Automatic Generation of Executable Data

Structures

Nobuhisa F ujinami

Sony Computer Science Lab oratories, Inc.

1 Intro duction

Run-time co de generation improves programs by generating machine co de sp e-

ci�c to v alues that are unknown until run time. Such v alues are called run-time

c onstants. Examples are intermediate computation results and user inputs. Ex-

ecuting the generated co de enough times will recoup the cost of run-time co de

generation.

Massalin’s executable data structures (EDSs) metho d used in Synthesis Ker-

nel [1] [2] is a kind of run-time co de generation. It reduces the trav ersal time

of data structures by implementing the traversal op eration as self-traversal co de

stored in each data structure. The co de is sp ecialized to b oth the traversal op-

eration and the containing data structure. It is attractive but not easy to use,

b ecause it is implemented using hand-written templates in assembly language.

Only well-trained programmers can use it.

This pap er shows that EDSs can b e viewed as an optimized implementation

of a group of ob jects and prop oses a metho d to generate them automatically from

the source program in an ob ject-oriented language. It assumes that the group

consists of one representativ e ob ject (container) and other ob jects (element).

The optimized program generates co de for metho ds of the elements at run time.

The co de is optimized for b oth the element v alues and the caller metho d of the

container.

The author has already prop osed a system to automate run-time co de gen-

eration in ob ject-oriented languages [3] [4]. The metho d prop osed in this pap er

is an extension of the prop osal. It is currently implemented as a prepro cessor of

C++ compilers. It fo cuses on instance v ariables whose v alues are inv arian t or

quasi-inv arian t. F or metho ds that use such v alues, it generates sp ecialized co de

generators in C++

1

. It also inserts co de fragments to invok e them and to in-

vok e or inv alidate the generated co de. Whether the emb edded instance v ariables

are inv arian t and changes to the v ariables are automatically detected using the

encapsulation mechanism of the ob ject-oriented language

2

. Since run-time co de

generators are sp ecialized for particular metho ds, co de generation is light-weigh t.

And since each instance has its own generated co de for its metho ds, there can

b e multiple optimized versions for one metho d. Memory management for gener-

ated co de is simple, b ecause it can b e left to the ob ject construction/destruction

mechanism of ob ject-oriented languages.

1

When inv oked, the co de generators write machine instructions directly into memory .

2

If the emb edded v alues are changed, the co de is inv alidated and then regenerated.

Fig. 1. T ask queue

The remainder of this pap er is organized as follows: Section 2 overviews the

idea of the EDSs metho d. Section 3 illustrates the optimization of a group of

ob jects, and Section 4 describ es a general metho d. Section 5 presents a prelimi-

nary ev aluation of the metho d. Section 6 compares this pap er with related work.

Finally Section 7 concludes the pap er.

2 Executable Data Structures (EDSs)

The EDSs metho d reduces the traversal time of data structures. It is useful for

data structures that are frequently traversed in a preferred wa y . If the data struc-

tures are no des linked by p ointers, the metho d stores no de-sp eci�c trav ersal co de

along with the data in each no de and makes the data structure self-tr aversing.

Figure 1 is an example of a task queue managed by a simple round-robin

scheduler. Each element in the queue contains tw o short sequences of co de:

sw_out and sw_in. The sw_out saves the registers and branches to the next

task’s sw_in routine (in the next element in queue). The sw_in restores the new

task’s registers, installs the address of its own sw_out in the timer interrupt

vector table, and resumes pro cessing.

The sw_out and sw_in routines are optimized to the particular task and

move only needed data. F or example, if oating p oint op erations hav e not b een

used in the task, oating p oint context is not sav ed/restored.

When adding a new element (task) to the queue, sw_out and sw_in routines

sp ecialized to the new element are generated using templates in assembly lan-

guage, and the jump address in the sw_out routine in the previous element is

set.

3 Optimizing a group of ob jects

In the rest of this pap er, C++ notation is used for ob ject-oriented terminology .

