.30 
(.81) 

Avt!l'age 

(1.0) 

(.88) 

(.84) 

(.75) 

(.73) 

Table 6.2.1 Effects of the number of registers available for register allocation (DEC 10) 

6.2.2. 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 op.eration between register and 

memory. LODSAVE and STRSAVE arc the amounts of execution time saved for each reference and 

assignment of a variable respectively, due to the variable being in register at the time. The 

best values to use for these parameters vary among target machines. They are dependent on 

machine architectures and instruction characteristics. 

Only the ratios ofMOVCOST to LODSAVE and STRSAVE are important. We take both l:.ODSAVE 

and STRSAVE to be L The value of MOVCOST i~ then a parameter in UOPT that can be set by 

the user in his program. When MOVCOST is 0, it implies that no execution time is sacrificed in 

118 
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Program Perm Tower Queen hitmm 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 .55 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 2.33 .94 1.07 3.25 .622 2.36 

MOVCOST = 1.0 2.33 .93 1.07 3.25 .579 2.36 

MOVCOST = 1.5 2.33 .93 1.07 3.25 .572 2.36 

MOVCOST = 2.0 2.33 .93 1.07 3.24 .573 2.36 

MOVCOST = 3.0 2.33 .93 1.07 3.24 .572. 2.36 

MOVCOST = 4.0 2.33 .95 1.07 3.24 .572 2.36 

(Time shown is in Seconds·of CPU time) 

Table 6.2.2 Effects of the value of MOVCOST to optimized running times (DEC 10) 

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 not befit any machine 

in the real world. When MOVCOST is 1, it implies that, in the target machine, arithmetic and 

logic operations can only be performed on registers. If any computation involves a memory item 

& an operand, the item must first be brought into a register by a separate memory t?ansfcr 

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 a.'! fast as it accesses the registers. This happens when the machine 

contains no fast ·memory elements, and all computations directly reference operands in memory 

(memory-to-memory architecture). In this case, UOPT will not allocate anything in register due 
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8.2. EFFECTS OF OPTIMIZATION PARAMETERS 

to the large value of MOVCOST. Thus, it can be seen that MOVCOST and the related LODSAVE and 

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

Sine·~ the value of MOVCOST is machine-dependent, for each target machine, there D111st 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 

o! the benchmark programs on the DEC 10. The results are tabulated 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 or 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 also 

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; Puxzle, 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. 

8.2.3. Effects of Bounds Checking 

Table 6.2.3 compares the optimization performance for versions of the programs with and 

without bounds-r.hecking. Programs which have bounds-checking contain extra code that checks 

whether the ranges of subrange types or array subscripts ar1? ever ex.cee<fod. Dou11ds-d1cckcd 
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6.2. EFFl•CTS OF OPTIMIZATION PAUAMETERS 

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 expressions that prohibit tree­

restructuring in stack-height reduction. Address collapsing and strength reduction are affected, 

since they cannot easily 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 

Unoptimized, without bounds-checks 13.77 2.48 3.95 1.30 
(1.0) (1.0) (1.0) (1.0) 

Optimized, without bounds-checks 7.44 1.26 2.68 .424 
(.54) (.51) (.68) (.32) 

Unoptimized, with bounds-checks 19.37 3.4~ 5.24 1.64 
(1.0) (1.0) (1.0) (1.0) 

Optimized, with bounds-chccb 12.36 2.18 4.86 .86 
(.64) (.64) (.93) (.53) 

P?'ogram Dubble Tree Fft Sieve 

Unoptimized, without bounds-checks 5.06 1.22 2.85 5.09 
(1.0) (1.0) (1.0) (1.0) 

Optimized, without bounds-checks 2.34 .93 1.05 3.25 
(.46) (.77) (.37) (.64) 

Unoptimized, with bounds-checks 7.46 1.36 3.49 6.49 
(1.0) (1.0) (1.0) (1.0) 

Optimized, with bounds-checks 4.66 1.11 1.68 5.21 
(.63) (.81) (.48) (.80) 

Rmming times in Seconds 

(Normalized running times in parentheses) 

Mm Puzzle Quick 

1.43 5.32 1.94 
(1.0) (1.0) (1.0) 

.56 2.47 1.30 
(.39) (.46) (.67) 

1.78 7.01 2.75 
(1.0) (1.0) (1.0) 

1.00. 4.28 2.40 
(.56) (.61) (.87) 

Quick2 Inverse Average 

.719 4.71 (1.0) (1.0) (1.0) 

.572 2.35 (.55) (.80) (.50) 

.924 6.51 (LO) (1.0) (1.0) 

.789 4.05 (.69) (.85) (.62) 

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

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

can benefit from the machine-independent optimization's 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 machin~indepeudent 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 '•pecify 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. 

2. 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. 

3. 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 arid store targets in the 

case of transfers to and from the accumulator. 

Addressing Modes 

Operands can be specified in different ways in machine illstructions: 

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

struction. 

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

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

3. 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 dccremente!l after or 

before the operand fetch. 
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4. Indexed addressing: The instniction 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 addressing 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 addrrssing 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 oftt!u 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

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 instniction-set computers (RISC's) have only a limited number 

of instructions that execute in single 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 instniction. In such machines, 

individual arithmetic operations usually involve multiple instructions, the extra instnictions 

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 arc provided by the instruction set, 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 Int mm 

Original DEC 10 runnillg time. 13.77 2.48 3.95 1.30 
(1.0) (1.0) (1.0) (1.0) 

Optimized DEC 10 runnillg time 7.44 1.26 2.68 .424 
(.54) (.51) (.68) (.32) 

Original 68000 runnillg time 36.52 6.59 12.68 17.12 
(1.0) (1.0) (1.0) (1.0) 

Optimized 68000 runnillg time 27.90 3.95 6.5' 7.56 
(.76) (.60) (.52) (.44) 

Original VAX running time 46.93 7.45 10.02 1.88 
(1.0) (1.0) (1.0) (1.0) 

Optimized VAX l'llDJling time 25.34 3.42 8.58 .58 
(.54) (.46) (.86) (.31) 

Original MIPS runnillg timei {1.0) (1.0) (1.0) (1.p) 

Optimized :Mn>s running timei (.52) (.35) (.46) (.41) 

I'rogram Quick Bubble Tree Fft 

Original DEC 10 running time 1.94 5.06 1.22 2.85 
(1.0) (1.0) (1.0) (1.0) 

Optimized DEC 10 running time 1.30 2.34 .93 1.05 
(.67) (.411) (.77) (.37) 

Original 68000 runnillg time 23.59 20.6<1 10.47 _t 
(1.0) (1.0) (1.0) 

Optimized 68000 running time 17.75 5.74 9.'4 -t (.75) (.28) (.90) 

Original VAX running time 6.07 16.23 9.32 4.32 
(1.0) (1.0) (1.0) (1.0) 

Optimized VAX l'llDJling time 4.17 4.98 8.70 1.76 
(.69) (.31) (.94) (.40) 

Original MIPS _runnillg timei (1.0) (1.0) (1.0) _t 

Optimized MIPS nutning timei (.52) (.33) (.71) _t 

f Floating point instructions not yet available for running these programs. 

f Real ruDDing times not available; programs are run using a ollmWatOI'. 

