D

E

B

U

GG

I

NG S

T

ANDARD

M

L

A n

d r e w Peter

T

o l m a

c h A

D

I

SS E

R

TATIO

N

PRESENTED TO THE

FAC

U

LTY

OF PRINCETON UNIVERSITY

IN CANDIDACY FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

RECO

MMENDED FOR ACCEPTANCEBY THE DEPARTMENT OF

COMPUTER SCIENCE

Octo ber1

99 2

c

Co

p

yr i

ght by Andrew Peter Tolmach 1992

AllRights Reserved ii

Traditional \so

urce

-level" debuggers for compiled languages actually operate at machine

level, which makes them complex, di�cult to port, and intolerant of compiler optimization

.

For type-safe languages, however, debugging support can be provided without reference to

the underlying machine, by adding instrumentation to program source code before compi-

lation.

Because the instrumented code is(almost

) ordinary source, it can be processed by

the ordinary compiler. The debugger is thus independent from the underlying hardware

and runtime system, and from the optimization strategies used by the compiler.

This dissertation describes the design and implementation of instrumentation-based de-

buggers for theStandard

M

L ofNew

Jersey compiler. Three systems are described: a simple

debugger with ordinary variable display and breakpoint facilities, a debugger supporting|

and taking internal advantage of|reverse execution, and a debugger for ML Threads, a

concurrent extension of ML running on multiprocessors. A formal operational semantics

for a subset of ML is used to de�ne debugging operations precisely, and to provide a basis for

determining the concrete types of polymorphic variables at runtime.Debugger performance

measurements are presented for a range of real programs. iii

F o r m

y

p

ar e

n t s , in joy and in sadness. iv

My advisor, Andrew Appel, has given greatly of his time, enthusiasm, and technical inge-

nuity while guiding me through this research.In particular, I wish to thank him for his

perpetually open door, and for his understanding attitude about deadlines.

David MacQueen has supported this project with his advice and enthusiasm from its

inception. Much of the debugger was implemented while I was working as a consultant

for AT&T Bell Laboratories, by his arrangement. The text of this dissertation has been

much enhanced by his comments, as well as by the eagle eye and vigorous red pen of DavidHanson.

David Tarditi designed and implemented the original version of the dynamic type re-

construction algorithm. Adam Dingle designed and implemented the debugger’s originale

m a c s user interface.

Greg Morrisett designed and implemented the multiprocessor version of SML/NJ, and

keeps me cheerful by claiming that he will use the concurrent debugger one day. Suresh

Jagannathan and Jim Philbin graciously provided access to the NEC Research Institute’s

SGI multiprocessor, which made it possible to benchmark the concurrent debugger.

Lal George implemented the ML version of the Simple benchmark in both sequential

and parallel forms, and o�ered much good counsel on parallel processing. Several of the

parallel benchmarks were adapted from Scheme originals written by Rick Mohr.

The o�ce sta� of the Computer Science Department have helped keep life at Princeton

livable. Thanks especially to Sharon Rogers for her frequent and indispensable aid over the

years.

Finally, I could not have completed this degree without the love and support of my wife,

Alycia, who has kept me saner and happier than any graduate student has a right to be.

This research was funded, in part, by the National Science Foundation under grants

CCR- 88

0

6121, CCR-891 4

5 70, and CCR-9002786. v

A

b

s t r a ct iii Ack n o w l

e d g mentsv

Introduction 12

Debugging

Standard

M

L of

New Jerse

y

7

2.1 Standard ML of New Jersey: : : : : : : : : : : : : : : : : : : : : : : : : : : 8

2.2 Interactive Source-level Debugging : : : : : : : : : : : : : : : : : : : : : : : 16

2.3 Machine-Level Debugging and Optimization : : : : : : : : : : : : : : : : : : 22

2.4 Interpreters : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

2.5 Related

Work : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 263 Source-

Code Instrumentation 31

3.1 Instrumenting by Hand : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31

3.2 Automatic Instrumentation : : : : : : : : : : : : : : : : : : : : : : : : : : : 33

3.3 Related Work : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 344 Implementing Instrumentation 39

4.1 Implementing Sites and Events : : : : : : : : : : : : : : : : : : : : : : : : : 39

4.2 Instrumentation Code : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

4.3 Reducing Instrumentation Overhead : : : : : : : : : : : : : : : : : : : : : : 48

4.4 Code Generation and Optimization : : : : : : : : : : : : : : : : : : : : : : : 55

4.5 Coping with the Full Language : : : : : : : : : : : : : : : : : : : : : : : : : 57

4.6 Integration with SML/NJ : : : : : : : : : : : : : : : : : : : : : : : : : : : : 62vi

5

Time Travel67

5.1 Temporal Model : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 68

5.2 Laziness : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 70

5.3 Speculative Computation and Time-Line Search : : : : : : : : : : : : : : : : 71

5.4 Checkpoints and Re-execution in SML/NJ : : : : : : : : : : : : : : : : : : : 73

5.5 Related Work : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 76

6 Implementing Time Travel85

6.1 Instrumentation for Time Travel : : : : : : : : : : : : : : : : : : : : : : : : 85

6.2 Controlling Execution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 88

6.3 Debugger Functions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 90

6.4 Checkpoints and State : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95

6.5 Mutable Store : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95

6.6 External Input : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 98

6.7 Checkpoint Caching : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 100

7 Dynamic TypeReconstruction 105

7.1 Semantic Framework : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 106

7.2 De�ning Dynamic Types : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 113

7.3 Dynamic Types via Argument Typing : : : : : : : : : : : : : : : : : : : : : 120

8 Sequential Debugger

Performance 125

8.1 Benchmark Programs : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 125

8.2 Hypothetical Debuggers : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 127

8.3 Scripts : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 128

8.4 Timing Model : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 129

8.5 Controlled Execution Overhead : : : : : : : : : : : : : : : : : : : : : : : : : 131

8.6 Code Size and Compilation Time : : : : : : : : : : : : : : : : : : : : : : : : 133

8.7 Live-Data Requirements : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 134

8.8 Space vs. Time : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 139

8.9 Query Times : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 149

9 Debugging ML Threads 151

9.1 ML Threads : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 151

9.2 Temporal Model : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 157 vii

9.3 Non-determinism : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 160

9.4 Global States and Execution Control : : : : : : : : : : : : : : : : : : : : : : 165

9.5 Implementing Control : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 168

9.6 Related Work : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172

10 Implementing Concurrent Debugging 179

10.1 Threads, Times, and Logs : : : : : : : : : : : : : : : : : : : : : : : : : : : : 179

10.2 Instrumentation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 181

10.3 Thread State and Control : : : : : : : : : : : : : : : : : : : : : : : : : : : : 183

10.4 Stopping the World : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 188

10.5 Time-Travel Functions and Checkpointing : : : : : : : : : : : : : : : : : : : 191

10.6 Emulation of Threads Primitives : : : : : : : : : : : : : : : : : : : : : : : : 192

10.7 Performance : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 197

11 Conclusions andFutureWork 205Bibliography211 viii

1 The benchmark programs. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 126

2 Benchmark normal execution characteristics. : : : : : : : : : : : : : : : : : 126

3 Benchmark event characteristics. : : : : : : : : : : : : : : : : : : : : : : : : 127

4 Smld-t command execution times. : : : : : : : : : : : : : : : : : : : : : : : 150ix

1 SML/NJ compiler phases. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

2 A subset of Core Standard ML. : : : : : : : : : : : : : : : : : : : : : : : : : 40

3 There v function. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41

4 Binding tree for rev. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 42

5 The even t Rec or

d data type for smld. : : : : : : : : : : : : : : : : : : : : : 43

6 The identi�erloo k

u p algorithm for smld. : : : : : : : : : : : : : : : : : : : 44

7 Thef ind Caller algorithm for smld. : : : : : : : : : : : : : : : : : : : : : : 45

8 Smld’s event instrumentation code. : : : : : : : : : : : : : : : : : : : : : : 46

9 Instrumenting functionsE ,R, andD. : : : : : : : : : : : : : : : : : : : : : : 47

10 Instrumented version of rev. : : : : : : : : : : : : : : : : : : : : : : : : : : 49

11 Coalesced binding tree for rev. : : : : : : : : : : : : : : : : : : : : : : : : : 51

12 Instrumented version of rev with coalescing. : : : : : : : : : : : : : : : : : : 52

13 Improved binding trees for fn( h ::t ,a

) rule. : : : : : : : : : : : : : : : : : 53

14 Binding chain for structure declarations. : : : : : : : : : : : : : : : : : : : 61

15 Synthesizing \skip" from primitive functions. : : : : : : : : : : : : : : : : : 64

16 Implementation of basic control functions for smld. : : : : : : : : : : : : : 65

17 A sample time line. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 68

18 Smld-t’s eventRecord data structure and event instrumentation code. : : 86

19 Implementation of basic control functions for smld-t. : : : : : : : : : : : : 89

20 Time-travel functions. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91

21 Finding realization time for monotonic predicate by binary search. : : : : : 92

22 The identi�er lookup algorithm for smld-t. : : : : : : : : : : : : : : : : : : 93

23 The findCaller algorithm for smld-t. : : : : : : : : : : : : : : : : : : : : 94

24 Saving and restoring checkpoints. : : : : : : : : : : : : : : : : : : : : : : : : 96

25 Static semantics. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 108 x

C

H

A

P

T E

R 1

. I

NTR O

D

UCTION

(SML/NJ) compiler [11, 13]. Standard ML is type-safe (programs cannot \dump core" due

to runtime typing errors). Type-safety means that the behavior of all ML programs|

even buggy ones|can be understood fully without reference to the underlying compiler

implementation, runtime system, or machine. ML encourages the use of �rst-class functions

and recursion, so naive compilation strategies do not produce e�cient code. The SML/NJ

compiler therefore performs extensive optimizations.

Our de�nition of source-level debugging is conventional; it includes support for break-

points, value display, and call traceback. These features would be di�cult or impossible

to implement using a machine-based debugger in conjunction with SML/NJ’s optimizer.

Although some problems could be resolved by careful coordination between the compiler

back-end and the debugger, others are more fundamental, since they arise because the op-

timized program doesn’t compute or keep information that the debugger needs to provide

\expected behavior" to the user. The most serious problems arise because SML/NJ uses

continuation-passing style (CPS), which eliminates storage for dead variables, performs tail-

recursion elimination, which destroys information about the call chain, and does not use a

runtime stack.

Our smld debugger for SML/NJ avoids these problems by using source-language instru-

mentation instead of machine-based support. Smld inserts instrumentation code into the

abstract syntax tree obtained from the user’s source text at each interesting event site, e.g.,

just before function calls, just after function entries, and when local variables are bound.

At each event, the instrumentation code builds an event record describing the event and

preserving the values of any variables bound there. The record is connected to other event

records via static and dynamic links to enable the variable environment and the call chain

to be reconstructed by simple runtime debugger algorithms. The instrumentation code also

checks whether a breakpoint has been set at the site, and if so, transfers control to an in-

teractive debu g monitor. This monitor is a special version of ML’s top-level read-eval-print

loop, modi�ed so that expressions are evaluated in the binding environment corresponding

to the event where the program halted.

Smld is portable and independent of the underlying ML implementation and executes

almost entirely within the source-language model. The only exception is a carefully con-

trolled violation of the type system needed to pass runtime values to the debug monitor,

similar to a violation the standard runtime system requires in order to implement the top-

level loop. The debugger runs on all of SML/NJ’s current hardware platforms, including

the MIPS, SPARC,VAX, and MC68020.

Smld-t is an enhanced debugger that supports reverse execution. With reverse execu-

tion, users can investigate the origins of an error without having to re-execute their programs

from the beginning. Execution events are given sequential time values, and users can set

breakpoints at particular times in the future or the past. Time travel is also used by smld-t

itself to implement standard features. For example, times are used as indirect pointers to

event records; the records themselves can be generated on demand by jumping back to

the time of the event. Ordinary location breakpoints and \skipping" (single-stepping over,

rather than into, function calls) are simulated using time travel to perform a binary search

over execution history, avoiding expensive checks at each event during forward execution.

Smld-t implements all program control mechanisms in terms of time travel.

Reverse execution is implemented by taking periodic checkpoints of program state and

re-executing as necessary. SML/NJ’s use of CPS and heap-allocated closures allow it to

implement �rst-class continuations e�ciently. These continuations make checkpointing the

\functional" part of program state e�cient, and the resulting checkpoints share a single

copy of their common data. The state of the mutable store is captured separately by

instrumenting store update operations to maintain a history log; log entries use a special

\weak" form of pointer that is not followed by the garbage collector, so ob jects referenced

only by the log can be reclaimed. Stream input operations are also logged so that they

can be repeated on re-execution. Since memory is �nite, not all checkpoints taken can be

saved; smld-t implements a checkpoint cache managed using simple heuristics. Smld-t

relies on certain SML/NJ language features not found in ordinary ML (e.g., callcc and

weak pointers) but not on the details of their implementation.

Standard ML has a precise formal de�nition [88], which describes the typing rules and

operational semantics of the language and the relationship between them. However, these

semantics say nothing about intermediate points in execution or the values of variables

visible from such points. De�ning these concepts is non-trivial because of ML’s parametric

polymorphism; functions can act on values of arbitrary type provided they do so in a uniform

manner. Parametric polymorphic functions are not allowed to inspect the types of their

actual arguments; this restriction makes it possible to avoid tagging values with runtime

type information. But the debugger needs to discover the runtime type of a variable’s value

in order to print it or use it in expressions; this task is dynamic type reconstruction. This

reconstruction may also be useful for garbage collectors and for adding polymorphic printing

CHAPTER 1. INTRODUCTION or eval-like capabilities to the language.

It is not obvious that dynamic types are even well-de�ned. To address this problem,

we present a modi�ed operational semantics for a subset of ML, in which the notions of

an execution event and its environment are made explicit, and give a precise de�nition

of dynamic typing. We also describe an algorithm for reconstructing dynamic types on

demand, based on walking the dynamic call chain and the static binding chain.

To assess the performance of smld and smld-t, we compare their speed and space

requirements with those of ordinary code and hypothetical debuggers that use other ap-

proaches. Performance is studied using a range of real programs and synthetic \scripts"

representing hypothetical debugging sessions. Instrumentation makes code run about three

times slower than normal and causes code size (and thus compile time) to increase by about

�ve times. Smld generates large amounts of additional live data to store event records and

the values to which they refer, which are kept for every pending function application on the

call chain. Smld-t requires requires less space for event records because it generates them

lazily, but more space for logs, and it will �ll as much space as it is allowed for checkpoints.