F or example, metho ds are called member functions, and instance v ariables are

called data memb ers. Assume also that all source co de for implementing the

ob ject group is av ailable.

class String {

private:

char s[MAXLEN];

int len;

public:

String(char const *p);

int match(char const *p);

};

class StringLink {

public:

StringLink *next;

String s;

StringLink(char const *p): s(p) {}

int match(char const *p) { return s.match(p); }

};

class StringList {

private:

StringLink *top;

public:

StringList(): top(NULL) {}

void add(char const *p);

int search(char const *p);

private:

int search(char const *p,StringLink *q);

};

Fig. 2. Class de�nitions for linked lists

The target of the EDSs metho d is a group of data structures frequently

trav ersed in the similar way

. If the group is implemented in a ob ject-oriented

language, the usual practice is to make one container ob ject for the group. All

op erations on the group are inv oked through the container. V arious kinds of data

structures, such as linked lists, binary trees, or hash tables can b e implemented

as this type of ob ject groups.

If the conven tional framework of run-time optimization is applied to the

whole data structure represented by the ob jects, all elements and their relation-

ships are regarded to b e run-time constants. The whole generated co de b ecomes

inv alid each time when the relationships of the elements changes. Since the op-

timization result is a set of EDSs in the prop osed metho d, the generated co de

allows partial mo di�cation according to the changes of relationships of the ele-

ment ob jects.

F or instance, Figure 2 shows class de�nitions for a linked list in C++. Each

element holds a string ob ject. First, the list is empty

. Member function add puts

an element at the top of the list. Memb er function search tests if the parameter

string is in the list or not.

Since class StringList do es not imp ort any elements, the container StringList

can only call memb er function match of elements StringLink instantiated within

the container. Member function match can b e adapted to search (see Figure 3

for its de�nition). Memb er function search can b e implemented as distributed int StringList::search(char const *p) { return search(p,top); }

int StringList::search(char const *p,StringLink *q) {

if(q==NULL) return 0;

if(q->match(p)) return 1;

return search(p,q->next);

}

Fig. 3. Member function search

; ---code in container---

StringList_search:

<function prologue>

MOV ECX,this

MOV ESI,[ECX].top ; ESI <- address of first string

CALL DWORD PTR [ECX].top_code ; call machine code for first string

<function epilogue>

; ---code in element STRING1---

STRING1:<compare with first string and jump to OK1 or NG1>

OK1: MOV EAX,1

RET ; return 1

NG1: MOV EAX,[ESI].next_code

MOV ESI,[ESI].next ; ESI <- address of next string

JMP EAX ; jump to code for next string

; ---code in element STRING2---

STRING2:<compare with second string and jump to OK2 or NG2>

<similar to STRING1 (omitted)>

:

:

; ---termination code---

NOSTRING:XOR EAX,EAX

RET ; return 0

Fig. 4. Optimized member function search

(Intel x86 assembly language notation is used for readability

. Actual co de is written

in memory as a binary image.)

co de fragments in elements as shown in Figure 4. The tail recursion of search is

completely unrolled and the transition to the next element op eration is imple-

mented as a jump instruction to the co de for the next element. The destination

of the jump instruction is up dated when the list is recon�gured.

Each of co de fragments STRING1, STRING2, � � � is sp ecialized to b oth its corre-

sp onding string and memb er function search. The co de in <compare with ...>

for STRINGn is the result of sp ecializing member function match with resp ect to

the n-th string in the list. The rest is a sp ecialized form of search.

Data members top_code and next_code in the co de in Figure 4 are newly

added members to classes StringList and StringLink. They represent ad-

dresses of the co de for elements. Member functions that mo dify the linked list

should up date these memb ers. When an instance of class StringList is initial-

ized, the address of lab el NOSTRING in Figure 4 should b e assigned to memb er

top_code. These assignments are parallel to the corresp onding members top and

next. Figure 5 shows member function add b efore and after the optimization.

// Before optimization

void StringList::add(char const *p) {

StringLink *l=new StringLink(p);

l->next=top; top=l;

}

// after optimization

void StringList::add(char const *p) {

StringLink *l=new StringLink(p);

<generate code and set its address to qqcode>

l->next=top; top=l;

l->next_code=top_code; top_code=qqcode;

}

Fig. 5. Member function add

4 Automatic optimization

This section describ es a metho d of automating the optimization illustrated in

the previous section. It decides the applicability of the optimization, generates

run-time co de generators, and mo di�es the program to use the co de generators

and the generated co de. Both the container and elements are assumed to have

inv arian t data members.

4.1 Deciding applicability

T o use the EDSs metho d, some memb er functions of the container should re-

p eatedly use its elements. This pap er fo cuses on tail recursions as the iteration

constructs and on trav ersing links as a way to �nd next elements in iteration.