Running times in Seconds 

(Normalized running times in parentheses) 

Mm 

1.43 
(1.0) 

.56 
(.39) 

-t 

_t 

1.97 
(1.0) 

.80 
(.41) 

_t 

_t 

Sieve 

5.09 
(1.0) 

3.25 
(.64) 

23.90 
(.J..O) 

10.42 
(.44) 

13.60 
(1.0) 

8.32 
(.61) 

(1.0) 

(.47) 

Table 6.4.1 Optimization performance on different machines 
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Puzzle 

5.32 
(1.0) 

2.47 
(.46) 

16.56 
(1.0) 

6.15 
(.37) 

10.28 
(1.0) 

4.53 
(.44) 

(1.0) 

(.24) 

AYerage 

(1.0) 

(.53) 

(1.0) 

(.56) 

(1.0) 

(.54) 

(1.0) 

(.45) 



6.4. OPTIMIZATION RESULTS IN DIFFERENT MACHINES 

To this date, the optiIU.::- ... tion 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 ~-1 and the FOM are not capable of 

running real programs yet. In Table 6.4.1, we present the optimization results for the prece<!ing 

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 i= a variety of code generating methodology used. The cc;>de generators perform 

machine-dependent peephole optimization, and the peepholing may duplicate some of the local 

optimizations performed in UOPT. The tiining data for the unoptimized versions of the program.a 

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 ilie 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 indtruction set closely resembles U-Code. We are mainly interested in how 

optimization in U-Code influences the object code of 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 eliinination, redundant store and dead variable 

elimination are atways beneficial; 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 iridependent of the characteristics of the target machines. 

Another class of optimizations moved program code from frequently ... xecuted 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 ~achines 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 remaining types of optimizations whose effects on the underlying 

machines are not as obvious those just considered: 

Constant propagation 

Constant propagation replaces a memory operand by a constant. This allows the use of 

immediate addressing in the machine instrnction, and saves the target machine a memory cycle . 

to access the content of the memory location originally referenced. This does uot necessarily 

result in the elimination of any machine instrnction. However, if the constant is small, the 

immediate address occupies less space in the instruction .. In two- or three-address machiries 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$dat+580,d0 
addl d0,pp$dat+578 

can be reduced to: 

addql #3,ppSdat+678 

load J 
add to I 

odd3toI 

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: 

is reduced to: 

ld FPinit+(-3),rt. 
ld FPlnit+(-4),re 
add r2,rt 
st rl,FPinit+(-4) 

ld FPinit+(-4),rt 
add #3,rl 
st rt,FPinit+(-4) 

load J 
load I 
I+ J 
store to I 

load I 
add3toI 
store to I 

In the DEC 10, however, there is no change in the number of instructions: 

MOVE 
ADD 
MOVEM 

,PP$DAT+87 
,PP$DAT+88 
,PP$DAT+87 
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is transformed to: 

CJ 

MOVE 2 ,PP$DAT+87 
ADDI 2 ,3 
MDVEM 2 , PPSDAT+87 

Stack height reduction 

load I 
1+3 
store to I 

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

1. 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. 

2. 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 

tnte in arithmetic instructions in which one and only one operand can address memory. 

Jn machines that provide memory-to-memoey operations (e.g. S-1}, 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. For the Fortran statement 

I • CI + 6) + CJ + K) + CCL + M) + CM + J)). 

Original DEC 10 code: 

MOVE 
ADDI 
MOVE 
ADD 
ADD 
MOVE 
ADD 
MOVE 
ADD 
ADD 
AOD 
MOVEM 

4 ,SMAIN.+33 
4 ,5 
1 ,SMAIN.+34 
1 ,$MAIN.+311 
4 ,1 
2 .SMAill.+38 
2 ,SMAIN.+37 
3 .SMAii!. +37 . 
3 .SMAIN,+34 
2 ,3 
4 ,2 
4 ,$MAIN.+33 

127 

load I 
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load J 
J+K 
(I + 5) + (J + k) 
loadL 
L+M 
load M 
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(I + ll) + (J + K) + l(L + M) + (M + JI) 
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Stack-height rt.'tluced DEC 1il code: 

MOVE 
AODI 
ADD 
ADD 
AOD 
ADD 
ADD 
ADD 
MOVEM 

4 ,$MAIN.+33 
4 ,5 
4 ,$MAIN.+34 
4 ,$MAIN.+35 
4 ,$MAIN.+36 
4 ,$MAIN.+37 
4 ,$MAIN.+37 
4 ,$MAIN.+34 
4 ,SMAIN.+33 

load I 
1+5 
add J 
add K 
add L 
addM 
addM 
add J 
store to I 

Original S-1 code: 

Add.S RTA.SMAIN.+116,#6 
Add.S RTB,$MAIN.+120,$MAIN.+124 
Add.S RTA,RTB 
Add.S RTB,$MAIN.+128,$MAIN.+132 
Mov.S.S Rt ,SMAIN.+132 
Add.S Rt ,$MAIN.+120 
Add.S RTB,Rt 
Add.S $MAIN.+t16,RTA,RTB 

Stack-height reduced S-1.code: 

[J 

Add.S 
Add.S 
Add.S 
Add.S 
Add.S 
Add.S 
Add.S 

RTA,$MAIN.+116,#5 
RTA,$MAIN.+120 
RTA,$MAIN.+124 
RTA.SMAIN.+128 
RTA,$MAIN.+132 
RTA,$MAIN.+132 
$MAIN.+116,RTA,$MAIN.+120 

1+5 
J+K 
(l + 5) + (J + K} 
(L+M) 
load M 
M+J 
(L+M)+(M+J) 
l = (I + 5) + (J + K) + ({L + M) + (M + J)) 

1+5 
add J 
add K 
add L 
add M 
add M 
add J aud store to l 

In the above examples, the DEC 10 instructions allow only one operand to address memory. 

Thus, the improvement in the optimized i:ode 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 ou 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 generators. 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 machh1e and the 

type of.operation. 

128 



6.5. EFFECTS OF THE OPTIMIZATIONS ON MAClllNE 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+88 add I to register 3 

ia changed to 

ADD 3 ,4 add I 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: 

ld IFP1n1t·104,r4 
ld IFP1n1t-100,r5 . 
add r4,r8 

load A to r4 
load B torli 
A(Jl+B[JI 

IC 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. Dy allocating i11dex variables in registers, it facilitates the code generators to use the indexed 

or base addressing modes instead of performing straight additions in address expressions. 

Each IIA operation in U·Code can be handled by the use of an indexed operand address_. 

Exan:ple. In accessing an array element A[I], the DEC 10 code before register allocation- ia: 

MOVEJ 2 , PPSDAT+88 
ADD 2 ,PPSDAT+287 
MOVE 4 ,0(2 ) 

After register allocation, the code becomes: 

MOVE 4 ,PPSDAT+88(1) 

load adr(A) 
adr(A)+I 
load A[JI 

load A(I) (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 
Shfa.Lf .S 
Mov.s.s 

RTA,PPSDAT+300,12 
RTB,PPSDAT+298,#2 
PPSDAT+304(RTAJ,PP$DAT+340[RTBJ 

load I and shift it by 2 bite 
load J aad shift it b:r 2 bits 
A(J) := B(J) 

After register allocation, the entire statement cau be handled by one instruction, with I residing 

in register R27 and J residing in register R28. 

Mov.s.s PPSDAT+304(R27Jt2,PP$DAT+340[R28]t2 

a 
4. By allocating ·address variables in registers, it facilitates the ~se of the register-indirect 

addressing mode or base addressing, possibly in conjunction with an index register. 
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Example. In the 68000, the base address in the indirect or indexed addressing mode is always 

specified using~ 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 quantities have been 

allocated in registers by the optimizer. (See the examples 011 induction expressions below.) 