Although these debuggers make large resource demands, we estimate that the alterna-

tives for debugging are also expensive. Any hypothetical machine-based debugger would

have to inhibit at least some of SML/NJ’s optimizations. We estimate the performance of

such debuggers by measuring the e�ect of inhibiting various sets of optimizations. These

measurements suggest that to keep the debugger reasonably simple would require slowing

down compiled code by a factor close to three, and would increase live data requirements

by failing to eliminate tail-recursion. Another possible approach to debugging is to use an

interpreter: SML/NJ’s runs 10 to 100 times slower than compiled code. The performance

of our debugging approach, though expensive, seems competitive with the alternatives.

Our smld-c debugger applies the instrumentation and time-travel technology to ML

Threads [32], an extended version of ML that supports concurrent threads of control in

the style of Modula-3 [90]. ML Threads has thread, mutex, and condition data types

and operators on them. Threads can communicate using shared memory; any ref cell or

array in the common scope of two threads can be used to pass information. Since the

relative execution rates of di�erent threads are unpredictable, Threads programs can be

non-deterministic. Our version of ML Threads provides more secure semantics for control

of shared memory than most other threads packages.

Maintaining the spirit of the instrumentation approach, smld-c operates entirely inside

the Threads model. It has no special concurrency privileges, which in principle makes it

portable to any implementation of ML Threads. This respect for abstraction makes control

of distributed computations (e.g., halting all threads for a global checkpoint) a challenge.

Our smld-c implementation also de�nes a temporal model for multi-threaded computations

and includes mechanisms for logging non-deterministic events so that programs can be

replayed correctly. Having secure programming-language semantics for memory accesses

helps reduce the size of these logs.

Prototype versions of ML Threads and smld-c run on Silicon Graphics MIPS-based

multiprocessors under Irix and Omron multiprocessors under Mach, and on uniprocessors

with signal-based preemptive scheduling. We present performance measurements taken on

the Silicon Graphics machine.

Portions of the work described here have been previously published as References [111]

and [112].

CHAPTER 1. INTRODUCTION

Most of the debugging technology discussed in this thesis can be applied to a wide range of

programming languages. However, our work focuses on a speci�c target language, Standard

ML, and a particular compiler and runtime system for that language, Standard ML of New

Jersey (SML/NJ). 1 SML/NJ has a distinctive combination of characteristics that make it

a particularly good test bed for our instrumentation and time-travel methods.

ML supports �rst-class functions, so compilers must perform extensive optimizations to

achieve reasonable execution performance. These optimizations make traditional debugging

based on machine code di�cult to implement. The language also includes features, such

as polymorphic types and exceptions, that are challenging to support properly from any

debugger.

ML is type-safe; it is possible to understand and debug program behavior using an ab-

stract execution model that ignores the underlying machine. Moreover, most ML programs

have few side-e�ects, and mutable variables are distinguished statically; thus, the state of a

typical computation can be described by a continuation plus a small amount of additional

information describing the values of mutable variables. Since SML/NJ supports e�cient

capture of �rst-class continuations, a checkpoint-based reverse execution mechanism is easy

and e�cient to implement.a 1

St a n da rd

M

L

o

f N e w Jer

se

y

is being develo

pedjointly atPrin

ceton

U

n i v e r si t y an d

A T &T Be ll

La b orato -

ries.

So ur ce codefor the the com piler and thes m l d - t debugger and binaries for several processors are avail-

able via anonymousFT

P fromp r i n c e t on .e d u ( 1 2 8.112.12 9.1

)

, directory pub

/ m l or from rese arc h.att.com

(192.2

0.22

5.2), directory dist/ml.7

8C

H

A

P

T E R 2

. DE

B

U

GG

I

NG STANDARDM

L

O

F NEW

JERSE

Y

2

.

1 S t a n da rd

M

L o f

N e w Jer se y

2

. 1.1 T h e L a n g uage T

h i s se c ti o n re vie ws fe at ures ofStan dard

M

L that are relevant to sequential debu gging

.

Concurrenc

y extensions for the language are described in Chapter

9.

For a general intro-

duction to ML, see the books byPaulson[9

5

] orReade [97].

Standard ML resembles a typed lambda calculus and supports�rst-class functions and

lambda expressions.

Normal programming style in ML is\mostly functional," i.e., side-

e�ect free, but the language has facilities for creating and manipulating mutable objects,

for exception handling, and for non-applicativeI

/ O. Because of these imperative features,

evaluation order is signi�cant: function arguments are evaluated strictly and from left to

right. Functions can be de�ned as a sequence of alternativer u l e s, each consisting of a

pattern and a body; when the function is applied, the arguments are compared against

each pattern in turn to determine which body to execute.All conditional branching in ML

is expressed in terms of this pattern matching mechanism.

ML has an extensible type system, which includes tuples, records with named �elds,

disjoint unions labeled byc

o ns tructors, and function types. Functions and types can bep

arametr ical ly polymorp hic, i.e., a function can be applied to arguments of di�erent types,

provided it operates on them in a uniform manner. This restriction ensures that a poly-

morphic function need only be compiled once, regardless of how it is applied. Thus ML’s

polymorphic functions di�er from, for example, Ada’s generic functions, which must be

recompiled for each new argument type.

Programs can be checked for type correctness at compile time. The compiler can infer

the types of identi�ers during type checking, so that the programmer need not declare them

explicitly.Data ob jects cannot be deallocated explicitly, so \dangling pointers" cannot

occur; all ML implementations provide automatic reclamation of unreachable data. Runtime

data ob jects do not need precise type tags in order to ensure type-safety, in contrast with,

e.g., Scheme [29] or Smalltalk [54]. In this spirit, the language does not contain primitives

that require precise runtime determination of types, such as polymorphic printing; SML/NJ

supports an overloadedp r i n t function, but it is disambiguated at compile time. ML does

have a polymorphic structural equality predicate. To support this feature, runtime ob jects

carry enough tag information to distinguish pointers from non-pointers and to determine

the size of records; this information also supports garbage collection.

2.

1. STANDARD ML OF NEW JERSEY 9 Standard ML has a formal de�nition [87, 88], which gives explicit static semantics(typing

rules

) and dynamic semantics (evaluation rules) for both a Core language and an extended

Modules language. The de�nition provides a reference for implementors and also serves

as a basis for proving theoretical results about the language. In particular, it is possible

to formulate precise soundness theorems stating that statically well-typed programs never

perform type-unsafe operations at runtime. These theorems have been proved for substantial

fragments of the language and are believed to hold for the full language [87,11

0]. The static

safety property is crucial: in addition to providing a basis for e�cient implementations

without runtime type checking, it implies that the execution model for ML programs can

be expressed in entirely abstract terms using the structural operational semantics, or some

more informal semantics. Details of the underlying implementation and machine can be

ignored.

The ML de�nition speci�es a standard interactive interface to the compiler and runtime

system. This interface is a read-eval-print loop (the top-level loop), familiar from LISP

systems, that allows value and function declarations to be entered, compiled, and evaluated.Each successfully executed compilation unit adds de�nitions to a top-level environment from

where they can be referenced by subsequent units. Initially, the top-level environment is

equated with the initialbasis, which de�nes standard library functions for arithmetic, list

manipulation, I/O, etc.

Standard ML supports dynamically scoped exception handling. Built-in exceptions are

raised as a result of internal errors, e.g., arithmetic faults reported by the hardware; new ex-

ceptions can be de�ned bye x cepti on declarations and raised by explicit rai se expressions.

If no user handler catches a raised exception, control is returned to the top-level interactive

loop, which prints the exception’s name and terminates execution of the compilation unit.

There is no built-in mechanism for reporting the program location from which an uncaught

exception was raised, which is an important desideratum when debugging.

Standard ML’s module system manages the name spaces of large programs and supports

libraries. A set of declarations can be collected into a named structure. Structures may be

nested to any depth. Identi�ers in a structure are referenced by qualifying them with the

structure name, e.g.,Rea

l

.sin; alternatively, an open structurename declaration loads all

the identi�ers of the named structure into the environment. The visible components of a

structure can be constrained by applying a signature, which speci�es the name and type

of each identi�er to be exported. The language also supports a form of module, called a

CHAPTER 2. DEBUGGING STANDARD ML OF NEW JERSEY functor, that is parameterized by a signature, which is useful for composing abstractions.

The types of identi�ers declared in a functor may depend on types in its argument structure.

Structures may be nested within other modules, but functors and signatures may not. The

modules system can be viewed as a language mechanism for controlling compile-time linking;

as such, it complicates issues such as symbol-table management and type checking, but has

little impact on execution semantics.

Standard ML of New Jersey implements the full Standard ML language with a few triv-

ial omissions and variants; it also provides several extensions to the language. In addition

to mutable scalar ref variables, SML/NJ supports mutable arrays, implemented so that

access or update of any element takes constant time.2 A �rst-class continuation is an encap-

sulation of the state of a program at a particular point in execution. SML/NJ continuations

are captured using the primitive call-with-current-continuation (callcc).3 Semantically, a

continuation acts like a function that, when invoked (thro

wn to), carries out the remainder

of the program’s calculation from the point of capture, with the important caveat that the

contents of the mutable store are not a�ected. A continuation can be invoked any number of

times, at any point in the subsequent execution of the program. In a conventional runtime

environment, a continuation could be thought of as a data ob ject containing a copy of the

contents of the stack and program counter at the point of capture, but, again, no copy of

the mutable store. The SML/NJ programmer can install customized signal handlers for

most

Unix signals; this feature is chie y used for catching keyboard and timer interrupts.

A signal handler can change the ow of control by throwing to a new continuation, or

returning to the interrupted program point.

2.1.2 TheC

o m p i le r The SML/NJ compiler [11, 13] processes a source program by successively rewriting it

into a series of intermediate representations. Each rewriting step is largely independent

of the others. The principal phases of compilation are illustrated in Figure 1. Source

programs are parsed into conventional abstract syntax trees. Each syntactic element is

tagged with the line number and column position of the original source text from which it 2

Most other ML implementations also provide arrays.3 This operator is similar to callwith-current-continuation or call/cc in Scheme[29

]. SML/

N J

continuations aret

y p e d, however [42].

2.1. STANDARD ML OF NEW JERSEY 11S

o u r c e Tex t ? Lex

ic a l A nal y sis &

Parsing ?

Abstract Syntax ?

TypeC hec king ? Typed

Abstract Syntax ? �

{ t r a n s lat i on a a

a ?

�{lan g uag e

a ? a

a C P S con version a a

a ?

CPS

a ?

a ? a

a

O pti mi zation

a a

a ?

CPS

a ? a

a

Closure Conversion

& Spilling a a

a ?

CPS

a ? a

a

A bstract Co de

Generation a a

a ?

Abstract

Mac hine Code

a ? a

a

Target Machine

Code Generation_a a

a ?

Target

Machine Code

a ? a

a

Instruction

Scheduling a a

a ?

Target

Machine Code

F i g u r e 1 : S M L / N J c o m pi ler p h a ses . Parsi ng an d T ype Chec king are ac tually interlea ved.

1 2 C H A P T E R 2 . DE B U GG I NG STANDARD M L O F NE W JERSE Y

was derived. In the typed a bstract synta x , the program represented is guaranteed to be well -

typed, and typings are attached to all identi �er nodes. Abstract syntax is translated into

a �-language intermediate representation resembling an applied call-by-value �-calculus.

Various simpli�cations are made at this stage, including the compilation o f pattern matches

into explicit test and branch code, and the conversion of inter-module references into record

�eld extractions. The SML/NJ system includes a simple interpreter that operates directly

on the �-language.

Next, �-language is converted into the continuation-passing style (CPS ) language. This

is another �-calculus-like language, but with all control ow made explicit. All function

operands must be atomic, i.e., they must already have been explicitly evaluated and bound

to a variable, and functions never return. Instead, they terminate by calling a continuation

function representing \the rest of the program. " CPS is a useful representation for per-

forming optimi zations, and most of SML/NJ ’s optimizing is done here (see Section 2.1. 4).

After optimization, the CPS is transformed to make it look more like assembly code

for a Von Neumann machine. Non-local variables of user functions (which appear as free

variables in CPS functions) must be stored in memory, so c l o s u r e co n vers ion rewrites the

CPS, replacing references to free variables by explicit fetches from heap-allocated records.

The standard representation of a function is a pointer to a closure recor d, which contains

a pointer to the function’s executable code plus the values of its free variables. Code is

added to generate a closure record whenever a function is de�ned, unless all call sites of

the function can be determined statically, in which case a more e �cient ad - hoc function

representation may be possible. SML/NJ has no runtime stack of activation records ; its

role is played by heap-allocated closures for continuation functions, which hold on to the

values needed for continuing the computation of suspended functions higher up the call

chain. This scheme makes execution of c a llcc almost free: the current continuation can

be saved simply by taking a new pointer to a linked set of heap-allocated records, and there

is no stack to copy. Of course, there are allocation and garbage collection costs associated

with using a heap representation, although these costs might not be higher than those of

stack management [ 8 ].

Local variables in user functions can be mapped to machine registers, but Von Neumann

machines have a limited number of these, so a spilling phase may be needed to guarantee

that no CPS subexpression has more free variables than there are registers. At this point,

it is straightforward to generate assembly code directly from the CPS, �rst to an abstract

2. 1. STANDARD ML OF NEW JERSEY 1 3

machine code, then to assembly code for a speci�c target. This phase is the �rst machine-

dependent phase encountered during compilation, although previous phases depend on a few

machine parameters, such as the number of general-purpose registers. Supported targets

include the MIPS, SPA RC, VA X, and MC 68 020. Instruction scheduling is performed as

a further pass for the RISC targets. Machine code is emitted as a position-independent

binary byte stream.

The compiler is about 3 9,000 lines of (almost) Standard ML. In order to implement

the top-level loop, which involves generating a machine-code ob ject (treated as a stream of

integers) and then executing it (treating it as a function), the compiler needs to bypass ML’s

type system by permitting code ob jects to be cast from one type to another. In addition,

since ML data ob jects do not carry runtime type tags, the values produced by executing a

compilation unit must be treated as having a generic type o b j ec t when they are passed to

the top-level pretty printer and stored in the top-level environment. These type violations

mean that the compiler itself does not have the safety property of well-typed ML programs,

but the few violations are isolated.