Non-tail recursions, such as full tree traversals, are not considered b ecause they

require backward links of the generated co de

3

. Lo ops are not considered either.

In most cases, lo ops can b e rewritten into tail recursions by analyzing lo op con-

trol v ariables.

The condition for �nding iteration by tail recursions is as follows:

{ There exists a container’s member function, say r , that calls itself as tail

recursions (there can b e multiple calling sites).

{ One of the formal parameters, say p, of r is a p ointer to an element

4

.

{ F unction r uses inv arian t data memb ers of the ob ject p ointed to by p or

invok es member functions

5

that use such data members.

{ There exists a container’s member function, say s, that calls r .

3

T raversing all the tree no des must b e rare cases, b ecause tree structures are useful

in reducing the number of no des to b e visited.

4

Since reference typ es can b e rewritten using p ointer types, they are treated in the

similar way .

5

The function b o dy will b e inlined.

It is out of the scop e of this optimization to inv oke r directly from outside.

Container classes normally have memb er functions equiv alen t to s to encapsulate

internal implementation.

Though it is p ossible to deal with imp orted elements if the timing of imp or-

tation is known, they are not considered for simplicity

. All the elements used in

s and r should b e instantiated in the member functions of the container. One

su�cient condition is to con�rm all of the following:

{ Let desc endants of an element b e elements that can b e reached by 0-or-more-

steps trav ersal of the data members whose typ e is a p ointer to an element.

{ Let element variables b e data members of container or elements whose typ e

is a p ointer to an element.

{ The actual parameter for p to call r from s should b e a descendant of an

element p ointed to by a private data memb er of the container.

{ The actual parameter for p to call r from r should b e a descendant of either

an element p ointed by caller’s p or a private data memb er of the container.

{ If the container has a memb er function that mo di�es element v ariables, the

new v alues should b e either null p ointers, p ointers to descendants of ob jects

p ointed to by the container’s element v ariables, or p ointers to elements in-

stantiated in the memb er function. If the memb er function is r , the new

v alues may b e p ointers to descendants of an ob ject p ointed to by p.

{ Elements should not have a member function that mo di�es element v ariables.

{ The container should not exp ort non-const p ointers

6

to elements. That is,

it should not hav e a memb er function to return them or to write them into

globally accessible v ariables or memory addresses sp eci�ed by arguments.

{ Elements should not have a memb er function to write non-const p ointers

to elements into globally accessible v ariables.

Program transformation by data ow analysis, of course, allows cases where

the actual parameter is a temp orary v ariable that has a v alue of an element

v ariable. Thus, the ab ov e conditions are general enough, not particularly hard

to satisfy .

4.2 Generating co de generators

This subsection describ es a wa y to generate run-time co de generators sp ecialized

to s and r . First, a co de generator for s with �rst level inlining of r is generated

(p ossible with an existing metho d) (Figure 6(a)). Inv arian t data members of the

container and the ob ject p ointed to by p are treated as run-time constants in the

co de generator. Here, optimizations across the s-r b oundary are restricted. F or

example, constant propagation, co de motion, and common sub expression elimi-

nation across the b oundary are disabled

7

. This restriction is for recon�guration

of the data structure (co de for r is replaced).

6

T o cast a p ointer to const into a p ointer to non-const is considered to b e illegal,

b ecause it is not safe to mo dify an ob ject through such a p ointer[5].

7

Constant propagation from s to r is allowed.

Fig. 6. Construction of co de generators

(\c-gen" is short for \co de generator".)

The resulting co de generator is separated into that for s and r . The hole in

s (after r ’s part is extracted) is �lled with a co de generator to inv oke the co de

for the element p ointed to by the actual parameter (Figure 6(b)). An addr ess

variable describ ed in the next subsection gives the co de address.

Since r normally chec ks whether or not p is a null p ointer, the co de generator

for r is duplicated: one optimized assuming p is a null p ointer (generating co de

such as STRING1 in Figure 4) and one optimized assuming p is not a null p ointer

(generating co de such as NOSTRING in Figure 4). The tail recursion part of r is

replaced with a co de generator to jump to the co de for the element p ointed to

by the actual parameter (Figure 6(c),(d)).