The effects 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 

program. Since redundant rode is l'Jiminated, this optimization is beneflcial 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 expres­

sions, however, the recognition of redundancy may or may not be beneficial, ilepending 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 expressions 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 expreFsions is not as 

effective in machines with advanced addressing modes. But since not all address expressions can 

f Otherwise, constant arithmetic will be performed by the optimizer. 
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6.t into single operand addresses, comm~n subexpression optimization in address expressions is 

still beneficial in many situations. 

Example. The array reference A[I] can be translated· into a single operand address in the 

DEC 10: 

MOVE 10.PPSOA+88(6) load A(I), I in 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. PP$0A+88( 5) llllftadr(A(JJ) 

AOD 10,0(8) load A(I) 111ing addreu in register 8 

a 
Strength reduction 

The optimization of strength reduction, associated with induction expressions in loops, can 

bring about the following elfects on the underlying machines: 

1. Expensive 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] ocrurs in a loop. The DEC 10 code for the 

address computation is: 

MOVE 
IMULI 
~VE 
sos 
MOVEI 
ADD 
MOVE 

4 ,PPSDAT+20087 
4 ,100 
1 ,PPSDAT+20088 
1 , 1 
2 ,PPSDAT+-13(4 
2 , 1 
4 ,0(2 ) 

load I 
I times 100 
load J 
decrement J 
load adr(A) 
adr(A) +computed oll'aet 
load A(l,J) 

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.contllins the address of A[I,J]. Register 8 is incremented in the loop whenever 

the induction variables I and J are incremented. tJ 
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3. Registers are allocated to cont<ili: the address expressions that are moved, thus facilitating 

the use of special addressing modes, especially the register-indirect addressing mode and 

base addressing. 

4. Because the optimizer introduces the increments of registers contcining 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. 

Example. Pascal FOR loop: 

FOR I:=l TO 100 DO A[I]:=A[I]+B[I]; 

Original 68000 code: 

$2: 

movl 

movl 
asll 
movl 
movl 
asll 
movl 
movl 
asl 1 
movl 
movl 
aodl 
movl 
addql 
cmpl 
jla 

#t,pp$dat+1376 

pp$dat+1376,d0 
#2,dO 
#ppSdat+572.aO 
pp$dat+1376,d1 
#2,dt 
#pp$dat+572 ,at 
ppSdat+1376,d7 
#2,d7 
lpp$dat+972,a6 
atm(O,d1:L),d1 
a58(0,d7:L),d1. 
dl, a08( 0, .dO: L) 
#1.pp$dat+1376 
#100,ppSdat+1376 
$2 

Optimized 68000 code: 

$2: 

Cl 

moveq #1,d7 
movl #pp$dat+576,a4 
movl #pp$dat+976, a5 

movl 
addl 
addql 
cmpl 
jle 

a59+,d0 
dO,a48+. 
#1,d7 
1100,d7 
$2 

I:= 1 

load I 
I times 4 to get offset in bytes 
load adr(A) 
load I 
I times 4 to get offset in bytes 
Joa<! adr(A) 
load I 
I times 4 to get offset in bytes 
load adr(B) 
load A(IJ 
A[Ij+B[Ij 
assign to A[Ij 
increruent I 
check !or loop termination 

I:= 1 
load adr(A) 
load odr(B) 

load B{Ij and increment adr(B(Ij) 
add B[II to A[IJ and incrcment adr(A[IJ) 
increment I 
check for loop termination 

The detection of the opportunitie!l to use autoincrement or autodecrement addressing, as _in 

the above example, is limited to information that <:an be gathered within one basic block, since 

code generl\tors 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 may not be able to recognize 

the opportunity. 
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We now suinmarize 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 fr~m 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 extremely useful, for the same re&ion as it is in the case 

of one-address machines above. Whenever there are some operand fields in instructions that 

cannot reference 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 chatice of running out of registers is reduced, 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

spt.'Ct 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 ~-Code. Since the level of U-Codc is 

not low, we do not anticipate much difficulty for other DEL's to make use of optimizat!ons 

in U-Code. The instruction sets of DEL's arc usually quite orthogonal, and this en]umces 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 uu target mAchines in Section 6.5 

and 6.6, we can reach an overall conclusion: the machine-independent optimizations- performed 

by UOPT are beneficial f~r most real machines, but are slightly more effective in machines 

with simple instruction Sf:ts 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 depends on the details of the machine code. The rest of the optimizations (e.g. dead code 

elimination, constant arithmetic, c·ode motion, etc.) are context-independent optimizations, 

because their effectiveness is independent of the machine characteristics. In machines with pow­

erful and complicated instmction sets and addressing modes, the code generation process is more 

complex, because the code generator has to look for opportunities of using specific constmcts 

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 arc 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 giv<m machine according to whether they are machine-independent 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 optimizations is always the same, but the set of machine-dependent 

optimizations varies among machines. A machine with a powerful instmction repertoire provides 

greater opportunities for peephole optimization, and the set 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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Fig. 6.6.1 Possible optimizations in real-world machines 

its in~tion with the context-dependent BUbset 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 impact of the 

machine-independent optimizations on the object code is not as strongly 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 UO.PT 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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1. Conclusion 

In this Chapter, we remark on the significance of this research, and put forth some sugges­

tions for further related work. · 

'l.1. Concluding· Overviews 

This thesis work has dcmonsi;ated that a separate, self-contained optimizer that exists 

independently of the &ont-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 range of machines. 

We believe that the intermediate code we used is a good compromise between completely 

machine-independent intermediate forms, which often restrict the extent of optimization that 

can be performed, and low-level pseudo-machine languages, which limit the types of machines 

that can benefit from the machine-independent optimi11ations. Although U-Code is slightly 

machjnc-dependerit, this machine dependence does not limit the portability or the machine­

independence of UOPT. 

One of the greatest ohstades fadng 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 pr~viously separate optimizatiuus 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 dempnstrated that, using a few machine parame-. 

ters, register allocation can be effectively and effidently pr.rformed in t.he machine-independent 

context. Using a priority-based coloring algorithm, the traditional coloring problem can be 

approached practically aud 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 allow 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. 

Extensiom 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 c~pability to allow UOPT to change the control flow constructs of ti>•. pro­

grams. Since these intera:=t 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 allocatiou 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 pos8ibility 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 cuoL is factored into the priority ordering. 

Procedure parameters are commonly passed In registers. Optimizing the use of registers in 

parameter pa.~sing is another possible c:xtension 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 sit•tations 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 po•sible to introduce ad­

ditional programming languages that are cmqpile<l 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 qpportunitics, 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 t~e general-purpose global optimizer in 

the subsequent common optimization phase. Any extension to U-Code, or modification to.its 

semantics, could entail changes in the optimizer itself. The extensions introduced should be 

such that they do not aft'ect the optimizations already existing in UOPT. 

To recognize the existence of other intermediate code for other programming 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 between U-Code and other intermediate forms supported by other programming 

languages and code generators. This approach requires much less programming effort, although 

there is more overhead in the compilation and optimization processes due to the existence of 

multiple intermediate forms and the larger nmnber 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, tlie code generator emits object code directly from the internal representations of UOPT. 

Such an arrangement serves to eliminate the input/output overhead inherent in multi~pass com­

piling systems and can render greater code generation eJliciency 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 dilfcreut formats: a text format and a binary format. A U-Code inst.ruction 

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 space. 