2 . 1. 3 G a r ba g e C o lle c t io n

The SML/NJ system also contains a runtime component, implemented in C, that provides

access to operating-system facilities, including I/O and signals, and a garbage collector for

the heap.

E�cient garbage collection is particularly important in this system because all function

closures are kept on the heap. SML/NJ uses a two-generation copying collector [10]. Avail-

able memory is divided into two half-spaces, and allocation occurs at the low end of the

upper space, designated the ne w s pace. When the new space becomes full, all live data in

the new space is appended into the other, old space, but it typically doesn’t �ll up the old

space. The allocator is then reset to begin �lling the new space again. After some number

of these minor col lec tions, the old space occupies half the total available memory, though

much of its data will no longer be live. This condition signals the need for a ma jor col lection

in which the entire live data graph is traversed, all live data are copied from the old space to

the new space, and �nally block-moved back to the old space so the cycle can begin again.

Minor collections are much quicker than ma jor ones, since they traverse and copy only

those parts of the live data graph that lie in new space. Every ob ject in new space is

newer than any ob ject in old space, so immutable pointers in old space ob jects cannot

point into new space. Since most ML ob jects and pointers are immutable, minor collections

normally don’t have to traverse pointers into old space; the subgraph of live data accessible

from these pointers lies entirely in old space. However, re f and arra y variables space are

mutable, and may therefore point from old space into new space. These pointers are handled

by generating extra code after each pointer update that appends the updated ob ject to a

global store list; minor collections use this list as an auxiliary set of roots. This solution

is not entirely satisfactory: in addition to the overhead added to the update itself, the

time required to traverse the store list, which typically contains many duplicates, can be a

bottleneck in programs that make many updates.

The SML/NJ garbage collector also supports a special language extension that allows

user programs to detect when a particular heap ob ject has become inaccessible. In the

standard language, there is no way to detect such ob jects, since holding any reference to

the ob ject keeps it live. The solution is to use a wea k pointer, which is like an ordinary

pointer except that the garbage collector does not follow it. Ob jects pointed to only by weak

pointers are treated as inaccessible during a collection, and the weak pointers are marked

invalid by the garbage collector. On the other hand, if an ob ject has both ordinary and

weak pointers, and is copied during a garbage collection, the weak pointers are forwarded

correctly just like the ordinary ones. Weak pointers have long been part of the folklore

of Lisp implementations. Weak pointers were introduced into SML/NJ speci�cally for

our debuggers, but they have application in any situation where the user program would

otherwise need to do reference counting to manage a resource.

2.1. 4 O pti mi zation s

This section describes some of the optimizations that have a signi�cant impact on the speed

of compiled code; they are discussed in more detail in Appel [11]. Except as noted, these

optimizations are performed as CPS-to-CPS transformations.

I n - l in e e x p an si on . Functional programs often contain many small functions. Expand-

ing these in line, provided they are not too large and are not called too frequently,

can increase performance by removing the overhead of argument passing and |more

importantly|opening the possibility for further optimizations on each specialized

copy of the function. Since loops are represented as recursive function calls in ML,

repeated in-line expansion corresponds to loop unrolling. Functions that are called

only once can always be in-lined for both a time and space savings.

2.1. STANDARD ML OF NEW JERSEY 1 5

� - re d u c tion. If the system is compiling a call to a function f, de�ned as f u n f x = g x,

then it may as well arrange to invoke g directly instead and not bother generating

code for f. This situation is rare in user code but arises frequently as a result of CPS

conversion; in particular, eliminating tail-recursion in the source program requires

� -reduction.

Ar gu ment attening and uncurr ying. All ML functions take a single argument, which

is often a tuple. For known functions, i.e., functions whose call sites can all be de-

termined at compile time, it may be more e�cient to pass the individual elements of

the tuple as separate arguments. This optimization can be applied more often if the

system �rst tries to convert curried functions into uncurried versions taking a single

tuple argument: this conversion can be done when all call sites are known and all

provide the full complement of arguments.

� -splitting. This optimization is the converse of � -reduction: it creates two entry points

for a single function, which can be desirable when some, but not all, of the function’s

call sites are statically known. One entry point is optimized for calls from known sites,

as above; the other is used for calls from unknown sites.

Hoisting. This optimization changes the position of a de�nition in the nesting hierarchy

of the CPS expression, thus e �ectively changing execution order. De�nitions can be

hoisted up, e.g., out of a recursive function, or down, e.g., into a single branch of

a conditional. Hoisting does not ordinarily have a large impact on program perfor-

mance, but it can make a signi�cant di�erence in the speed of instrumented code (see

Section 4.4).

Argument Representation. If all call sites of a function are known, the representation

of its arguments can be specialized so that at least one of the calls requires no register-

register moves. This optimization is done during abstract machine code generation.

Instruction sc heduling. On RISC machines it is often bene�cial to rearrange instructions

in order to �ll delay slots due to load and store latencies or branch latencies. These

optimizations are done during machine-dependent code generation.

These optimizations are similar to those expected of a good optimizing compiler for more

conventional languages. The main di�erence is the emphasis on improving function call

code or eliminating calls by in-lining.

In a source-level debugger, we expect the program’s state to be displayed and queried

using the concepts, terminology, and the syntax of ML itself. However, our model also

includes aspects of program execution, such as the notion of a call chain, that are not

explicit in the language. The context information associated with each event consists of the

following data.

� A unique source code site, i.e., a position in the source text in or near the source

expression being evaluated at the event; the exact positioning of sites is a matter of

convention.

� An environment, mapping identi�ers in scope at the source site to typed values.

� A cal l chain, a list of contexts representing the \stack" of suspended function appli-

cations.

A context is similar to a continuation, but contains more information: for example, contin-

uations do not include the values of identi�ers that are dead, even if they are still in scope.

Also, of course, a continuation is a functional ob ject, which cannot be decomposed into the

components of interest here.

2.2.2 Debugging Commands

There is a small set of essential debugger control and query commands.

� Set a breakpoint at a speci�ed site in the source text. When the executing program

reaches any event corresponding to that site, control passes to the debugger, with the

current context set to the context for that event.

� Halt execution when a keyboard interrupt is raised, setting the current context to the

event at the time of the interrupt.

� Halt execution when an uncaught exception is raised, setting the current context to

the event where the raise occurred.

� Restart execution from the current event.

� Display the values of identi�ers in the environment of the current context, formatted

appropriately according to their type.

� Adjust the current context by moving up (or down) the call chain. As a variant of

this operation, display the cal l trace, i.e., the sequence of contexts on the call chain

above the current context.

We assume that these functions can be invoked via an interactive debu g monitor that reads

and processes commands from the programmer, controls the program’s execution accord-

ingly, and displays the results before prompting for additional commands. This de�nition

of \interactive debugging" excludes batch-oriented debuggers, where the entire command

stream must be speci�ed at the beginning of the debugging session. It also excludes debug-

gers that record a complete execution history and then emulate execution in response to

user commands. These debuggers can give a partial illusion of being interactive, but they

fall short in two ways: it is necessary to execute the entire program (which may take a

long time) before beginning to debug, and it is not possible to alter the course of program

execution by changing the state.

A useful debugger has additional features that can be synthesized from those listed

above, including single-stepping from one event to the next; \skipping," or single-stepping

from one event to the next event in the same function without stopping in any lower-level

function; conditional breakpoints, where control is transferred to the debugger only if a

boolean condition evaluates to true at the speci�ed location; programmable breakpoints,

for which the debugger is instructed to execute a user-de�ned procedure when the break

occurs; and tracing operations, which can display control ow or the update history of a

variable. There are an inde�nite variety of compound operations like these, so the basic

operations should be designed so that they can be incorporated into more complex, user-

de�ned commands. It may also be possible to produce more e�cient versions of these

operations by implementing them directly as primitives.

2.2.3 Accessing t he D ynamic En vironment

Displaying values in a manner appropriate to their type is non-trivial for a language that

includes user-de�ned data types, �rst-class functions, functors, and polymorphic identi�ers.

There are obvious limits to the abilities of any general-purpose pretty printer to deal with

user-de�ned types or with large aggregate data structures. The best approach is to provide

a source-language expression evaluator, parameterized by the environment of the current

context. This approach allows the programmer to deconstruct complex values by evaluating

arbitrary ML expressions. It should also be possible to call user-de�ned printing functions,

de�ned within or external to the program.

Variables bound to functions have no directly printable \value." The expression evalua-

tor can be used to examine a function’s behavior by applying it to sample arguments. It is

also useful for the debugger to be able to report the binding context, including source-code

site, for an identi�er; this feature, used recursively as necessary, enables the programmer to

inspect the �-expression that de�nes the code bound to a function-valued variable.

The ma jor challenge faced by an ML debugger in displaying values is coping with poly-

morphic types. Consider the following simple program, in which pa ir is a polymorphic

function with type scheme 8 � :� ! (� � �), and is applied �rst to an integer, then to a

boolean:

let fun pair x = (x ,x )

in pair 1 ;

pair true

end

If the user stops at a breakpoint just inside an invocation of pair, after x has been bound

to the actual argument, how is the debugger to determine the type of x, when the code for

pair provides no information about its argument’s type, and runtime values themselves do

not carry type tags ?

Intuitively, there are several possible solutions to this problem. Each applied occurrence

of pair is statically typed with a di�erent instance of the type � ! (� � �) that depends

on the types of the surrounding expressions. If we can keep track of which instance of pair

is being executed, we can use this information to determine the correct type to substitute

for �. Alternatively, we can assign x the type of the actual argument to which pair is

applied [9]. In this example, both applications of pair take as argument a base constant of

manifest type; in general, the argument may be a variable or expression whose type must

be inferred, and the calling function may itself be polymorphic, requiring us to apply this

dynamic type reconstruction process recursively. We describe these ideas more formally

and give general algorithms for reconstructing dynamic types in Chapter 7.

In its basic form, the call chain is a list of contexts representing the event from which the

current function was called, the event from which the function containing that �rst event

was called, and so forth. In practice, it is also important to be able to �nd the event at

which each function was entered, so it is convenient to think of the call chain as a list of

(caller, callee) pairs of contexts. This list behaves just like a conventional call stack.

When an exception is raised in some function invocation, it is handled (if at all) by

code executing in a function invocation somewhere \up the stack" from the �rst one. It

is conventional to think of the stack as being \unwound" by the exception, and the stack

contents below the handling invocation as being lost. But these contents include the con-

text in which the exception was raised, which may be of interest for debugging purposes,

so they should be kept. The debugger could store them on a separate \exception stack",

but in general an inde�nite number of stacks might be needed, because the handler can

begin an entirely new computation that raises new exceptions in turn, and so forth. There-

fore, the debugger does not \unwind" the call chain when an exception occurs; instead,

it treats handled exceptions uniformly with function calls by appending specially marked

(raiser, handler) context pairs to the call chain. Thus, the chain is no longer equivalent to a

conventional stack, but instead represents a history of all function and handler invocations

that have been entered but not properly returned from. The \unwinding" e�ect occurs only

if the function invocation containing the handler returns normally.

Programmers who use callcc and t hro w must interpret the call chain with additional

care, since these primitives e�ectively save and restore it; the throw itself does not appear

on the chain.

2.2.4 Altering Program E xecution

Most source-level debuggers allow the user to alter the course of execution, usually by

changing the values of variables. In ML, this feature makes good sense only for mutable

ref and array variables. It can be provided by permitting the programmer to evaluate

assignments for their side-e�ects. Allowing other identi�er values to be changed amounts

to changing the program’s source code, and would typically require recompilation; although

some debugging systems (notably for Interlisp [109] and Smalltalk-80 [54]) permit dynamic

recompilation, we do not.

2.2. 5 User Inter face

Our debugger uses a screen, keyboard, and mouse-driven interface, implemented as an

extension to the GNU Emacs editor, roughly in the style of gdb [105]. It is independent

of the debugger implementation and, to a large degree, of the speci�c functionality the

debugger provides. Whenever execution halts under debugger control at a particular event,

the corresponding source code is displayed with a pointer to the current site; the programmer

22 CHAPTER 2. DEBUGGING STANDARD ML OF NEW JERSEY

can select other sites in the source by scrolling and pointing at the text. Debugger commands

can be issued from the keyboard by name or using single keystrokes. Specialized debugger

commands can be written as ordinary ML functions, typed in or read from a �le, and

invoked as macros from the keyboard.

2. 3 Mac hine- Level Debugging an d O pti mi zation

Most computer systems have a debugger that operates at machine level. Debugger oper-

ations, such as setting breakpoints and displaying data values, are performed by directly

inspecting and changing machine addresses and registers. As source-level debuggers for com-

piled higher-level languages have become almost universally available, they have normally

been implemented by layering a source-level interface on top of a machine-level debugging

kernel. There are two ma jor reasons for this approach.

� Machine-based debugging is e�cient. Most debuggers are trap-oriented: they allow

the ob ject program to run at full speed most of the time, and arrange to cause a

trap to the debugger when an event of interest occurs. The most important kind of

trap is a location breakpoint, which is usually arranged by patching the program’s

instruction stream. Many processors also have special hardware intended to support

machine-level debugging, e.g., a mode in which a trap occurs after each instruction,

intended to aid single-stepping.

� Many languages are unsafe: they cannot prevent a faulty program from damaging its

runtime environment, exposing the underlying machine. 4

T o h a n d l e s u chp ro gra ms

, the debugger must prov

ide the programmer with tools to view and manipulate their

compiled

(machine-level) representation.

2

. 3. 1

C o m p i l e r / De b u gger I n ter f a ce For a machine-level debugger to provide a source-level interface, it must have access to a

set of maps between the source program and its machine code.In particular, the following

maps must be provided.a 4

O f c o u r s e , a n y pro gra m maydamage i ts environment if there is abug in the compiler or a runtime

component.

We ignore this important problem.

2. 3. M

A

C

H

I

N E

- LE VEL

DE

B

U

GGING ANDO

P

TIMI

ZATION 2

3 �

A map from source-language program sites to the corresponding object-code addresses,

needed in order to set breakpoints.

� An inverse map from ob ject-code addresses to sites, needed to determine the site

corresponding to an unsolicited exception or interrupt.