4.3 Using co de generators and generated co de

F or each element v ariable, a new data member called an addr ess variable is added

to represent the address of the co de for the element p ointed to by the element

v ariable. Member functions of the container are mo di�ed to assign the addresses

of the co de to address v ariables when the corresp onding element v ariable is

assigned.

The memb er function s is replaced with the following pro cedure:

{ Check if the co de for s is already generated. If not, invok e the co de generator

for s.

{ Invok e the generated co de for s.

Inv o cation of the non-null version of the co de generator for r is emb edded

where the element is instantiated. Inv ariant data memb ers of the instantiated

ob ject are treated as run-time constants. After the inv o cation, the address of the

generated co de is assigned to the address v ariable corresp onding to the element

v ariable to which the p ointer to the instantiated ob ject is assigned.

Since the null-pointer version of the co de generator for r cannot use data

memb ers of an ob ject p ointed to by p, the resulting co de must b e indep endent program exec. time (sec) / ratio co de gen. cost (msec) co de size (bytes)

P1. original 8.92 / 1.00 - -

P2. conventional 8.76 / 0.98 2.69 1348

P3. manual inlining 3.33 / 0.37 - -

P4. prop osed 2.35 / 0.26 2.72 1251

T able 1. Linked list search results

of elements. Thus invocation of the co de generator is emb edded into the con-

structor of the container. An assignment of the address of the generated co de to

an address v ariable is emb edded where a null p ointer is assigned to the corre-

sp onding element v ariable.

4.4 Deleting generated co de

There are tw o types of co de deletion: Deletion of co de p ointed to by an address

v ariable is p erformed where the element p ointed to by the corresp onding element

v ariable is deleted. The co de of the null-pointer version of r generated in the

constructor of the container is deleted in its destructor.

5 Ev aluation

F our programs are compared to ev aluate the metho d prop osed in this pap er.

All are implementations of a linked list of strings describ ed in Section 3. P1 is

compiled normally

. P2 is pro cessed by a prepro cessor [3] using an element-wise

run-time optimization. P3 is the result of manual elimination of tail recursion

and manual inlining of member function match. P4 is the result of the metho d

prop osed in this pap er.

The target machine is an NEC PC-9821La10/8 (Pen tium 100MHz, 23MBytes

of memory

, no second cache). The op erating system is Windows 95. The compiler

is BCC32A.EXE (a command line compiler of Borland C++ 4.5J). Compiler

options are \-5 -O2 -vi" (optimized for Pentium, optimized for sp eed, inlining

enabled).

T able 1 lists the execution times to search a list of ten elements for b oth

existing and non existing strings a million times. Each v alue is an av erage of ten

executions.

Since the conv entional metho d can optimize only member function match to

its string and cannot eliminate function call ov erhead, sp eedup of P2 is very

small. Manual inlining with tail recursion elimination (P3) works well, but since

the inlined member function match is not optimized to its string, there is ro om

for improv ement. The prop osed metho d allows all of these optimizations, and

P4 shows the b est p erformance.

T able 1 also lists the run-time co de generation costs and generated co de sizes

for P2 and P4. Several hundred times of iteration recoups the cost in P4.

6 Related W ork

A num b er of research pap ers rep ort metho ds of making it easy and practical

to use run-time co de generation. Among the metho ds are description languages

for run-time co de generators [6], a run-time partial ev aluation system for binary

co de [7], and automatic generation system of run-time co de generators [8] [9].

But they deal with single functions, parts of functions, or program p ortions that

can b e arranged into single functions (e.g. using inlining).

One research pap er mentions automatic generation of EDSs. Subsection 4.4

of [10] suggests that applying run-time partial ev aluation can p erform the same

optimization as using EDSs. An example used in the subsection is a scheduler

expressed in pseudo-co de:

task *crt_tsk;

sched() {

save_regs(crt_tsk);

crt_tsk=crt_tsk->next;

load_regs(crt_tsk);

jmp_to(crt_tsk->PC);

}

Through sp ecialization with resp ect to a given circular task queue, the re-

sulting program is

sched_1() {

save(FP1); save(FP4); // save registers for current task

load(FP2); load(FP3); // load registers for following task

jmp(0x....);

}

The second command in sched, which dereferences the p ointer to the next

task to b e activ ated, is eliminated. Other commands are sp ecialized with resp ect

to the current and following tasks.