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 =ead-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 set of registers (memory type R) where data items can be kept for fast accesses. 

5. A memory stack divided ·into stack frames for the processing 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

generatcd 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 object~ at program execution time. 

The Pascal and Fortran front-ends that output U-Code arc 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) 

where {op} is: 

LOD - load onto stack. 

STR - store from stack into memory. 
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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 Yariable is local if the block number is 

the same as the block number of the current procedure. 

2. Constants 

j LDC (data type) (length) {constant value) 

I LCA (memory type) {length) {block number) {constant value) 

j LOA (memory type) (block number) (address) (length) {base address) 

LDP {static level) (block number) {procedure name) 

LDC pushes a constant.value onto the stack. LCA pushes the address of a string constant 

onto the stack. LOA pushes a constant address 0onto the stack. LDP pushes a procedure descriptor 

onto the stack. In the LOA instruction, the base address together with the length field give'! the 

range within which the result of the subsequent address computation will lie. 

3. Unary operators 

I (op) I 
where {op) is: 

CHKF - check if false. 

CHKT - check if true. 

CHKN - check if nil pointer. 

I {op) (data type) j 

where {op) is: 

ABS- get absolute value. 

CHKH- check upper bound. 

CHKL- check lower bound. 

NEG- negate. 

NOT- boolean not. 

ODD- check if odd number. 

SQR- square root. 

I (op} {data type) (integer value} 
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where (op) is: 

DEC - decrement. 

INC - increment. 

SGS - form singleton set. 

I (op) (resultant data type) (original data type) 

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. 

I ADJ (data type) (offset) (length) I 
ADJ adjusts the size of a set. 

4- Binary operators 

I (op) (data type) I 
where (op) is: 

ADD - addition • 

.AND - boolean and. 

DIF - set difference. 

DIV - division. 

EQV- equal. 

GEQ - greater than or equal to. 

GRT - greater than. 

!OR - inclusive or. 

LEQ - less than or equal to. · 

LES - less than. 

MAI - 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 - subtrnction. 
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XOR - exclusive or. 

j IXA (data type) {unit size} 

IXA computes the offset within an array by multiplying the subscript by the unit size of the 

array and adding to the base address. 

j (op) (data type} (length) I 
where (op) is: 

INT - set intersection. 

UNI - set union. 

I INN (data type) (check ftag) 

INN checks set memberdhip of an element. 

5. Indirect memory operations 

I (op) (data type) (offset) (length) 

where (op) is: 

ILOD - load indirect. 

ISTR - store indirect. 

INST - non-destructive store indirect. 

I (op) (memory type) (length) 

where (op) is: 

MOV - block move. 

IEQU - 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 each of these instructions, the range pf storage locations affected by the operation is 

given by the LOA instruction that loadM the address argument. 
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6. Labels 

Q1abel) LAB {flag) 

The flag indicates whether there is jump to the label from outside the current procedt!re. 

If there is such a jump, the block marked by the label is included as an entry point. 

1. Jumps 

I {op) {label) I 
where {op) is: 

F JP - jump if falae. 

TJP - jump if true. 

UJP - unconditional.jump. 

I GOOB {static level) {label) I 
GOOB specifies a jump out of the current procedure to a nesting pro~edure. 

RET causes control to return to the calling procedure. 

j XJP {data type) {case label) (default label) {lower bound) {upper bound) 

I (label) CUB (length) I 
XJP and CLAB together implement the case statement. 

8. Procedure calls 

I CUP (data type) (block number} (name} (pop) (push} 

I !CUP (data type} (pop) (push} I 
I MST (level) j 

I PAR (data type) (memory type} (block number} (address) {length} 

CUP calls the procedure specified. !CUP 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. Jn the CUP 

instruction, UOPT c1m determine the level of the called procedure by table look-up using the 

block number givcn in the instruction. 
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9. Special operators 

I DUP (data type} I 
! POP (data type) I 
I SWP {top data type} (second data type) 

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 

j REGS {action) (register class) (offset) (lcn\;th} 

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

that procedure. 

I (op) {data type) (memory type} (hiock 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 · 

I BGN (module name} (integer flag) 

I 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. 

j (name) ENT (data type} (static le!vcl} (block number) (pop) (push} (external flag) 

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

IBGNB I 
IENDB I 

BGNB and ENDB .together mark a range in the program code where the·stack does not fall 

below its height at the positions of the BGNB and ENDB. 

150 



APl'l-:NDIX A. SUOllT GUIDE TO U-CODE 

I LEX {level} {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. 

I LOC {page number} {line number) {character count) I 
LOC is used for reporting source program line numbers for debugging purposes. 

I COMM {comment) I 
COMM is for putting in comments in U-Code files. 

I OPTN {option name) {integer) I 
OPTN is for specifying a variety of compilation and optimization options. 

I {name) EXPV {data type) {memory type) {block number) {address) {length) I 
I {name) IMPV (data type) {memory type) (block number) {address) {length) 

EXPV and IMPV specify the export and ilnport of variables. 

I (name) DATA {number) I 
I DEF (memory type) (length) I 
I SDEF {block number) {length) j 

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 d!!fines the size of a static memory 

block. 

I INIT {data type} (memory type} {block number) {first offset) (last olf~et} {length) (value) 

I ZERO {data type) (memory type) {block number) (address) {length) I 
INIT initializes the given storage area to the specified value. ZERO is for zeroing out the 

area indicated. 

I PLOD (data type) {memory type} {block number} {address) {length) 

I PSTR {data type) {memory tyi>e) {block nu~uber} {address} {lcngtlt} 
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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 Bow analysis plays a major role in the various global optimi?.~tions 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 Bow 

analysis. 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 arc 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 attribute 

and an OUT attribute at the entries and exits respectively of the basic blocks. As an illustration, 

we take Eq. (3.3.1) from Chapter 3: 

Availability Systef!I: 

{
FALSE 

AVINi = n AVOUT; 
jEPred(i) 

The algorithm to compute AVIN and AVOUT is: 

Algorithm Global Availability. 

1. changed +- true; 

2. WHILE changed DO 

a. chc.nged +- false; 

b. i +- graph head; 

c. Repeat (i) - (vii) until i = last node; 

(i) old +- AVIN,; 

(ii) For each predecessor j of i. do 

AVIN, +- AVIN; • AVOUT;; 

(iii) IF old :f: AVIN; THEN changed+- true; 

(iv) old+- AVOUT;; 
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(v) AVOUT; +- AVLOC; + -iALTERED; • AVIN,; 

(vi) IF .old-:/< AVOUT; THEN changed+- true; 

(vii) i +- next node. (J 

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 ?sed, masking the unused bits may also eliminate any 

extra iterations required to propagate information 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) i +- 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 diredfon, steps 2c(iv)-(vi) 

should precede 2c{i)-(iii). 

The arrangements of l, 3 and 4 above speed 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 step 2 whenever any change in the attribute of a node occurs. 
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Appendix C. Hints on Writing. Programs that Cater to Optimization 

Different programs exhibit dilf'er~nt amount of optimization opportunities. While optimiza­

tion opportunities are highly dependent on the nature of the programs, the ordinary programmer 

can enhance the optimizability of his programs by adhering to some guidelines. Here, we give 

a set 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 llow 

analysis in UOPT. 