� A map from source-language variables to the memory locations or registers where the

corresponding values are held, needed to display or update values.

In addition, the debugger must understand the runtime format of each data type it must

print (e.g., strings, arrays, and user-de�ned types). Finally, it must be able to determine

the current call chain (typically by knowing the runtime stack format) and represent it in

terms of the source model using the maps described above.Machine-level debuggers depend on their target hardware, their runtime system, and

their compiler

’s code generator, as well as on the source languages being debugged[2

1

].

Although a modular design can be used to isolate the dependencies on each of these com-

ponents, in practice, most debuggers tend to be wedded to their target machine, or at least

to a �xed runtime system interface. There has been somewhat more progress toward lan-

guage independence, particularly where a common runtime environment or code generator

is used [17].

Unfortunately, the desire to present a uniform debugger user interface across

multiple source languages typically leads to the introduction of a new debugging command

language, which overlaps each of the source languages in functionality but di�ers in style

and syntax from all of them. The need to learn this new language can pose a substantial

barrier to user adoption of the debugger [107].

A number of high-quality programming environments have been developed by taking the

opposite approach, and eschewing independence in favor of strong integration of debugger,

compiler, editor, and other tools [5

4, 108, 109]. It helps to develop the compiler and

debugger together, so that the format and interpretation of mapping information can be

�xed by mutual agreement.

2.3.2

Optimi

zation

Providing the mapping information is not too hard for a compiler that translates source

code to ob ject code in a fairly direct manner, so that the maps are simple and one-to-one.But an optimizing compiler can introduce many di�culties, primarily because the maps can

become complicated.

Zellweger [120] identi�es two ma jor categories of problems.

24 CHAPTER 2. DEBUGGINGSTANDARD ML OF NEW

JERSE

Y �Data problems involve reporting incorrect values. These may arise because the value

doesn’t exist in the ob ject code (e.g., due to constant propagation), because the

debugger looks for it in the wrong place (e.g., the source-to-runtime memory mapping

is wrong or unavailable), or because the value has been discarded (e.g., as a dead

variable) or has yet to be computed (e.g., due to code motion).

�Location problems concern di�culties in setting breakpoints, displaying the current

location at a breakpoint or after an error or interrupt, or displaying the call chain.

These problems re ect di�culties with the mapping between source-code and ob ject-

code locations

: some source code may have no corresponding ob ject code, the mapping

may be many-to-one or one-to-many because source code has been duplicated or

collapsed, or the mapping may be distorted by code rearrangement.

Traditionally, machine-based debuggers have not handled these problems well. Zellweger

distinguishes two reasonable levels of support that a debugger might give:e x pec te d beh a v i o r,

where the debugger acts as if the optimizer were not present, and truth

fu l behavior, where

the debugger allows the user to see that program transformations have occurred, and either

presents the restructuring in source terms or admits defeat when it cannot answer a query.We desire expected behavior, but a debugger o�ering truthful behavior is better than one

that simply ignores the e�ects of optimization. Most systems either disable optimization

when debugging, thus o�ering truthful behavior the easy way, or leave it to the programmer

to �gure out the e�ects of the optimization, thus o�ering less than truthful behavior.

2.3.3 S

M L/

N

J Optimization s TheSML

/

N J optimizations described in Section 2.1.4 o�er numerous challenges for the

would-be designer of a machine-based debugger.

A typical source function is split into a set ofCPS functions; an elaborate mapping

scheme would be needed to avoid the resulting location problems. To solve the corresponding

data problems, a similarly elaborate scheme would be needed to map source identi�ers to

values as they move in and out of registers and closures. In-line expansion,� -splitting,

argument attening, uncurrying, etc. all cause the source-to-ob ject code mapping to become

one-to-many, and the inverse ob ject-to-source map to become many-to-one.Keeping track of

these mapping changes is fundamentally straightforward and should not carry any runtime

cost, but it appears to be a substantial bookkeeping task.On the other hand, � -reduction

2.

5. RELATED WORK 27 subsequently re-evaluated after a program change, the old and new values are automatically

compared. To support debugging, AIMLESS includes a facility for tracing the arguments

and return values of speci�ed functions. Tracing is implemented by patching the code

pointer for traced functions to point to a variant version of the function that includes

appropriate p r i n t statements. AIMLESS cannot print the values of polymorphic variables

properly.

The CAML system [96], another non-standard ML implementation, includes a facility for

tracing the arguments and return values of functions. Tracing is implemented by modifying

the function’s internal closure representation. Polymorphic variable values are not printed

properly.

2.5.2 Debugging Optimized Co de at Machine Level

Hennessey [64] addresses data problems: the detection and possible recovery of\noncurrent

variables,

" i.e., variables whose values would be incorrect in the optimized program if they

were fetched from the memory locations they occupied before optimization. He ignores the

possibility of register assignment. He makes a detailed study of optimizations within basic

blocks, including common-subexpression elimination, redundant-store elimination, and re-

ordering by the code generator, all considered in the framework of a dag representation. He

suggests augmenting the dag so that it re ects both the original and the optimized com-

putation, and making the dag available to the debugger. This approach always provides

enough information to determine whether or not a variable value is current. Sometimes

it provides enough information to reconstruct the correct value of a non-current variable,

typically by recomputing the value of a dag node at debug time; this occurs 58% of the time

in an empirical study of pointer-free Pascal programs. Corrected and improved versions of

these algorithms are suggested by Wall, Srivastava, and Templin [115].

Hennessey also addresses data problems arising from global optimizations, including

code motion out of loops, induction variable elimination, and dead-store elimination. The

�rst two of these have fairly straightforward solutions: unrolling a loop once removes any

non-currency problems (this insight is due to Wall, et al. [115]), and the values of elimi-

nated induction variables can always be reconstructed given adequate information from the

compiler. Dead-store elimination problems, on the other hand, are essentially impossible to

detect accurately, much less to correct, without the addition of runtime control- ow tracing

that would cost more execution time than the optimization saves.

Zellweger’s thesis remains the most comprehensive and readable treatment of the is-

sues involved in debugging optimized code [120]. Much of it is devoted to a survey and

classi�cation of optimizations, the problems they pose for a machine-based debugger, and

potential solution techniques. The remainder of the thesis focuses on debugging problems

caused by two fundamental control- ow optimizations: in-line procedure expansion and

\cross-jumping" (automatic detection and merging of identical code sequences by the com-

piler). To study these problems, Zellweger implemented a debugger called Navigator for

the Cedar language. The debugger was closely integrated with the existing Cedar compiler

and associated programming environment; in particular, Zellweger modi�ed the compiler to

produce additional information for Navigator’s use. The main conclusion of this work is that

coping with in-line expansion is relatively straightforward|it involves increased bookkeep-

ing at compile time, but no additional runtime cost|whereas coping with cross-jumping

is di�cult. The fundamental problem is that cross-jumping produces a many-to-one map-

ping from source to ob ject code, so that the debugger cannot know which of several source

locations corresponds to a current ob ject-code location without gathering additional infor-

mation at runtime. Zellweger uses internally activated breakpoints (\path determiners") to

inform the debugger which path has been taken into a merged region. This method slows

down execution so much that it appears to be acceptable only when the need for accurate

determination is predictable. Therefore, Navigator provides expected behavior at deliber-

ately placed breakpoints (since determiners can be placed around such points), but merely

truthful behavior when reporting the current location at exceptions or keyboard interrupts.

Moreover, proving the correctness and performance properties of the path-determination

algorithms appears to be lengthy and complicated, and interactions between the two opti-

mizations cause additional problems. In Zellweger’s words, the ideas behind Navigator may

be simple but the implementation is \less than straightforward." She concludes that, in

general, truthful behavior may be a more realistic goal than expected behavior.

Coutant, Meloy, and Ruscetta [33] address the data problems resulting from register

assignment of data, induction variable elimination, and instruction scheduling. They discuss

a prototype debugger (DOC) built to match an existing global optimizer and code generator

for the HP9000 Series 800. Guidelines for this e�ort included no inhibition of optimization

in the compiler, minimal performance impact, and tolerating merely truthful behavior. The

primary technique is generation of better bookkeeping information by the compiler, based

on the notion of a variable range, which describes where a variable may be found in memory

2.5. RELATED WORK 29 or the register set according to the current program counter. Ranges are built during the

compiler’s initial data ow analysis and are maintained during copy elimination, register

assignment, and spilling. The range record is augmented during instruction scheduling if

the scheduler causes a variable-updating instruction to move outside of the range associated

with the source program statement containing the update; in this case, the debugger can

truthfully inform the user that the value reported is non-current, but does not attempt

to reconstruct the correct value. The prototype implementation displays low overheads

(3.5% increase in ob ject-�le size and and 3% increase in compile time) and quick runtime

response. In sum, the optimizations considered by DOC can be truthfully handled in a

straightforward way, provided that the necessary bookkeeping work can be assigned to the

compiler.

Zurawski and Johnson [121] describe how to produce expected debugging behavior by

selectively inhibiting the compiler from performing certain optimizations. The key idea is

to de�ne a set of inspection points, i.e., potential breakpoints, at which the debugger may

be invoked, and have the compiler compute recovery functions that allow the debugger to

map the machine-level state of the optimized program at any inspection point to the corre-

sponding state, or context, in the unoptimized source-level program. The authors formally

de�ne contexts and operators on them, and show how standard debugger commands can be

implemented in terms of these operations, thus achieving independence from the optimizer

and underlying machine. Unlike the other work discussed in this section, Zurawski and

Johnson include support for changing values, and even for recompiling parts of a running

program and continuing execution using the new code; in fact, the latter technique is used

to support breakpoints and apparently single-stepping. This approach improves compiled

code performance by minimizing the number of inspection points required.

The bulk of the paper describes how recovery functions interact with, and inhibit the

e�ects of, optimizations including in-line procedure expansion, global dead-store elimina-

tion, register allocation, and tail-recursion elimination. One issue considered in depth is

how recovery functions can extend the life of variables, preventing their space from being

reused. 5 The authors also present a formalism for proving the correctness of the various

transformations in the context framework. These ideas have been implemented using a

compiler for Typed Smalltalk. Thus far, only toy programs (e.g., bubble sort) have been

compiled successfully. These show worst-case execution time slowdowns of 17% and sizea 5

This is very similar to the\trac king e�ect

" we measure inSection

8.

5.

increases of 35%. Most of the size increase is due to additional register spills in optimized

code.

One of the oldest debugging techniques is to insert explicit code into the source program

to print values at points of interest. In the absence of an e�ective source-level debugger,

this \insert a PRINT statement" method may be the only one available, and it can be a

useful approach in any case. On the other hand, instrumenting by hand is tedious and time

consuming, particularly when the location of a bug is unknown.

Perhaps the most attractive aspect of this instrumentation technique is that it operates

by transforming the source code, and so is independent of the system used to implement

the language, including any compiler optimizations, and also of the machine on which the

system runs.

This chapter shows how a Standard ML program may be automatical ly instrumented

at compile time to support interactive source-level debugging at runtime. Chapter 4 gives

a detailed description ofs m l d, a debugger based on this approach.3.

1 Instru mentin g b y

Hand

Manual instrumentation can be a simple and e�ective way of diagnosing bugs, particularly

if the programmer already has an idea of where to insert diagnostic code and what variables

to print. The method is exible and may be the approach of choice when the diagnostic

output desired, e.g., the contents of a complex data structure, is specialized enough to

require programming in its own right.

Instrumentation works well for Standard ML because it is a type-safe language. In this 31

the recorded state to the debugger. Runtime values do not carry type information, so they

must be treated as having generic type object, just as in the compiler’s top-level loop (see

Section 2.1.2). Fortunately, this violation does not weaken the overall safety of the system

signi�cantly, because user programs with type errors are still prevented from executing, and

other kinds of user-program errors cannot disrupt the instrumentation code or the debugger.

In short, we have a simple, reliable, platform-independent debugging strategy.

This approach to debugging may seem awkward or inelegant. In fact, source modi�cation

is a natural way to cope with an aggressive optimizer. Optimizing compilers can make

any changes to a program so long as the observable behavior of the program remains the

same. Unfortunately, debuggers must expose the internal behavior of the original program,

which may be altered by optimization. The instrumentation-based debugger solves this

problem by transforming the original source into a new program in which the internal state

of the original is made potentially observable at frequent intervals. This transformation

constrains the compiler more and prevents it from signi�cantly altering the internal course

of the computation.

An obvious danger is that our approach to debugging will be hopelessly ine�cient, either

in time, space, or both. A typical program has many sites|an average of 1.5 per source line

for the programs we’ve measured (see Table 3). Since recordState and shouldBreakHere

must be evaluated each time execution passes through any site, execution under the debug-

ger will be several times slower than normal, even if no debugging activity is performed.

Moreover, although optimizations are still enabled, many of them will probably be inhibited

by the presence of instrumentation, causing further slowdown. The instrumented program

may generate or hold on to more live data than the original in order to hold state descrip-

tions. Finally, the instrumented version of a source program will be several times larger

than the original, the compiled code will be larger, and compilation time will be longer.

Compilation time is a particular concern in the SML/NJ system, because the compiler is

slow. Performance is discussed in more detail in Chapter 8.

3.3 Related Work

Automated instrumentation techniques have a long history in debugging. This section

surveys some of the relevant work. Instrumentation-based debuggers for parallel programs

are discussed in Chapter 9.

3.3. RELATED WORK 35

3.3.1

Earl y Systems

BUGTRAN [47], a batch-based debugger for FORTRAN programs, was one of the �rst to

operate at the source level. It supported selective tracing of variables, control ow, and pro-

cedure calling as well as snapshot dumps and an assertion mechanism. The system worked

by transforming the source program; the transformation was controlled by preceding an

ordinary FORTRAN source deck with special BUGTRAN control cards. BUGTRAN’s use

of instrumentation lies somewhere between manual and automatic: the regions of program

code to be instrumented must be speci�ed explicitly, but the instrumentation is generated

automatically and the original source deck remains intact.

Balzer’s Extendable Debugging and Monitoring System (EXDAMS) [16] is a very am-

bitious debugger; many of his ideas are still as fresh (and as underutilized) as they were

twenty years ago. The author’s own words describe EXDAMS best.