This result, how ever, though the example is overly simpli�ed, is very far

from the concept of EDSs. It do es not make the data structure self-tr aversing. It

�xes the order of the tasks. If a task’s state changes from active to inactive, the

context switch routines for b oth the previous and the following task should b e

changed. This is b ecause the sp ecialization views the whole queue as a run-time

constant, like the former (trivial) typ e of optimizations describ ed in Section 3.

It disables the exibility of linked structures. In the EDSs metho d, exibility is

preserved, and changing a task’s state requires only the jump addresses in the

switch co de to b e up dated.

There may b e some techniques, such as indirect jumps, that make the metho d

in [10] exible enough. But the programmer must carefully rewrite routines for

up dating the task switch routine. So it is not easy to use.

Since the metho d in this pap er generates EDSs, the op eration to up date the

links is light-w eigh t. And this up dating op eration is automatically derived from

the original source program.

7 Conclusion

This pap er prop osed a metho d of generating EDSs automatically from the source

co de in ob ject-oriented languages, viewing them as an optimized implementa-

tion of a group of ob jects. With the help of an encapsulation mechanism of

ob ject-oriented languages, analyzing only the source co de to implement the ob-

ject group prov es the metho d applicability

. Generating co de generators for EDSs

is an extension of the conven tional technique of generating run-time co de gen-

erators. The preliminary ev aluation shows that the prop osed metho d is b etter

than previous metho ds or the manual source level optimization.

The author will extend the metho d to deal with quasi-inv arian t data mem-

b ers. He will also implement a reverse op eration of tail recursion elimination to

accept iteration by lo ops.

References

1. Calton Pu, Henry Massalin, and John Ioannidis. The Synthesis kernel. Computing

Systems, V ol. 1, No. 1, pp. 11{32, Winter 1988.

2. Henry Massalin. Synthesis: An E�cient Implementation of F undamental Op er ating

System Servic es. PhD thesis, Graduate Scho ol of Arts and Sciences, Columbia

Universit y , April 1992.

3. Nobuhisa F ujinami. Automatic Run-Time Co de Generation in C++. In Y utak a

Ishik aw a, Ro dney R. Oldeho eft, John V.W. Reynders, and Marydell Tholburn, ed-

itors, LNCS 1343: Scienti�c Computing in Obje ct-Oriente d Par al lel Envir onments.

First International Conferenc e, ISCOPE 97 Pro c e e dings, pp. 9{16, Decemb er 1997.

4. Nobuhisa F ujinami. Determination of Dynamic Metho d Dispatches Using Run-

time Co de Generation. In Xavier Leroy and Atsushi Ohori, editors, LNCS

1472: T yp es in Compilation. Sec ond International Workshop, TIC’98 Pro c e e dings,

pp. 253{271, March 1998.

5. Bjarne Stroustrup, editor. The C++ Pr o gr amming L anguage, 2nd edition. Addi-

son W esley

, 1991.

6. Dawson R. Engler, Wilson C. Hsieh, and M. F rans Kaasho ek. ‘C: A language F or

High-Level, E�cient, and Machine-independent Dynamic Co de Generation. In

Confer enc e Re c or d of POPL ’96: The 23r d ACM SIGPLAN-SIGACT Symposium

on Principles of Pr o gr amming Languages, pp. 258{270, January 1996.

7. Curtis Y arvin and Adam Sah. QuaC: Binary Optimization for F ast Runtime Co de

Generation in C. T echnical Rep ort UCB//CSD-94-792, Universit y of California

Berkeley

, Department of Computer Science, 1994.

8. Mark Leone and Peter Lee. A Declarative Approach to Run-Time Co de Gener-

ation. In Workshop R e c or d of WCSSS’96: The Inaugur al Workshop on Compiler

Supp ort for System Software, pp. 8{17, F ebruary 1996.

9. Brian Grant, Markus Mo ck, Matthai Philip ose, Graig Chamb ers, and Susan J. Eg-

gers. DyC: An Expressive Annotation-Directed Dynamic Compiler for C. T ec hni-

cal Rep ort 97-03-03, Department of Computer Science and Engineering, University

of W ashington, 1997.

10. Charles Consel, Luke Hornof, F ran� cois N� oel, and Nicolae V olanshi. A Uniform

Approach for Compile-time and Run-time Sp ecialization. T echnical Rep ort No.

2775, INRIA, January 1996.