1. Variable declarations: Variables should be declared locally and used locally as much as 

possible. This is because a pointer c_annot point to a local variable. Also, local variables 

cannot be altered or ~cessed 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 elf'ects (assignments to non-local variables) 

should be minimized. A pointer or a procedure call can interfere with an up-level memory 

access. 

4. Parameters: Parameters should be passed by value whenever possible. This serves to 

suppress aliasing and si<lc cl!'ccts. 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 saine level as much as 

possible. In Fortran, this means not using statement ful!.ctions. When there are nesting11 

among the procedures, procedures in down-level calls can access the local variables of the 

callers via up-level references and side effects. 

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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APPENDIX C. IllNTS ON WRITING PROGRAMS THAT CATER TO OPTIMIZATION 

resultant control flow structures allow for code motion out of loops. Jumps into or out of 

loops should be avoided. The programmer should not constnict 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 a<lhered to by the front·ends, 

can greatly enhance the optimization tasks. 

Dl. 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 appropriatt!ly 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. 

loop test j _ 

! 

I loop header j 

----+! 

! 

_ j loop test 

loop tail 

!---· 

Fig. D.1 Recommended loop stmcture for WHILE and FOR loops 
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Dl. PASCAL 1''1toNT-END 

3. WHILE and FOR loops: Decause 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 appears 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 ar.? 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 arc 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. 

2. The levels of procedures: There is no nesting of procedures in Fortran. However, 

statement functions can access variables within the program units in which "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 refercrn:ed within 

~tatement 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 level 2. 
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Appendix E. Examples of Optimized Code 

In this appendix, we use a piece of Pascal source code as example anp compile this code for 

the 6 target machines. The U-Code both before and after optimization by UOPT arc 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 elfects 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: 

El. U-Code 

top := 70; 
WHILE top > 1 DO 

BEGIN 
1 := 1; 
WHILE 1 < top DO 

BEGIN 
IF list[i] > list[i+1] 

THEN Swap(list[il. list[i+1]); 
i := 1+1 
END; 

top := top -· 1 
END;· 

The DEC 10 versions of U-Code arc 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 
COMM top :• 70; 

LOC 1 400 
LOC L 36 70 
CVT J L 
STR J S 1 8280 36 
COMM while top > 1 do 
LOC 1 420 
LOO J S 1 8280 36 
LDC L 36 1 
CVT J L 
GRT J 
FJP L4 

l5 LAB 0 

Optimized 
I COMM ·-··BB 06 
I COMM top :• 70; 
/LOC 1 400 
I COMM wh11t top > 1 do 
I 
I 
I 
I LOC 1 42 0 
I COMM --·-BB 06 
/l5 LAB 0 
I LDC J 36 70 
I STR J R 0 72 36 
I COMM --·-BB 07 
/L6 LAB 0 
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L6 LAB 0 
COMM begin i :• 1; 
LOC 1 43 0 
LDC L 36 1 
STR L S 1 8244 36 
COMM while i < top do 
LOC 1 44 0 
LOO L S 1 8244 38 
LOO J S 1 8280 36 
CVT2 J L 
LES J 
FJP L7 

LS LAB 0 
L9 LAB 0 

El. U·CODE 

I COMM 
I 

begin i :• 1; 

I LOC 43 0 
I COMM 
I 

while i < top do 

I 
I LOC 1 
I LDC J 36 1 
I LOO J R 0 72 36 
I LES J 
I FJP L7 
I COMM ----BB 08 
/LS LAB 0 
I LDC L 36 1 

44 0 

COMM begin if list[i] > list[i+l] I STR LR 0 0 36 

LOC 46 0 
LOA S 1 3096 2620 3132 
LOO L S 1 8244 38 
lXA L 36 
LOO L S 1 8244 36 
LDC L 36 1 
ADO L 
LOA S 1 3096 2620 3132 
SWP A L 
IXA L 36 

I LOA S 1 3096 2620 3132 
I LOO L R 0 0 36 
I lXA l 36 
I STR A R 0 38 36 
I LOA S 1 3132 2620 3132 
I LOO l R 0 0 36 
I IXA L 38 
I STR A R 0 144 36 
I COMM ····BB 09 
/L9 LAB 0 
I COMM begin if list(i] > 
ILOC 1 450 
I LOO A R 0 36 36 
I !LOO J 0 36 
I NSTR J R 0 108 38 
I LOO A R 0 144 36 
I !LOO J 0 36 
I NSTR J R 0 180 36 
I GRT J 
I FJP L10 

list[i+l] tllen 

ILOD J 0 36 
I COMM --·-BB 10 
I COMM swap(list[i], 1ist[i+1]); 

SWP J A I 
ILOD J 0 36 I 
SWP J J I 
GRT J I 
FJP LlO 
COMM swap(l ist(i], list[i+t]) 

I 
I 

LOC 46 0 
COMM starting merge of call to 
LOA S 1 3096 2520 3132 
LOO L S 1 8244 36 
IXA L 36 
STR A M 1 0 36 
LOO L S 1 8244 36 
LDC L 36 1 
ADD L 
LOA S 1 3096 2520 3132 
SWll' A L 
IXA L 38 
STR A M 1 36 36 
COMM code start for BUBS01 
COMM SWAP 
OPTN TSOURCELOC 385 
COMM begin t :• x; 
LOC 1 
LO~ AM1036 
!LOO J 0 36 
STR J S 1 8352 36 

22 0 

I LOC 1 
BU I COMM begin t ·• x; 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I LOC 1 
I LOO J R 0 108 36 
I STR J R 0 216 36 
I COMM x :• y; 
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COMM x :• y; 
LOC 1 23 0 
LOO A M 1 38 38 
ILOD J 0 38 
LOO A M 1 0 38 
SWP A J 
ISTR J 0 33 
COMM y :• t 
LOC 1 24 0 
LOO J S 1 8352 38 
LOO A M 1 38 38 
SWP A J 
ISTR J 0 3B 
OPTN TSYMLOC 0 
COMM end; 
LOC 1 26 0 
COMM end of merged ca 11 to 

LtO LAB 0 
COMM i :• 1+1 
LOC 1 50 0 
LOO L S 1 8244 3B 
LDC L3B1 
ADD L 
STR L S 1 8244 38 
LOO L S 1 8244 3B 
LOO J S 1 8280 38 
CVTZ J L 
LES J 
TJP L9 

L11 LAB 0 
L7 LAB 0 

COMM top :• top - 1 

LOC 1 52 0 
LOO J S 1 82BO 3B 
LDC L 36 1 
CVT J L 
SUB J 
STR J S 1 8280 38 
LOO J S 1 8280 38 
LOC L 3B 1 
CVT J L 
GRT J 
TJP LB 

L12 LAB 0 
L4 LAB 0 

El. U-CODE 

I 
I LOC 1 23 0 
I LOO J R 0 180 38 
I LOO A R 0 3B 38 
I SWP A J 
I ISTR J 0 3B 
I COMM y :• 
I 
I LOC 1 24 0 
I LOO J R 0 218 38 
I LOO A R 0 144 3B 
I SWP A J 
I ISTR J 0 38 
I COMM end; 
I 
I LOC 1 26 0 