EXDAMS was designed to satisfy three needs: �rst as a vehicle to test

some proposed, but unimplemented on-line debugging and monitoring facilities;

second, as an extendable facility to which new debugging and monitoring aids

could be added easily, then tested; and, third, as a system providing some

measure of independence of not only the particular machine on which it is being

run and the particular implementation of the language being debugged and/or

monitored, but also of several source languages in which users’ programs could

be written and debugged and/or monitored [16, pages 567{568].

The newly proposed debugging facilities include dynamic display of the program counter

as a position in the source code and display of values as they change, multiple simultaneous

displays, and \ owback analysis" of variable histories, which is discussed more fully in Chap-

ter 5. A prototype was developed for FORTRAN programs; its implementation philosophy

is unusual. Although EXDAMS gives the illusion of being an interactive system, the user

cannot interact with the program while it is actually executing. Instead, when a program is

run under the system’s control, a history tape is generated containing all conceivable infor-

mation of interest about the course of execution. The tape is generated by source-language

instrumentation statements inserted in the original program as a preprocessing step. All

the user-oriented debugging tools operate on this tape, which can be played backward as

well as forward. This approach gives the desired exibility at the cost of e�ciency; it also

gives independence from the hardware and compiler. If a suitably universal tape format

can be designed, the playback tools can also be independent of the source language.

Our instrumentation approach is fundamentally similar to Balzer’s; like ours, his system

adds instrumentation code at every interesting point in the program (in fact, at somewhat

more points than ours), taking care that the instrumented code is still a valid program in

the source language. However, we use instrumentation to support interactive debugging

rather than to build a history tape.

3.3.2 Language Mechanisms

Hanson [62] describes debugging of SNOBOL4 programs using event associations, a mech-

anism for automatically invoking a source-language function each time an event of interest

occurs during program execution. Events may include the fetching or storing of a variable

value, the execution of a speci�ed statement, a function call, an external interrupt, or a run-

time error. The associated user functions are ordinary SNOBOL4 code; certain attributes

of the event, e.g, the value being stored in a variable or the statement number being exe-

cuted, are made available as parameters to the invoked function. Associations between a

class of events and a user function are established or destroyed via calls to special built-in

functions; the actual invocation of the function when the event occurs is arranged by the

runtime system.

This mechanism can be used to support either special-purpose debugging, with the user

de�ning associations and associated functions explicitly, or as the basis for a general-purpose

debugging tool, with generic functions. As an example of the latter, the mechanism was used

to build a symbolic debugger called SNODDT, modeled on the DEC-10 DDT debugger, with

an interactive interface supporting expression evaluation in context, data-type checking,

breakpoints, and watchpoints. Event associations were implemented as a modi�cation to

the SITBOL interpreter running on the DEC-10. Considerable e�ort was made to avoid

performance degradation in the presence of associations, and even more importantly, in their

absence. Hanson’s approach has much in common with ours; the main di�erence is that

he implements the association mechanism inside the runtime system, whereas we make the

association explicit in the modi�ed source code, and rely on general-purpose optimization

techniques to render it e�cient.

Another implementation of SNOBOL4, based on an abstract machine, included a facility

called \The Window to Hell" (TWTH) to read and manipulate the internal state of the

abstract machine from within a SNOBOL program [59]. TWTH was used primarily to

3.3. RELATED WORK 37 debug the implementations of the abstract machine and the SNOBOL interpreter itself,

but might also have been suitable for implementing source-level debugging support. The

ability to examine and alter the internal state of a language interpreter from within the

source language being interpreted is sometimes called re ection [49, 80, 104]. Re ective

mechanisms can be used to modify the normal operation of the interpreter to support

debugging features such as single-stepping and tracing.

3.3.3 Macros

Code transformation techniques come naturally to LISP systems, where code has a simple

standard representation that is easily manipulated as data by meta-level programs. LISP

systems also typically have powerful macro processors, which can provide an elegant way

to specify and implement front-end transformations. Dybvig, Friedman, and Haynes [43]

describe a particularly powerful macro approach called expansion-passing style. In this

scheme, each macro expansion function (called an expander) takes two arguments: the

macro expression to be expanded and an expander to be used for any recursive expansions.

This enables macros to control the way in which the substituted text is further expanded.

The authors show how this mechanism, together with LISP dynamic binding, can be used to

implement powerful debugging aids simply. The idea is to use a macro to replace each form

in the source code by a call to a debugging wrapper function that takes the original form as

argument. The wrapper itself is not a macro, but an ordinary function that takes control

before and after the evaluation of the original form. Depending on the level of debugging

support desired, the wrapper can trace the arguments and result, or pass control to an

interactive debugging loop that supports single-stepping and display or update of variables

using an emulated environment. The �nal program (after full expansion) is similar to our

instrumented programs; the main di�erence is that we wrap specialized debugging code

around each expression of interest, rather than using a generic wrapper function. As with

our approach, the expansion-passing debugger produces a large increase in code size. Also,

although no performance �gures are given, the wrapper function must incur a substantial

runtime cost; this problem can be mitigated somewhat by limiting the debugging macro’s

(static) scope of application when the programmer has an idea of where the bug lies.

3.3.4 Monitoring Semantics

Kishon, Hudak, and Consel [72] aim to give a sound semantic foundation to the notion

of program monitoring, including debugging, pro�ling, tracing, etc. They describe how

a standard continuation semantics for a language such as Haskell may be systematically

transformed into a non-standard monitoring semantics in which the domain of program

meanings (answers) is enhanced to include monitoring results as well as the original an-

swer. This transformation is performed by augmenting the standard valuation functions

with hooks that invoke monitoring functions before and after each evaluation step. These

monitoring functions are triggered by the presence of special monitoring labels inserted into

the (abstract) source program; it is envisioned that labeling will be performed automati-

cally by a tool. The scheme is parameterized by the desired monitoring activity. Choice

of monitoring labels and functions is tailored to the desired activity; for example, a sim-

ple pro�ler might label all named function bodies, and include a monitoring function that

maintains a call count for each named function. A more elaborate interactive debugger may

be implemented using monitoring functions that communicate with the user via lazy stream

I/O. Implementation is by means of partial evaluation; one level of specialization gives an

interpreter instrumented with monitoring actions; a second level gives an instrumented user

program.

Such an instrumented program resembles the code resulting from our instrumentation

process. The main di�erence is that while Kishon, et al. embed monitoring actions in a

non-standard semantics, we express them in the source language and rely on the standard

semantics. Simply put, they change the language; we change the program. A practical

advantage of our approach is that we can rely on a standard compiler, which gives consid-

erably better performance than an interpreter specialized to a source program via partial

evaluation. Specializing a Haskell interpreter with respect to a source program roughly

doubles its speed, whereas our compiler generates ob ject code orders of magnitude faster

than our admittedly primitive interpreter.

pryexparg(functionapplication s)letdecin exp end (locald ecla rations) fn

r u le 1 j

: : : j rulen

(functions)

(exp

1,exp

2 ,: : : ,exp n) (tuples)

(exp 1;exp2 ;: : : ;expn ) (sequences) nc

on s t ::

= 0

, 1, 2,: : :

(integer constants)

nil (empt y list constructor) uconst ::=:: (list cons constructor)ref(reference constructor) op ::=+,

-,

*,

/ (integer operators)!,:

= (reference operators)array, u pdate, su b (array operators) rule ::= pattern => y exp pattern ::=a (wildcard

, i.e., match anything)var

(variable)

nconst (constant)

(uconst pattern) (constructions)

(pattern 1 ,pattern 2 ,: : : ,pattern n ) (tuples) dec ::=val y pattern 1 = exp 1 and : : : and pattern n = exp n (ordinary declarations)

val rec y var 1 = exp 1 and : : : and var n = exp n (recursive declarations)

dec 1;: : : ;dec n (sequences)

Figure

2

: A subset ofCore

Standard

M

L.

Primitive operators and constructors whose ar-

guments are pairs can be written in in� x, e.g., a+b for +(a,b), and[exp 1 ,exp 2 ,: : : ,exp n]

is syntactic sugar for the pattern or expression exp 1 ::(exp 2 ::(: : : ::(exp n ::nil))). Su-

perscript daggers (y) indicate the positions of the source-code sites described in the text.

Semicolons separating members of a sequence of declarations may be omitted.

a

4. 2. I

N S

T R

U

M

ENT

ATION

CO

DE

4

3 (

* B a s i c t y p es *) datatype

’a optio n

=

S

O M E of ’a|

NONE

type siteNu

m be r = int

datatype siteType =FN |A

PP |VA

L | VALRE

C

type id = string

typeva

lue = object

(* Functions on sites *)

val siteTypeOf

: siteNumber -

> siteType

val idsBoundAt: siteNumber -> id list

(* Event records *)

datatype eventRecord =

EVENT of{siteNumber: siteNumber ,

binding: eventRecord,

caller: eventRecord option,

boundValues: value list}

| NULLEVENT (* corresponds to siteNumber0 *) Figure 5: Thee ve n t Re c o r d data type.bo

und

V a lue s list contains an entry for each identi�er bound at the event. To allow the list

to contain values of arbitrary types, all values are cast to the universal type object, which

is de�ned inSML

/

N J though not in ordinary ML. The identi�ers themselves can be found

by inspecting the source code at the pointer associated with the site;ids

BoundAt returns

the identi�ers for a speci�ed site number, listed in an order consistent with boundValues.

The caller �eld is present only forF

N (top

-of-function

) events; it points to the event record

for the most recent preceding event that has been executed, which must be the APP event

that caused the function to be entered. The binding �eld points to the event record for

the lexically innermost-nested binding event that bound a identi�er in scope at this event.It is the dynamic analogue of the enclosingBinding function on sites, i.e., for an event at

sites, the binding pointer always points to an event whose site is enclosingBinding(s).Given an event record, smld can directly determine the source location of the corre-

sponding site, and the values of identi�ers bound there. To determine the values of other

identi�ers, it follows the binding pointers to obtain a series of event records that corre-

sponds to a path from the initial event’s site to the root of the static binding tree. This

series of records is theb indin g ch ain; any identi�er that is in scope at the initial event must

be bound at some event along the chain. To look up an identi�er at a particular event,

44 CHA

PTER 4. IMPLEMENTIN

G INSTRUMENTATION fun lookup (x:id,event:eventRecord) : value =

case event of

NULLEVENT => raise notFound

| EVENT{siteNumber:siteNumber,

binding:eventRecord,

caller:eventRecord option,

boundValues:value list}) =>

let val idList = idsBoundAt(siteNumber)

val pos = index(x,idList)

(* return SOME(position of x in idList) or

NONE if not present *)

in case pos of

SOME n =>

nth(boundValues,n) (* extract element n from boundValues *)

| NONE => lookup(x,binding)

end Figure6: The identi�er looku p algorithm.

smld traverses the binding chain starting from that event until it �nds a matching binding;

at this point, the value can be obtained from the event record. If the null event, which

corresponds to the root of the binding tree, is reached, the identi�er is not bound at the

initial event site. The algorithm for identi�er lookup is summarized in Figure 6.

As a byproduct of this algorithm, smld also determines the source-code location at which

the identi�er was bound; this information is useful for identi�ers representing functions,

whose values cannot be printed. Finding an identi�er value traversesO(d) binding pointers,

where d is the static nesting depth of the initial event site, which is at worst proportional

to the size of the source text, though usually much smaller. As detailed inChapter

7,

determining the type of a polymorphic identi�er may be less e�cient.

lookup can start from any event record, so if smld can obtain the event record for an

event on the call chain, it can display the value of any variable in scope at that event. To get

these call chain event records, smld relies on the following properties of the instrumentation.�

Every function rule body has exactly one FN site, located at the beginning of the body.

� Every FN event is a binding event (even if the rule binds no identi�ers) and appears

on the binding chain for any event in the function body.

4.2. INSTRUMENTATION CODE 45 fun findCaller(event:eventRecord) : eventRecord =

case event of

NULLEVENT => raise noCaller

| EVENT{siteNumber:siteNumber,

binding:eventRecord,

caller:eventRecord option,...} =>

case caller of

SOME event => event (* implies siteTypeOf(siteNumber) = FN

and type of event = APP *)

| NONE => findCaller(binding) Figure 7: Thefind

Caller algorithm.

� The event executed immediately before a FN event is always an APP event correspond-

ing to the application that caused the function rule body to be entered.

Thus, given an event record, smld can �nd the record of the caller’s application event by

following the chain of binding pointers until a FN event is reached and then following the

caller pointer. Iterating this process produces the event record of the caller’s caller, and

so forth. The findCaller algorithm is summarized in Figure 7.

The caller and binding �elds are similar to the control (or dynamic) and access (or

static) links, respectively, used to link activation records in languages with nested proce-

dures, such asPascal[7, Chapter 7]. A Pascal compiler typically generates code to maintain

static links and relies on the hardware stack to maintain dynamic links; SML/NJ generates

code to maintain similar information in the form of closure and continuation pointers.We,

however, must invent source-language instrumentation to do bothjobs.

To generate the caller �elds, the instrumentation introduces a global mutable ref

variable lastCaller containing a pointer to the event record for the last APP event executed;

it is updated by instrumentation at each APP event. When a FN event record is created,

the value of lastCaller is placed in the caller �eld. To generate the binding �elds, the

instrumentation arranges that each binding event record (say for site s) is itself bound to a

new identi�er called event_s. This variable is used to �ll in the binding �eld for all event

records whose sites are children of s, which is always possible because event_s has the same

scope as the variables bound at s.

Finally, breakpoint control is supported using breakWanted, an array of booleans in-

dexed by site number. If the programmer requests a breakpoint at a particular site, the

46 CHAPTER 4. IMPLEMENTING INSTRUMENTATION val breakWanted : bool array

val lastCaller : eventRecord ref fun event(siteNumber,binding,caller,boundValues) : eventRecord =

let val eventRecord = EVENT{siteNumber=siteNumber,

binding=binding,

caller=caller,

boundValues=boundValues}

in if breakWanted sub siteNumber then

break(eventRecord)

else ();

eventRecord

end Figure8: Smld’s event instrumentation code.

relevant array entry is set to true; each instrumented site tests its array entry and transfers

control to the debug monitor if it is true. If smld wants to get control at the next event

regardless of its site (e.g., when the user is single-stepping or has typed CTRL/C at the

keyboard to halt execution), it sets all entries in breakWanted to true.