BU I COMM ----BB 11 
/L10 LAB 0 
I COMM :• i+l 
I LOC 1 50 0 
/ LOO A R 0 38 38 
I LDC J 38 1 
I CVT A J 
I ADD A 
I STR A R 0 3B 3B 
I LOO A R 0 144 3B 
I LDC J 3B 1 
I CVT A J 
I ADD A 
I STR A R 0 144 38 
I lDD L R 0 0 3B 
I LDC L 36 1 
I ADD L 
I STR L R 0 0 36 
I LOO L R 0 0 3B 
I CVT J L 
I LOO J R 0 72 3B 
I LES J 
I TJP L9 
I COMM ----BB 12 
/Llt LAB 0 
I COMM ----BB 13 
/L7 LAB 0 
I COMM top :• top - 1 
I LOC 1 52 0 
I LOO J R 0 72 3B 
I LDC J 38 1 
I SUB J 
I STR J R 0 72 38 
I LOO J R 0 72 38 
I LOC J 38 1 
I GRT J 
I TJP LB 
I COMM ----BB 14 
/L12 LAB 0. 
I COMM ---·BB 16 
/L4 LAB 0 
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E2. DEC 10 

Unoptimized DEC 10 Code 

$5 
$6 

$6 
$9 

-- 40/1 top :•.70: 
MOVEM 1 , BUBSDA+230 

-- 4211 while top > 
CAIG 1 ,1 
JRST $4 

MOVEI 1 , 70 

do 

-- 43/1 
MOVEI 
MOVEM 

-- 44/1 
CAML 
JRST 

begin i :• •: 
,1 
,BUB$DA+229 
while i < top do 

1 ,8U8$DA+230 
$7 

El. U-CODE 

•• 45/1 begin if list[i] > 11st[i+1] then 
MOVE! , BUBSDA+86 
ADD , BU8$0A+229 
MOVE , BUB$DA+229 
AOS ,2 
MOVE ,0(1 ) 
CAMG ,BU8$DA+86(2 
JRST $10 

:starting merge of call to BUB$01 
•• 46/1 swap(list(i], list(i+t]): 

MOVEI 4 , BUBSDA+86 
ADD 4 , BUBSOA+229 
MOVEM 4 ,2(FP). 
MOVE 1 ,BUB$0A+229 
AOS 1 , 1 

:code start for BUB$01 
;SWAP 

MOVEI 2 ,8UB$DA+86(1 
MOVEM 2 ,3(FP) 

-- 22/1 
MOVE 1 ,0(4 ) 
MOVEM 1 ,BUBSDA+232 

-- 2311 
MOVE 1 ,0(2 ) 
MOVEM 1 ,0(4 ) 

-- 24/1 
MOVE 2 ,BU8$DA+232 
MOVEM 2 ,3(FP)8 

:end of merged call to 
: -- 25/1 
$10 

-- 50/1 i :• 1+1 
AOS 0 ,BUBSDA+229 
MOVE 1 ,BU8$0A+229 
CAMGE 1 ,BU8$DA+230 
JRST $9 

$11 
$7 

-- 5211 
sos 
MOVE 
CAI LE 
JRST 

$12 
$4 

top :• top - 1 
0 ,BUB$0A+230 
1 ,BUB$0A+230 
1 , 1 
$8 

x :• y; 

y :• t: 

BU8$01 
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E2. DEC 10 

Optimized DEC 10 Code 

: -- 40/1 top :• 70; 
: -- 4211 whil'e top > 1 do 
SS 

MOVEI 
S8 

• 70 

; -- 43/1 begin :• 1: 
: -- 44/1 while i < top do 

sa 

Sii 

CAIG 7 .1 
JRST S7 

MOVEI 
MOVEI 
MOVEI 

6 , 1 
8 .BUB$DA+88(5 
9 .BUBSOA+87(5 

-- 46/1 begin if list[i] > list[i+l] then 
MOVE 8 0 0(6 ) 

. MOVE 1 ,0(8 ) 
MOVE 10,0(9 ) 
CAMG 1 ,0(9 ) 
JRST $10 

-- 48/1 
-- 22/1 

swap(list[i]. list[i+t]); 
t :• x; 

MOVE 11,8 
.-- 23/1 

MOVEM 10,0(8 ) 
-- 24/1 

MOVEM 11,0(9 ) 
: -- 26/1 
SlO 

-- 50/1 
MOVEI 
MOVEI 
AOS 
CAMGE 
JRST 

$11 
S7 

8 • 1( 8 ) 
9 ,1(9 ) 
0 ,6 
5 ,7 
$9 

:• i+1 

-- 5211 
sos 
CAI LE 
JRST 

top 
0 • 7 

: • top - 1 

S12 
$4 

7 , 1 
$8 

E3. 68000 

Uuoptimized 88000 Code 

I 40 top :• 10: 

x :·· y; 

'I :• t: 

movl #70.bubblesort$dat+1148 
I 42 while top > 1 do 

$5: 
$8: 
I 43 

I 44 

cmpl #1,bubblesort$dat+1148 
jle $4 

begin 
movl 
While 
movl 
cmpl 

i :• 1; 
#1,bubblesort$dat+1144 
< top do 
bubblesort$dat+1144,d0 
bubblesort$dat+1148,d0 
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E3. 68000 

jg• $7 
$8: 
$9: 
I 45 begin if list[iJ > list[1+1] then 

movl bubblesort$dat+1144,d0 
asll #2,dO 
movl #bubblesort$dat+572,a0 
movl bubblesort$dat+1144,d1 
addql #1,d1 
asll #2 ,d1 
movl #bubblesortSdat+572,a1 
movl aO!J(O,dO:L),dO 
cmpl al!J(O,d1:L),d0 
Jl• $10 

46 swap(list[iJ, list[i+l]): 
movl bubblesort$dat+1144,d1 
asll #2,dl 
addl d1,a0 
movl a0,a6!J(-4) 
movl bubblesort$dat+1144,d0 
addql #1,dO 
asll #2,dO 
addl dO,al 
movl al.a69(-8) 

22 
movl a69(-4) ,ao 
movl a09,bubblasort$dat+1158 

23 
movl a69(-8),a1 
movl a19,a09 

24 
movl a69(-8),a0 
movl bubblesort$dat+1156,a09 

I 26 
$10: 
I 50 i : • i+l 

addql #l,bubblesort$dat+1144 
movl bubblasort$dat+ll44,d0 
cmpl bubblesort$dat+1148,d0 
jlt $9 

$11: 
$7: 
I 52 top :• top - 1 

subql #1,bubblesort$dat+1148 
cmpl #1,bubblesort$dat+1148 
jgt $6 

$12: 
$4: 

Optimized 68000 Code 

I 40 top :• 70; 
I 42 while top > 1 do 
$5: 

moveq 170,d4 
$6: 
I 43 begin i :• 1; 
I 44 whil a i < top do 

cmpl #1,d4 
jla $7 

$8: 
moveq #1,d3 
movl d3,d0 
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E3. 68000 

asll 12, dO 
movl #bubblesortSdat+572,aO 
lea ~09(0,dO:L),a4 
movl d3, d1 
asll 12,dt 
11ovl #bu bbl esortSdat+.5 76, at 
lea a19(0,d1:L),a6 

$9: 
I 46 begin if list[i] > 11st[i+1] then 

48 
22 

I 23 

24 

I 25 
Stll: 
I so 

$11: 
$7: 
I 52 

$12: 
$4: 

movl a411,d6 
movl a511,d8 
cmpl d6,d5 
jle $10 

swap(list[i], list[i+t]): 

movl d6,d7 

movl d8,a411 

llOYl d7,&511 

addql 
addql 
addql 
cmpl 
jlt 

top :• 
subql 
c11pl 
jgt 

i : • i+t 
14,a4 
14,&6 
#1,d3 
d4,d3 
$9 

top -
#1,d4 
#1,d4 
$6 

E4. VAX 

Unoptimized VAX Code 

# -- 40/1 
movl 

I -- 42/1 
cmpl 
jlaq 

J: 
_8: 
, -- 43/1 

movl 
" -- 44/1 

movl 
cmpl 
jgaq 

_a: 
_9: 

top :• 70: 
S70,bubblesort_dat+1148 

while top > 1 do 
bubb 1esort_dat+t148, St 
_4 

begin 1 :• t: 
St.bubbles~rt_dat+1144 

whfle ·I < top do 
bubblesort_dat+1144,rt0 
rtO, bubbl esort_dat+t 148 
_7 

, -- 45/1 
add13 
add12 
add12 
add13 
1dd12 

begin if 11st[i] > list(i+t] then 
bubblesort_dat+1144,bubblesort_dat+lt44,rt0 
rto,rto 
Sbubblesort_dat+572,rt0 
$1,bubblesort_~at+1144,r9 
r9 ,r9 
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add12 r9 ,r9 
add12 Sbubblesort_dat+672,r9 
movl O(rlO) ,ra 
movl O(r9 ),r7 
cmpl r8 ,r7 
jlaq _10 

E4. VAX 

•starting merge of call to BUBBLESORT$01 
I •• 46/1 swap(list[i], list(i+t]): 

addl3 bubblesort_dat+1144,bubblesort_dat+1144,r8 
addl2 r6 ,r6 
add12 $bubblesort_dat+572,r6 
movl r6 ,·4(fp ) 
add13 $1,bubblesort_dat+1144,r6 
addl2 r5 ,r6 
addl2 r5 ,r5 
addl2 $bubblesort_dat+572,r5 

#coda start for HUBBLESORT$01 
#SWAP 

movl r6 ,·8(fp ) 
I •• 2211 

movl •·4(fp ),bubb1esort_dat+1158 
I ·- 2311 

movl •-a( fp ), •·4( fp ) 
I •• 24/1 

movl bubblesort_dat+1168,0·8(fp ) 
land of merged call to BUBBLESORT$01 
I •• 25/1 
_10: 
I •• 60/1 

incl 
movl 
cmpl 
jlss 

_11: 
_7: 
I •• 5211 

dacl 
cmpl 
jgtr 

_12: 
_4: 

i : • 1+1 
bubblesort_dat+1144 
bubb1esort_dat+1144,rt0 
r10,bubblesort_dat+1148 
_g 

top : • top - 1 
bubblesort_dat+1148 
bubblesurt_dat+1148,$1 
_8 

Optimized VAX Code 

I •• 40/1 
I •• 4211 
_6: 

movl 
_6: 
II •• 4311 
I •• 44/1 

_8: 

cmpl 
jgeq 

movl 
add13 
addlZ 
add12 
movl 
addl3 
addlZ 
add12 
movl 

top :• 70; 
while top > 1 do 

$70,r7 

begin i :• 1: 
while i < top do 

$1,r7 
_7 

$1,r5 
r5 ,r6 ,r4 
r4 ,r4 
$bubblesort_dat+572,r4 
r4 ,rs 
r5 ,r& ,r3 
r3 ,r3 
Sbubblesort_dat+57G,r3 
r3 ,r9 
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E4. VAX 

_9: 
I -- 46/t begin if list[1] > list[i+l] then 

movl O(r8 ).ra 
lllOVl O(r9 ),rtO 
•ovl O(r8 ).r4 
•ovl O(r9 ),r3 
c•pl r4 ,r3 
jleq _to 

I -- 48/t swap(list[i], 11st[i+l]): 
I -- 22/t 

movl r8 ,r11 
I -- 23/t 

movl rt0,0(r8 
I -- 24/t 

movl r11,0(r9 
# -- 211/t 
_to: 1 -- 0011 

edd12 $4, re 
addl2 S4,r9 
inc:l r5 
movl r5 ,r4 
cinpl r4 , r1 
jlsa _9 

_11: 
_7: 

i : • i+l 

I -- 62/t 
dec:l 
ClllP 1 
jgtr 

top :• top - 1 

_12: 
_4: 

r7 
r1 ,$1 
_8 

E5. MIPS 

Note that the MIPS code generator incorporates the local optimization portion of UOPT, 

so that local optimization is always performed. 

Unoptimised MIPS Code 
I -- 4011 top :• 70: 
I -- 42/1 while top > t do 

llOV 170 0 r1 
st rt,FPinit+(-4) 

LBUBB&: 
L8U888: 
I -- 4311 begin i :• t: 

mov 11,rl 
st r1,FPinit+(-5) 

I -- 44/1 while i < top do 
ld FPinit+(-4),rZ 
bge lt,r2,LBU887 

LBU888: 
LBUBB9: 
I -- 46/1 begin if 11st[1] > list[i+t] then 

ld IFPinit-147,rl 
ld FPinit+(-5),r2 
ld [rl+r2],r3 
ld #FPinit-148,r4 
ld [r4+r2],r6 
ble r5,r3,LBUBB10 

I -- 48/1 swap(list[i], l1st[i+1]); 
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LBU8810: 

add r4,r2,r6 
st r6,-306[r15} 
add r1,ri 
st r2,-305[r15] 
st r5,FPinit+(-Z) 
st r3,0[r6] 
st r5,0(r2] 

,. __ 50/1 i :• 1+1 

LBU8811: 
LBUBB7: 

ld FPinit+(-5),r1 
add 11,rl 
st r1.FPinit+(-6) 
ld FPinit+(-4),rZ 
blt r1,r2,Leueeg 

I -- 52/1 top :• top -

LBUBB12: 
LBUBB4: 

ld FPinit+(-4),r1 
sub 11,rl 
st r1,FPinit+(-4) 
blt 11,r1,LBUB86 

Optimized MIPS Code 

II -- 40/1 top :• 70; 
I ·- 42/1 while top > 1 do . 
LBUB85: 

mov 170,r12 
LBUBBS: 
I ·- 43/1 begin 1 :• 1; 
II -- 44/1 while i < top do 

LBUBBB: 

LBUBB9: 

bge 11,r12.LBUBB7 

mov 11,r14 
ld IFPinit-148,rl 
add r1,r14,r13 
ld #FPinit-147.rZ 
add r2,r14,r10 

ES. MIPS 

I -- 45/1 begin if 11st[i] > list[i+1] then 
ld O[r13],r11 
ld O[r10],r9 
ble r11,r9,LBUBB10 

I -- 46/1 swap(list[i], list(i+1]); 
mov r11,r8 
st r9, O[r13] 
st r8,0[r10] 

LBU8810: 
' -- 50/1 :• 1+1 

add 11,r13 
add 11,rlO 
add #1,r14 
blt r14,r12,LBUBB9 

LBUBBtl: 
LBUBB7: 
I -- 52/1 top :• top -

sub #1,rlZ 
blt 11,r12,LBUBB6 

LBUBB12: 
LBUBB4: 
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EG. FOM 

Unoptimized FOM Code 

40/t top : • 70; 
Addi kaa, 0, $C70, TOP 

42/1 while top > 1 do 
Gtl aka, TOP, 1, $T6 
IfLF aa., $T6, L$4 
Nop 
Nop 
Label 
Label 