Figure 8 shows the instrumentation code inserted at each site in the form of an event

function, which is ordinarily expanded in line to improve execution speed (see Section 8.6 for

an alternative). Figure9 describes the instrumentation process for the subset language of

Figure

2 as a set of mutually recursive instrumenting functions that transform the concrete

syntax of expressions, rules, and declarations. FunctionE takes a pair of arguments: a

source-codee x p re ss i o n to be instrumented and an auxiliary source-code expressionl bexp

that evaluates (at runtime) to the binding pointer; it returns the instrumented version of the

�rst source-code expression. FunctionR is similar except that its �rst argument is a source-

code rule. FunctionD takes a source-codede

cl ara tion and lbexp expression as arguments

and returns a pair: the instrumented declaration and a new value for lbexp to be used

within the scope of the declaration. A top-level declaration dec is instrumented by calling

D(dec; NU

LL EVEN

T). The auxiliary metafunction

S takes a site type and source-code position

(represented by) as arguments, creates a new site with that type and position, and returns

the new site’s number. The resulting set of sites is a by-product of the instrumentation

process.

4.2. INSTRUMENTATION CODE 47E

( n c on s t ; l b e x p ) = nconst

E (uconst ; lbexp) = uconst

E (v

a r ; lbexp) = var

E (op; lbexp) = op

E (exp

opry exp arg ; lbexp) = let val opr = E (exp opr ; lbexp)

and arg = E (exp arg ; lbexp)

in lastCaller := event(S (APP; y),lbexp,NONE,nil);

opr arg

end

E (letdec in exp end; lbexp) = let dec0 in E (exp ; lbexp 0 ) endw h e re (dec 0 ; lbexp 0 ) =D(dec ; lbexp)

E (fn rule1

j: : : jr u l e n ; lbex p ) = f n R

(rule

1; lbexp) j : : : j R(rulen ; lbexp)E (exp1,exp

2,: : : ,expn); lbexp) = (E (exp1; lbexp),E (exp2 ; lbexp),: : : ,E (expn ; lbexp))

E ((exp1;exp

2;: : : ;expn); lbexp) = (E (exp1; lbexp);E (exp2 ; lbexp);: : : ;E (expn ; lbexp))

R(pa tter n

=

> y exp; lbexp) =

pattern =>l e t v al eventa n = event(n,lbexp,S

O M E( !la st

Calle r), v a r s) in E (exp; eventa n)

end

w h e re n =S (F

N; y)a n d vars= l i s t o f varia bles bound in patternD(val y pattern1 = exp1 and : : : and patternm = expm ; lbexp) =

(val pattern 1 = E (exp 1 ; lbexp) and : : : and pattern m = E (exp m ; lbexp);

val eventa n = event(n,lbexp,NONE,vars);

eventa n)

where n = S (V

A L; y) and vars = list of variables bound in pattern1,: : : ,pattern m

D(val rec yvar1 = exp1 and : : : and varm = expm ; lbexp) =

(val eventa na ref = ref NULLEVEN

T;

val var 1 = E (exp 1 ; !eventa na ref) and : : : and var m = E (exp m ; !eventa na ref);

val eventa n = event(n,lbexp,NONE,[var1,: : : ,varm]);

vala = eventa na ref:= eventa n;

eventa n)

where n = S (VALREC; y)

D(de

c 1;dec 2 ;: : : ;dec n ; lbexp) = (dec0 1 ; dec 0 2 ; : : : ; dec 0 n ; lbexp 0 n )

where (dec 0 1; lbexp 0 1 ) = D(dec1 ; lbexp)

and (dec 0 2; lbexp 0 2 ) = D(dec2 ; lbexp 0 1 )

and : : :

and (dec 0 n; lbexp 0 n ) = D(decn ; lbexp 0 n�1)F i g u r e 9

: I n s tru mentingfun cti ons

E

, R, an d

D

. Fragments of concrete syntax are sho wn int

y p e w r iter f o nt and metavariab les representing source text are shown ins l a n t e d f ont.

48 C

H

A

P

T E

R 4

. I

MP LEME

NTIN

G INSTR

UMENTATION

Most of the transformations are straightforward.Application expressions are compli-

cated slightly because the instrumented code must evaluate both the operator and argu-

ment subexpressions b

e f o re executing the application event.The most complicated case is

forv

a l rec declarations: the name of a recursive function is visible inside the function’s

own body, but the function’s value it is not available until after the val rec binding has

been executed, so execution of the binding event needs to be deferred until then. A ref

cell is set up as a placeholder for the event record that can be referenced from inside the

function body, and�lled in later.2 Figure 1

0 shows the instrumented version of the rev

program of Figure3, exactly as it would be produced by the execution of the algorithm in

Figure 9.Site numbers are as in Figures 3 and 4. The algorithm may produce unnecessary

temporaries

(e.g., many of the instances of opr and arg

) and other bindings (e.g., eventa 2),

but these are removed by the optimizer. event is expanded in line, so the code expands

by an even larger factor than shown here. Also, Figure 10 is not strictly legal Standard

ML code, because the lists of values passed to event contain entries having multiple types.

In practice, these are cast to a generic ob ject type and are treated as vectors (immutable

arrays) rather than lists.4

.

3 R e d u c i n g

In s t ru mentati on

O verhead

S

m l d must minimize the cost ofc

ontrol le d exe c ut ion

, i . e., exe c u ti o n unde r debu gger control,

ty

pic ally directed toward a breakpoint.W hile it is also important to keepquery times as

low as possible, it is better to expend some extra time answering a query that the user has

explicitly requested than to slow down controlled execution to support queries that might

never be made.4

. 3. 1

C o a l e s c i n g Si tes

Ad

jacent sites in the binding tree can often be coalesced into neighboringau g mented sites

without a�ecting the ability to look up identi�ers and trace control ow.Roughly speaking,

a sites can be removed and its binding information assigned to another sitea whenever

the execution of an event at s necessarily implies that the next event executed will be at a.In traditional compiler terms, we coalesce all sites that appear in the same basic block.a 2

S i n c e t he b o d y of a v a l r e c is al ways a non-e xec utable f n exp ression

, there is no danger that the

placeholder will be dereferenced before it has been set.

In practice, this technique is unnecessary becauseV

A L R E C events are coalesced into neighboring APP events(see Section4.

3 ).

4. 3. R

E

D U

C

I

N G INS

TRUMENT

ATION OVER

HEAD

4

9 let

val cons =

fn (x,y) =>let val event_2 = event(2,NULLEVENT,SOME(!lastCaller),[x,y])

in x::y

end

val event_1 = event(1,NULLEVENT,NONE,[cons])

val rev =

fn list =>

let val event_4 = event(4,event_1,SOME(!lastCaller),[list])

in let

val event_5_ref = ref NULLEVENT

val rec r =

fn (h::t,a) =>

let val event_6 =

event(6,!event_5_ref,SOME(!lastCaller),[h,t,a])

in let val opr = r

and arg = (t, let val opr = cons and arg = (h,a)

in lastCaller :=

event(7,event_6,NONE,nil);

opr arg

end)

in lastCaller := event(8,event_6,NONE,nil);

opr arg

end

end

| (nil,a) =>

let val event_9 =

event(9,!event_5_ref,SOME(!lastCaller),[a])

in a

end

val event_5 = event(5,event_4,NONE,[r])

val _ = event_5_ref := event_5

in let val opr = r and arg = (list,nil)

in lastCaller := event(10,event_5,NONE,nil);

opr arg

end

end

end

val event_3 = event(3,event_1,NONE,[rev])

in let val opr = rev and arg = [1,2,3]

in lastCaller := event(11,event_3,NONE,nil);

opr arg

end

endFigure

1

0 : Instrumented version of rev.Original program code is shown in bold typewriter

font and instrumentation code is shown in light typewriter font.The types of events

can be distinguished as follows:A

PP event records are assigned tol a s t Call e r andF

N event

records reference lastCaller

; the remaining events are of typeVA

L or VALR

EC.

52 CHAPTER 4. IMPLEMENTING INSTRUMENTATION let

val cons =

fn (x,y) =>

let val event_2 = event(2,NULLEVENT,SOME(!lastCaller),[x,y])

in x::y

end

val rev =

fn list =>

let val event_4 = event(4,NULLEVENT,SOME(!lastCaller),[list,cons])

in let

val rec r =

fn (h::t,a) =>

let val event_6 =

event(6,event_4,SOME(!lastCaller),[h,t,a,r])

in let val arg =

(lastCaller := event(7,event_6,NONE,nil);

(t,cons(h,a)))

in lastCaller := event(8,event_6,NONE,nil);

r arg

end

end

| fn (nil,a) =>

let val event_9 = event(9,event_4,SOME(!lastCaller),[a,r])

in a

end

in lastCaller := event(10,event_4,NONE,[r]);

r (list,nil)

end

end

in lastCaller := event(11,NULLEVENT,NONE,[rev,cons]);

rev [1,2,3]

end Figure 12: Instrumented version of rev with coalescing. Original program code is shown in

bold typewriter font and instrumentation code is shown in light typewriter font. In-

strumentation code is shown in simpli�ed form, with most unnecessary temporary bindings

removed.Event types can be distinguished as follows: APP event records are assigned to

lastCaller and FN event records reference lastCaller.

4.3. REDUCING INSTRUMENTATION OVERHEAD 53 s5

: V A L R E C: r s6:

F

N: h

, t, a �

� � � s7:A

PP �

� � � s8:APP �

� � � Li

n e a ri ze d

4.4. CODE GENERATION AND OPTIMIZATION 55 scope containing the variables bound by the branch pattern, which prevents any enclosing

FN event from being pushed into case branches and defeats attempts to linearize any con-

struct enclosing the case. But when the case is exhaustive and no variables are bound by

any of the case branch rules, as for case expressions derived from if-then-else expres-

sions, we could use the fact that only one case branch is executed to allow FN events to be

pushed down into the branches. The instrumented case expression would return an event

record pointer in addition to its original value.

4.3.4

Appli ca tion of

Pri miti ves Since many programs have arithmetic operators in their inner loops, not instrumenting

them would save execution time. In most respects not instrumenting them is safe; like data

constructors, these functions are ordinarily executed atomically. But some primitive oper-

ators may raise an exception; for example, division may raise the divide-by-zero exceptionDiv. If there is no APP event for the primitive application, the value of lastCaller does

not indicate the exception-causing event site. Instead,s

mldreports the l ast i nstr u mented

event(t

ypi cally a non-primitive application

) prior to the exception

, which maybefar away

from the actual exception-raisin g application .

It may even be in a di�erent function, e.g.,

one called earlier in the course of executing the function that calls the exception-raising

primitive.Unfortunately, unexpected exceptions are one of the problems for which the programmer

most needs and expects help from the debugger.But, at present,smld implements this

defective reporting, although it always executes aF

N event at the top of any function body

that calls an exception-raising primitive. If this solution proves unacceptable in practice,

we could apply more generous heuristics, such as instrumenting the�rst of any consecutive

chain of arithmetic operators.4

.4

C o d e

Ge ne r a t ion andO pti mi zation

This section examines the code generated by theSM L

/ N J compiler from instrumented

source.

We consider how instrumentation a�ects controlled execution performance, and

how it inhibits optimizations that would destroy expected behavior during debugging. We

are concerned with execution cost whenb

r e a k isn o t called, since this is the usual case; costs

associated with actually calling break are dominated by the cost of the debug monitor.

56 C

H

A

P

T E

R 4

. I

MP LEME

NTIN

G INSTR

UMENTATION

The code generated for the instrumentation itself is largely straightforward.Executing

an event has a direct cost: the event record must be built, which takes time and space,

thela

s t Caller reference variable must be updated forA

PP events, and the breakWa nte d

entry looked up and tested. The indirect costs of executing this code are more subtle. The

addresses of breakWanted, lastCaller, and the break routine must be kept live throughout

the code; this increases demand on registers and the size of closures. Each binding pointer

must be kept live as long as the associated binding is live, which puts more pressure on

registers and closures.

However, the total number of such variables live at any one time is

limited by the depth of static nesting in the program, which is typically small.

If break is called, a continuation closure must be built to pass to it, which can be costly

if there are many live variables. It is desirable to avoid building the continuation closure if

the break test fails; unfortunately, the optimizer sometimes hoists it above the break test,

though this hoisting does not normally happen.

Each update to lastCaller adds another entry to the garbage collector’s store list (see

Section 2.

1.

3); overall, this adds substantially to garbage collection times.

The most serious e�ect of instrumentation on the performance of the original code

is on tail-recursive functions. These remain tail-recursive, thanks to our policy of not

placing eventsa ft e r applications, so the code generator can continue to avoid building a

continuation closure for the recursive call. But the values that would have been referenced

from this closure, which would ordinarily become garbage, are now stored explicitly into

event records. The resulting space penalty is proportional to the depth of dynamic function

call nesting (before tail-recursion elimination) and could be substantial for deeply recursive

programs with large data structures.One possible solution is to limit the call-trace depth for

which local variable information is kept.A more elegant solution, which involves recreating

the values lazily upon demand, is developed inChapter 5.

Another e�ect is that every named identi�er must now remain live from its binding

point until the last event record containing its value is constructed. Again, more registers

or closure space may be needed, although most of these values may be live anyway, since even

with coalescing the distance from binding to reporting event is short. More interestingly, the

liveness requirement also applies to identi�ers that the optimizer would ordinarily eliminate

by constant folding or� -reduction. In such cases, the original optimization may still take

place, with the resuscitated variables used onl y to �ll in event records. We have directly

measured the extended-liveness e�ect, in combination with the cost of maintaining live

4.

5. COPING

WITH THEFULL LANGUAGE 57 binding pointers; see Section8.5.

A potentially worrisome consequence of including all function identi�ers in event records

is that these functions now es cape, since they might be called from the debug monitor. The

SML/NJ optimizer can generate better calling sequences for functions whose call sites are

known (non-escaping functions), so making all functions escape could have performance

consequences.

Fortunately, the optimizer’s � -splitting mechanism (see Section 2.1.4) makes

a separate non-escaping version of any escaping function with at least one known call site.

Function in-lining and its special case, loop unrolling, are still possible, but are less likely

to be invoked by the optimizer’s heuristic because of the growth in function size caused by

the insertion of instrumentation. When in-lining does occur, the instrumentation is copied

along with the original code, so the pattern of event records is una�ected.