43/1 
Addi 

4411 
Ltl 
lfLF 
Nop 
Nop 
Lab al 
Label 

-- 46/1 
Addi 
Addi 
Load.I 
Addi 
Addi 
Addi 
Load I 

LS& 
L$6 

begin i :• 1; 
kka, 0, 1, I 

while i < top do 
aaa, I, TOP, $T7 
aa., $T7, L$7 

L$6 
L$9 

begin 
kas, 

if list[i] > 11st(1+1]·then 
-1,' LIST, 

sas, , I, 
sk., , 0 
kaa, ·1, LIST, $T9 
aka, I, 1, $T10 
aaa, $T9, $T10, $T9 
ak., $T9, 0 

· GtI 
46/1 

Nop 

qqa, Load lfLF aa., $T11, L$10 
swap(list[i], list[1+1]); 

Nop 
Add I kas, -1, LIST, 
Addi sas, I, 
Addi ksa, 0, • T$1 
Addi kas, -1, LIST, 
Addi aka, I' 1, $Tt4 
Addi sas, , $T14, 
Addi ksa, 0, , T$2 
Load I ak., T$1, 0 
Acidl kqa, o, Load Load I ak., T$2, 0 
Addi kqa, o, Load Stol ak., T$1, 0 
Addi kaa, 0, T, T 
Stol ak., T$2, 0 
Label L$10 

-- 60/1 1 :• 1+1 
Addi aks, I, 1, 
Addi ksa, 0, • I 
LU aaa, I, TOP, $T17 
IfLT aa .. $T17, L$9 
Nop 
Nop 
Label L$11 
Label L$7 

5211 top : • top - 1 
Sub I aks, TOP, 1, 
Addi ksa, 0, , TOP 
GU aka, TOP, 1, $T19 
IfLT aa ... $T19, L$6 
Nop 
Nop 
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E6. FOM 

Label LUZ 
Label LS4 

Optimized FOM Code 
-- 40/t top :·· 70; 
-- 42/1 wh11e top > 1 do 

Label L$5 
Addi kaa, 0, $C70, TOP . 
Label LS6 

43/1 beg1n 1 :• 1; 
44/1 wh11e 1 < top do 

LtI kaa, 1, TOP, $T5 
IfLF aa., ST5, LS7 
Nop 
Nop 
Label 
Add I 
Addi 
Addi 
Add I 
Addi 
Addi 
Label 

LS8 
kke, 0, 1, I 
kas, -1, LIST, 
sas, g I, 
ksa, o, , TS1 
aas, LIST, l, 
ksa, 0, , T$3. 
LS9 

45/1 
LoadI 
Addi 
Addi 
IfLF 

begin if 11st[i] > list[i+l] than 

48/1 
Nop 
Nop 
Add I 
Addi 
Stol 
Addi 
Stol 
Label 

60/1 
Addi 
Addi 
Addi 
Addi 
Addi 
Add I 
LU 
IfLT 
Nop 
Nop 
Label 
Label 

5211 
Sub I 
Add I 
GU 
IfLT 
Nop 
Nop 
Label 
Label 

ak., TS!, 0 
kqa, o, Load 
kqa, O, Load 

Load I 
GU 

aa., ST8, L$10 
swap(list(i], 11st(i+t]); 

kaa, 0, T$2, T 
kaa, 0, T$4, T$4 
ak., TSl, 0 
kaa, 0, T~ T 
ak., T$3, 0 
LSlO 

1 
aks, 
ksa, 
aks, 
ksa, 
aks, 
ksa, 
aaa, 
aa.* 

LS11 
LS7 

:• 1+1 
T$1, 1, 
0, , TU 
TS3, 1, 
0, , T$3 
I, 1, 
0, , I 
I, TOP, $T12 
ST12, L$9 

top:•top·l 
aks, TOP, 1, 
ksa, 0, , TOP 
aka, TOP, 1, $T14 
aa., ST14, LS6 

LS12 
L$4 

ak., T$3, 0 
aaa, T$2, T$4, ST8 
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E7. S-1 

Unoptimized S=-1 Code 

-- 40/1 top :• 70; 
Mov.S.S BUBBL$DA+872,#70 

-- 42/1 while top > 1 do 
Skp.Gtr.S BUBBL$DA+872,#1 
SJmp $4 

$5: 
$8: 

-- 43/1 
Mov .S.S 

; -- 44/1 
Skp.Lss.S 
SJ mp 

$8: 
$9': 

begin 1 :- 1; 
BUBBL$DA+868,#1 

while i < top do 
BUBBLSDA+868,BIJB8!:.$DA+872 
$7 . 

ES. FOM 

-- 46/1 
Shfa.Lf.S 
lnc.s 
Skp.Gtr.S 
SJ mp 

begin if 11st(1J > list(1+1] then 
RTA,BUBBL$DA+868,#2 

-- 48/1 
Shfa.u .s 
Movp,P.A 
lnc.s 
Movp.P.A 

-- 2211 
Mov.s.s 

-- 23/1 
Mov.S.S 

-- 24/1 
Mov.s.s 

; -- 26/1 
$10: 

-- 60/1 
lnc.s 
Skp.Geq.S 
SJmp 

$11: 
$7: 

-- 52/1 
Oec.s 
Skp.Leq.S 
SJmp 

$12: 
$4: 

RTB,BUBBL$DA+888 
BUBBLSDA+296(RTA],BUBBLSDA+296(RTB]~2 
$10 

swap(11st(i], list(i+1]): 
RTA,BUBBL$DA+868,#2 
(FP )O,BUBBL$DA+296(RTA] 
RTA,BUBBL$DA+868 
(FP )4,BUBBLSDA+296(RTA]~2 

BUBBL$DA+880,lFP )09 

(FP )09,(FP )411 

(FP )49,BUBBLSDA+BBO 

j : • i+l 
BUBBL$DA+868,BUBBL$DA+888 
BUBBLSDA+868,BUBBLSOA+872 
$9 

top : • top - 1 
BUBBL$0A+872,BUBBL$0A+872 
BUBBLSDA+872,#1 
$8 

Optimized S-1 Code 

; -- 40/1 
; -- 4211 
$5: 

Mov.S.S 
$6: 

-- 43/1 
; -- 44/1 

Skp.Lss.S 
SJmp 

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

top :• 70; 
while top > 1 do 

R24,#70 

begin 1 :• 1: 
while i < top do 

#1,R24 
$7 

R22 ,#1 
RZ3,BUBBL$DA+296(R22J~2 

171 



Movp.P.A 
$9: 

-- 45/1 
Mov.S.S 
Mov.S.S 
Mov.S.S 
Skp.Gtr.S 
SJmp 

-- 46/1 
-- 2211 
Mov.S.S 

-- 23/1 
Mov.s.s 

-- 24/1 
Mov.s.s 

; -- 25/1 
$10: 

-- 50/1 
Mov.S.S 
Movp.P.A 
Movp.P.A 
Inc.s 
Skp.Geq.S 
SJ mp 

$11: 
$7: 

-- 5211 
Dec.s 
Skp.Leq.S 
SJ mp 

$12: 
$4: 

E7. S-1 

R26,BUBBL$DA+300[R22]~2. 

begin if list[i] > 1ist[i+1) then 
R25,(R23)0 
RTA,(R23)0 
R27, {R26)0 
RTA,(R26)0 
ua 

swap(list[i], list[i+t]); 

R28,R25 

(R23)0,R27 

(R26)0,R28 

i : • i+l 
RTA,{R26)0 
R23,{R23)0[RTA] 
R26,(R23)0[R26] 
R2? ,R22 
R22 ,R24 
$9 

top :• top -
R24,R24 
R24,11 
$6 
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