It is instructive to examine the instrumented code generated for rev. The original pro-

gram is optimized away to almost nothing by a combination of loop unrolling and constant

propagation; all that remains to do at runtime is to cons together the result list[

3 , 2, 1

].The

instrumented version of rev, on the other hand, does the full computation in its original

form plus all the instrumentation support. No in-line expansion is performed; the compiler

doesn’t even � -reduce the functionc

ons, although it is � -split, so that the call from inside

r doesn’t need to pack its arguments into a pair. Increasing the permitted body size for

in-line expansion (a compiler parameter) by 150

% over its default value causes cons to

be expanded in line at each place it occurs, with one copy of the original function in its\unknown" parameter-passing version still made for inclusion in the binding event record.

The optimizer can improve performance of the instrumented code too, sometimes in

unforeseen ways. For example, there is no reason to build an event record for non-APP

events for which no binding pointers are created (e.g., events at sites 2 and9 in rev) unless

a break is executed at the event. Thus the code to build the event can be moved to the

true branch of the break test at such events; the optimizer does this automatically.

4.5 Coping

wit h theF u ll

Language

This section describes how smld instruments some of the more complicated features of

Standard ML, including reference variables, declarations, exceptions, and modules. It as-

sumes more in-depth knowledge of ML on the part of the reader than the rest of this thesis.Discussion of one major feature, polymorphic typing, is deferred to Chapter 7.

58 CHAPTER 4. IMPLEMENTING INSTRUMENTATION4

. 5. 1

M u t a b l e Var iable s Although most Standard ML variables don’t actually vary once they are declared, the

language supports mutable ref variables, and SML/NJ (and most other implementations)

also support mutable arrays. These are distinguishable at compile time as having di�erent

types from ordinary variables, and their contents must be explicitly set and retrieved. In

essence, the value of a ref variable is a pointer to a heap cell holding the ref’s contents; the

instrumentation of Section 4.2 places the pointer, not the contents, in the variable’s binding

event record. With this understanding, smld can handle a ref variable as it would any

other identi�er, relying on type restrictions to make sure that refs are used legitimately in

a query or update expression issued from the debug monitor loop.

4.5.2

T y p e an d

Fi xityDe clarati ons ML allows the user to de�ne new discriminated union types using dataty pe or abstype

declarations, and to de�ne type abbreviations using type declarations. These declarations,

which contribute type names and constructor names to the environment, follow the same

scoping rules as value declarations.

Smld must be able to look up types and constructors

in an event context just like other identi�ers. To do so,T

YP E event sites are located just

after each of these declarations and appear in runtime binding chains, where a suitably

modi�ed version of lookup can �nd them. These sites are invariably coalesced, so they

have no associated runtime cost.

A similar mechanism applies toinfi

x, infixr, and nonfix declarations, which control

the �xity of operators: special FIX events are located after these declarations.

Each datatype declaration generates a distinct type, even if it is syntactically identical

to another declaration. The parser assigns each distinct type a unique internal stamp; to

maintain type safety in its own event-context environments, smld needs a similar type label.

To integrate it’s environments with the remainder of the SML/NJ system (see Section 4.6),

smld uses the parser’s own stamps, which are available in the abstract syntax and can be

extracted via the TY

PE site source-code pointer.

4.5.3

l o c al Declarations

ML supports locally scoped declarations with the syntax local d e c l o c al in dece x po r te d end

4.5. COPING WITH THE FULL LANGUAGE 59 indicating that dec local is visible only between in and end, while dec exported is visible in

subsequent declarations. This mechanism violates our notion that the enclosing

Binding

relation is transitive and forms a tree; smld must \splice out" dec local from the binding

chain when following the chain from a point after end. It does so by adding new sitesL

OCALa TOP, LOCALa IN and LOCALa END at the obvious points; these are ordinarily coalesced,

so there is no runtime cost. Smld determines whether or not a given binding event is visible

from a given starting event by performing simple bookkeeping on the number of LOCAL sites

of each type that it encounters while traversing the chain.

4.5.4

Exceptions

Smld must be able to �nd the source of an unexpected and uncaught exception that causes

program termination; the inability to do so in the ordinary SML/NJ system is a common

user complaint. It is also important to be able to trace the ow of control when exceptions

are explicitly handled by user code.Raising and handling of exceptions is treated similarly to function application and entry,

by introducing RAI

SE andHANDLE event types to parallel APP and FN events. Smld arranges

for lastCaller to be set at explicit RAISE events and read by HANDLE events. As described

in Section 2.2.3, RAISE/HANDLE pairs are included on the call chain just like APP/FN pairs.

Unhandled exceptions that would normally terminate program execution at the top

level are caught by smld just below that level, so that debugger data structures remain

intact. The exception is reported to the user, and control is returned to smld’s interactive

loop, with lastCaller containing the last event that occurred before the exception. If the

exception is caused by an explicit raise, lastCaller is a RAISE event at a known location,

giving the user direct access to the circumstances leading to the exception. If the exception

is raised implicitly by the runtime system in response to an arithmetic error, lastCaller

points to the last APP event prior to the error-causing operator.

Another important class of built-in exceptions consists ofMatc h and Bind, which are

raised if no speci�ed pattern matches the right-hand side of a val declaration or the actual

argument to a function. Although the compiler can statically detect when a set of pat-

terns is not exhaustive, many programmers ignore the resulting compile-time warnings, so

it is important that smld report the source of these exceptions. Match and Bind are actu-

ally raised by explicit raise expressions inserted by the compiler whenever non-exhaustive

matches are detected; this insertion can be arranged to occur before instrumentation, so

a 6a a a -a

6a a .......

........

......*^{a a a a a a a a} -a 6a 6v a l a=

... valb = ...s

t r u ctur e

S = vala = ...ST

R U CTUR

E event...

valx = ...

valy = ...

struct valp = ...

vala = ...STRUCTUREa B

OTTO

M event... end valq = ...F

i g u r e 1

4 : Bi n ding c h ain f or s t r u ctur e declara tion s

. Solid arrows represent the

enc

l os in g

Bin ding relation.

The dotted arrow represents the special pointer allowing access

to the structure

’s internalbinding chain from the main binding chain.

is illustrated in Figure 14.A structure may also be referenced by an open s t r u ctur e n a me declaration

, which has

the e�ect of inserting all identi�ers de�ned by the structure into the environment at the

point of the declaration. To deal with these,s

m l d places anO

P E N event at the declaration ;

if this event is encountered on the binding chain while searching for a particular identi�er,

the opened structure must be searched for that identi�er before checking the remaining

declarations in the chain.

This process is further complicated by the existence of signatures, which de�ne the set

of identi�ers exported from a structure. To avoid �nding identi�ers that should be hidden

by a signature constraint, smld can begin a search within a structure body only after the

structure’s signature has been checked.In principle, smld could add instrumentation to

signatures to determine the exports of each structure. In practice, it is more convenient to

consult the structure description generated as a byproduct of parsing, which lists all the

62 C

H

A

P

T E

R 4

. I

MP LEME

NTIN

G INSTR

UMENTATION identi�ers exported by the structure.

A functor body is much like a structure body that is executed once each time the

functor is applied, except that the functor’s parameter(itself a structure) is now part of the

environment in which the body of the result structure is elaborated. In particular, types of

values declared in the functor body can depend on types in the parameter structure. Thus,

both value lookup and dynamic type reconstruction initiated from within a result structure

need access to the actual parameter. To associate the actual parameter with the result

structure, smld must instrument functor bodies and applications in a manner similar to

ordinary function bodies and applications; it uses the last

Caller reference cell tojump

from the top of a functor body to its application site.Declarations of datatypes within functors are generative; i.e., a (statically) distinct

set of datatypes is created each time the functor is applied.However, the parser does not

bother to generate stamps for these types unless they are exported from the result structure.

As described above, smld uses the parser’s internal stamp for a generated type whenever

possible. For non-exported types, smld must create a new stamped copy at debug time

when the type is �rst encountered; subsequent uses of the type must use the same stamp.

Similar considerations apply to substructures, which are also stamped.4

.

6 I n t e g r at i on wit h

S

M

L

/

N

J

4

. 6. 1

I n s t r u m entat i on Me c hanics

Smld performs instrumentation by transforming the compiler’s abstract syntax represen-

tation, after parsing and type checking, but before translation into�-language. The in-

strumenting pass produces a new copy of the abstract syntax, with hand-crafted abstract

syntax for instrumentation code inserted. A more direct approach might be to pre-process

the source code prior to parsing, entirely outside the compiler. The main advantage of the

abstract syntax transformation approach is that it avoids parsing the source twice;M

L is a

complicated language to parse.Neither the e�ort required to rewrite or extract the parser

nor the ine�ciency implied by parsing twice was attractive.One of the outputs of the instrumenting process is a mapping between instrumented sites

and source-code locations in the original concrete syntax. This mapping is made possible

bym

a r k nodes in the abstract syntax tree that map sub-trees to the concrete syntax that

4.

6. INTEGRATIONWITH SML/N

J 63 generated them.4 The main problem with delaying instrumentation until abstract syntax

has been generated is that derived forms, such as if

-t hen-else, while, and fun, have

already been expanded into core forms. Thus, sites for these constructs will be de�ned in

terms of the expanded syntax rather than the original; for example, if-then-else clauses

appear as case rules, and therefore have associatedCAS

E site types. It can also be di�cult

to assign source-code location marks to expanded code in a meaningful way. Also, SML/N

J

builds the static representations of structures, functors, and signatures at parse time as

side-e�ects, which limits the changes that can be made in modules during instrumentation.

That type checking has already been performed when smld instruments is a mixed

blessing. On the one hand, the instrumenter needs to understand only type-safe programs,

and the instrumentation code itself does not have to be strictly type-safe. On the other

hand, the instrumenting transform is not itself type-checked.

For some purposes, it would be convenient to defer instrumentation to a somewhat

later stage. For example, the debugger could avoid the need to make a large expanded

instrumented copy of the abstract syntax by folding the instrumenting process in with

the translation from abstract syntax to �-language. This approach was initially used in

SML/NJ’s pro�ling facility[12

], but it complicates the translation code; implementing the

instrumentation as a separate pass preserves modularity. If instrumentation were delayed

until after the abstract syntax was discarded, i.e., until the �-language or CPS stage, the

debugger would face serious problems in mapping event sites back to the concrete source

text|some of the very problems an instrumentation-based approach seeks to avoid.

4.6.2

De bu g Monitor

The debug monitor is a recursively invoked, specialized variant of the compiler’s standard

top-level loop. The monitor’s top-level environment emulates the dynamic environment for

the current user-program context. This implementation approach allows the standard ex-

pression evaluator to be used to display, deconstruct, and operate on values in the current

debugging context; no extra code is needed. Other debugging features, such as display-

ing the call history, controlling breakpoints, and restarting execution, are implemented as

functions built into a pervasive debugging support environment and executed for side{e�ect.a 4

T h e se m a r ks wereor i gi na ll y added ex pressly to support debugging instrumentation.

However, they are

general purpose and have also proved useful for improved error reporting in the standard system. They are

presently discarded when the abstract syntax is translated to�

-language.

Lfunctions, th e y can be embedded in more comp licated user-de

�ned functions,

invoked from external �les, assigned to new names or abbreviations, etc.

Moreover, these

functions are designed with carefully de�ned argument types and clean separation of com-

putation andI

/ O, so that the user can combine them into macro{like functions to perform

speciali zed debugging tasks.For example, a naive\skipping

" function can be synthesized

from a combination of built-in single-stepping and call-traceback functions, as shown in

Figure 1

5. The monitor communicates with the user program via a coroutine mechanism built on

thec a llcc primitive in a standard fashion[11

6

] ; see Figure 16.s e t C o m p ilatio n

Unit sets

the debugger ready to execute a user program.Control passes to that program via exec

when the user issues a forward execution command and back to the monitor when the

instrumented code callsb

rea k.

When the user program �nally completes, the result of the

Damage caused by a program bug often isn’t detectable until well after the execution point

where the bug occurred. Therefore, programmers often use a debugger to investigate the

program’s behaviorp rior to the bug’s manifestation. A common strategy is to re-execute

the program from the beginning under debugger control, trying to stop it at a point just

before the faulty behavior begins. Often, this point is hard to �nd, so the program must be

re-executed repeatedly, stopping a little bit sooner each time. Re-execution can be tedious,

particularly if the program had already run for a long time before the bug occurred, or if it

reads input that must be provided again. If many re-executions are needed, this method is

intolerable.

Debugging such programs would be easier if the debugger supported rever se execution,

i.e., if it could give the appearance of executing the program backward, either step by step or

by returning to the last occurrence of a breakpoint. Generalizing slightly, the programmer

may wish to interleave forward and reverse execution arbitrarily. Moreover, the debugger

itself may be able to use reverse execution internal ly to implement conventional facilities,

such as identi�er lookup and location-based breakpointing.

In general, programs cannot actually be executed backward. Instead, the debugger can

support the illusion of reverse execution by restoring previous program states. The debugger

can reset the program to a desired target state by re-executing it from the beginning, as

described above, provided that all external factors that a�ect the program’s execution

history can be recreated, e.g., from a log. Of course, this approach will be nearly as

slow as manual re-execution, though more convenient. The debugger can make reverse

execution faster, at the expense of consuming more storage, by taking checkpoints during 67

68 CHAPTER5. TIME TRAVELa a a a a a a r

0 r 1 r2 r3 r4 r 5 r 6 r 7 r 8a 6

Initial

Timea 6

Current

Timea 6Known

Timea 6

Final

Time

Figure 17: A sample time line. The program has been executed as far as time 5, but the

current time is presently reset to time 3, perhaps after having been reset to other values

in the interim. The program will terminate at time 8, either by reaching the end of the

compilation unit or by raising an uncaught exception, but this fact is not yet known to the

debugger or, perhaps, the user.

the original forward execution; to reverse to a particular target state, it re-executes from

the previous checkpoint nearest to the target point. SML/NJ’s implementation of �rst-class

continuations makes checkpointing most of a program’s state fast and simple.Program states can be identi�ed by logical time values, ordered by the sequence in which

they appear during forward execution. In this sense, directing execution to a speci�c state

in the past or future of the computation is time travel. This chapter describes the design

of smldt, a version of smld that provides time-travel debugging for SML/NJ. Chapter 6

describes smld-t’s implementation in detail.5

.

1 T e m p o r a l

Mo del The ML execution model presented in Section 2.2.1 views execution as a sequence of atomic

transitions between events; each event has an associated site in the source program and an

associated context.Executing in reverse reestablishes the context associated with an event

that was previously encountered during forward execution.

A reverse execution system must label and identify events. The simplest approach is to

number events with consecutive integer times and to visualize ordinary sequential program

execution as progress rightward along a time line marked o� at each event. Operations like

single-stepping (forward or backward) have an obvious interpretation in terms of times and

the time line, and the notion of setting a breakpoint at a speci�c time is well-de�ned.

5.

1. TEMPORAL MODEL 69 At any given point during execution, the time line representskno wn times, i.e., the

history of execution that has already occurred; it extends from the initial time 0 rightward

to the maximum known time, i.e., the maximum value that the event counter, orclock, has

yet achieved at any point during execution. Whenever the program is halted at an event,

there is a well-de�ned current time, i.e., the time label assigned to the event when it was

originally executed. The time line expands to the right whenever the user advances the

program to a target time that lies beyond the previous maximum known time. If the end

of the program is reached or an uncaught exception occurs before the desired target time

is reached, the right endpoint of the time line is �xed at the�nal time; it is impossible to

advance past this time, but resetting to an earlier time is still possible. To advance the

program to the �nal time, the user may request an advance to target time in�nity. The

programmer may also reset the current time forward or backward to any known time; there

is no limit on how many steps backward the programmer can jump. This terminology

is illustrated in Figure 17. Smld-t is structured around the two time-travel procedures

advance

To

( t i m e

) and resetTo(time).

Programs that interact with their environment by performing I/O or receiving signals

a�ect that environment during time travel. Advances beyond the maximum previously

known time act like normal execution; input is requested, signals are accepted, and output

to all devices is displayed or written in the usual way.1 When resetting to a known time,

smld-t does not reverse side-e�ects on the �le system or other parts of the environment

that hold state; it leaves the outside world una�ected.

An exception is made for I/O to the user’s terminal, which is treated as a stateless

stream device. 2 When resetting from a known time to a later known time, smld-t supports

two modes. In noisy mode, the user sees the same terminal I/O as occurred during initial

execution: the same output is displayed, and input from the terminal is simulated by smld-t

and echoed so that input and output are correctly interleaved. Inquiet mode, intended for

implicit time-travel operations used internally by smld-t, no I/O is visible. When resetting

to an earlier known time, no input or output is performed.

A debugging session has exactly one history time line representing one consistent exe-

cution history. However, smld-t permits the user to reset to a timet before the maximuma 1

T h e re i s a n ex ce p ti on for specu lati ve execution

; seeSection

5

. 3. 2

In some undo

/redo systems

[

1 4 ] , the user’s terminal dialogue canbe viewed as a script with a cursor; in

such systems, it would make sense to\undo

" I/O by resetting the cursor. In fact,s

70 C

H

A

P

T E

R 5

. TI

ME TRAVE

L k

n o wn t i m e an d then change theval ue s of mutable variables

.

Since these changes might

alter the course of execution

, s m l d - t automaticall y resets the maximum known time tot,

truncating the time line in order to avoidpossible temporal paradoxes.Other user actions

that might change execution history, such as altering an input stream during re-execution,

are prohibited.

Smld-t is not an\undo

/redo

" system for speculative computing, nor does

it support \parallel worlds" of execution.While such mechanisms might be useful, they

would complicate the user interface.Executing multiple compilation units in a single interactive session introduces a further

wrinkle in the time line metaphor. Smld-t treats a sequence of compilation unit executions

in a single interactive session as a continuum: the�rst event of each unit is assigned a time

one greater than the last event of the previous successfully executed unit.The top-level

de�nitions exported by some compilation units will be hidden by later rede�nitions, but

smld-t makes no e�ort to deduce this; the execution histories of all successfully executed

units are kept until the end of the session.Failed execution histories are discarded.Just as in smld, all user commands and queries in smld-t, e.g., variable displays, call

chain displays, etc., are implicitly quali�ed by the state in which program execution has

halted, i.e., by the current time. This policy keeps the user interface conceptually simple,

avoiding the confusion that might result if queries or commands could be explicitly quali�ed

by user-speci�ed times.As in smld, it is also possible to adjust the current context up or

down the call chain, e.g., in order to examine the values of identi�ers in other frames, but

adjusting the context does not change the current time.5

.

2 L a z i n e ss The ability to \jump back in time" helps the programmer gather information about program

execution. To �nd out about a particular execution state, it is unnecessary to record

information about it during initial execution.Instead, the programmer can execute forward

at full speed until a need for the information arises, and then back up to the desired state

to collect it. In short, the programmer can be lazy about collecting execution information,

deferring the cost of the collection until the information is known to be needed.

Smld-t uses these same lazy time-travel techniques internally to implement fundamental

functions, including identi�er lookup and control- ow tracing.During forward execution,

smld-t records only minimal information at each event|enough to allow the event to be

5.

3.

SPEC

ULATIVE COMPUTATION AND TIME-LINE SEARCH 71 found again if it is needed. If more detailed information is needed, smld-t can jump back

to the event in question and collect it. This approach makes initial controlled execution

cheaper in time and space at the possible expense of longer times for query operations.

To make recording of state information lazy, the instrumentation scheme of Section3.

2

is modi�ed so thatr

e c or d

S t ate is invoked only if abrea k is taken at the event:i

f ( s ho u ld Break

Here(

)) then

(recordState() ;

invoke

Debu g

Monitor())

else register Ti me() registerTime preserves the time of the event so that other events can reference it. To collect

full state information later on, smld-t internally jumps back to the registered time, arranges

for shouldBreakHere to return true, collects the recorded state information, and jumps

forward again to the original time. This time travel is invisible to the user, except perhaps

for a delay in evaluating queries. To gain any performance bene�t from this approach,

registerTime must cost less than executing recordState; this requirement is examined

more closely in Section6.1, where we give an implementation.

Smld-t takes advantage of the sequential ordering of events provided by times. Since the

event just prior to aF

N event must be the correspondingA

PP event in the calling function,

the time of that APP event is one less than that of the FN event. Thus, smld-t does not

need to record times of APP events in order to build the call chain. 5.3

S p ec u la ti veC o mputation and

Time

-Line Searc h Time travel can be used fors

p e c u l a t i ve as well as retrospective computation. If the user

wishes to halt in a particular state, there is no need to make sure that the halt occurs during

forward execution. If the target state is overshot, the user can back up to it; indeed, it is

often easier to identify the target after the fact.

For example, suppose the program has a loop, with a ref cell c used as the loop counter,

and the user wants to halt the program when c has just been incremented to a particular

value v. Assuming that the counter is never decremented, the user can use a two-step

process to direct the program to this time. First, the user repeatedly executes forward

at full speed, stopping periodically to check the value of c, until!c

>

= v. At this point,

the target time lies between the current time, tl

a t e , and the time of the last unsuccessful

72 CHAPTER 5. TIME TRAVEL check, t

early

. The user then performs binary search on the temporal interval[t early ,t late]

to pinpoint the the earliest time at which !c = v. This process is likely to be faster than

checking the value of c at every time step during forward execution, even if there is built-in

support for doing the check e�ciently.Call t therealizati o n time for a predicatep if p �rst becomes true at t. The binary-

search technique can be generalized to �nd the realization time for any monotone predi-

cate on execution states, i.e., any predicate that stays true once it becomes true.More-

over, the algorithm that directs the search can be abstracted into a user-level function,

advanceTo

Reali zationTime, that takes p as an argument.

Smld-t uses the same function internally to implement many targeted execution com-

mands as binary searches over the execution time line. One important example is the

implementation of location-based breakpoints, i.e., breaking at a speci�c site. Suppose

registerTime maintains an auxiliary array lastTimes, indexed by site, and holding the

time of the last event executed at each site. Forward execution from an initial time t0 to a

breakpoint at sites is a search for the �rst time when (lastTimes sub s) > t 0 .

An advantage of this technique is that the shouldBreakHere predicate can be expressed

solely in terms of times; there is no need to consult a list of location breakpoints.Updating

lastTimes is not free, so this technique may not save much time during controlled execu-

tion.However, lastTimes can also be used to support location-based breakpointing during

reverse execution, since (lastTimes subs i t e) directly gives the time corresponding to the

desired breakpoint. The user will also typically pay a price in \extra" speculative execution

beyond the breakpoint time, but this execution will not be wasted if the user later decides

to proceed forward from the breakpoint.

A more sophisticated application is to a \skipping" function. The naive implementation

of this function single-steps repeatedly, starting from an APP site, until the site is no longer

on the call chain, as shown in Figure 15. This process can take a long time, since an arbitrary

number of steps may occur between skips, and the overhead of single-stepping must be paid

for each of them. A better method is to set a location breakpoint on the next site(or sites)

that can be executed in the current function (or its caller). When the breakpoint is tripped,

the debugger must still check to see if the halt occurred in the original call frame, because

of the possibility of recursion; if the recursion is deep, this method can also be very slow.Both methods depend on sequential execution to locate the correct target of the skip.

Smld-t characterizes the target time for a skip in terms of the contents of the call chain.

5.

4. CHEC

KPOINTS AND RE-EXECUTION IN SML/N

J 73 If the current event is of any type other than APP, a skip is the same as a step; if the type is

APP, a skip should jump to the �rst time at which the call chain no longer includes this APP

event, which is just the realization time of a monotone predicate on the contents of the call

chain. Thus smld-t can use the binary-search method to execute the skip.3 Interestingly,

time-travel primitives will be invoked recursively to determine the contents of the stack

when evaluating the skip predicate.

An important consideration in implementing advanceToRealizationTime is choosing

how often to check the predicate during the initial \blind" search phase, when the debugger

has no a priori idea of how far it needs to execute. Two obvious possibilities are to keep the

checking interval constant, e.g., at some �xed proportion of the estimated cost of checking

the predicate, or to let it expand exponentially, e.g., by doubling at each unsuccessful

check. The �rst approach guarantees that the debugger will never do more than a constant

amount of \extra" speculative execution or re-execution, but requires a number of checks

linear in the actual distance to the realization time. The second approach requires only

logarithmically many checks, but may execute speculatively twice as far as necessary in the

worst case, and hence require up to three times as much total execution when re-execution

is included. At present, smld-t uses the �xed interval approach.

Speculative computation introduces di�culties for programs that perform I/O: if the

programmer has asked to break at a particular location, smld-t must not show output

(or, worse yet, ask for input) that actually occurs after the breakpoint has been reached

and passed over. A simple solution, at the cost of increased overhead for I/O events when

executing speculatively, is to test the predicate before each potentially visible I/O and ter-

minate forward execution if the predicate is true. This conditional I/O mode complements

the quiet and noisy modes described in Section 5.1.

5.4 Checkp oints andRe-e xecution in SML

/

N

J Smld-t supports replay by taking periodic checkpoints of program state during initial

execution. To reset to a particular target time, smld-t �rst restores the nearest previous

saved checkpoint and then re-executes to the target. Average re-execution time, and hence

average total reverse execution time, can be minimized by keeping as many checkpoints

as possible. On the other hand, checkpoints occupy space, so smld-t cannot keep ana 3

This method doesn’t work if the user program containsc a llccs, since these can be used to switch call

chains

(e.g., to implement coroutines

), which destroys the monotonicity of the predicate.

7

4 CHAPTER 5. TIME TRAVEL inde�nite number of them. The solution is to maintain a cache containing checkpoints that

are expected to be useful; the questions of when to take checkpoints and which ones to

keep are addressed in Section 6.7. An important way to reduce the space occupied by a

series of checkpoints is to make the checkpoints incremental. Since program state usually

changes gradually, a typical checkpoint contains substantially the same information as its

predecessor with minor variations. Ideally, the checkpointing mechanism should keep just

one copy of the shared information plus the incremental changes to it.

The state of an SML/

NJ program at a particular execution event consists of three parts.� Thefunctional state consists of the current program counter, the contents of the call

chain, and the values of all identi�ers live at any point on the call chain; i.e., the

program continuation at this event.

� The store state describes the contents of the mutable store (ref and array variables)

when the event is executed.

� The external state describes the stream of external information (input via the I/O

library, signals received, etc.) that will be seen by the program from this event until

the maximum known time.

In a \typical" ML program, the size of the functional state dominates the overall size of a

checkpoint, because most heap cells are immutable. For example, more than99

% of the

ob jects created when SML/NJ compiles itself are immutable. Of course, it is easy to write

an ML program that generates a large store or I/O state, but most ML programs are mostly

functional.

Because SML/NJ uses continuation-passing style and allocates closures on the heap,

a �rst-class continuation is essentially a pointer to an already-existing heap structure, so

saving and restoring �rst-class continuations is fast. Moreover, these continuations are

inherently incremental: if smld-t saves a sequence of continuations, the total space required

is proportional to the total number of di�erent heap cells referenced, rather than to the sum

of the sizes of each continuation. Finally, SML/NJ �rst-class continuations are type-safe

ob jects that can be manipulated inside the language model; in particular, they are garbage

collected just like other ob jects without requiring any special back-end features.

Unfortunately, SML/NJ has no such convenient built-in mechanism for saving the state

of the mutable store, so smld-t synthesizes its own store checkpoints. It uses an approach

.5.1ExecutionHistoriesOneapproachtosupportin g reverse execution is tomaintain a complete history of the pro-

gram steps and memory updates that occur during forward execution.

Bal zer

’s

E

X D

A

M

S

system [

1 6 ] , discussed inChapter

3, produces a\history tape" during program execution

that canbe read later to simulate re-execution either backward or forward.

Since complete histories can grow very large, most systems settle for a limited reverse

execution capability, based on a history list of bounded size. One of the earliest such sys-

tems wasGrishman’s AIDS debugger forFOR

TRA N on the Control Data 6600, intended

for both batch and on-line use [5

8]. AIDS provides a special-purpose command language,

including elaborate conditional trace and breakpoint facilities, and aR

E TRE AT command to

step backward through the program by a speci�ed number of machine language instruc-

tions. RETREAT is implemented by keeping a circular log of the last few thousand memory

changes and taking periodic snapshots of the register set, of which the most recent two are

kept; retreat is possible to any point after the older of the two snapshots. To return to

a speci�ed target, AIDS restores a snapshot, undoes memory changes back to the point

corresponding to that snapshot, and then re-executes forward to the target. AIDS uses a

machine-level debugging model; Grishman argues that this is the only possible approach in

his environment, where assembly language routines and faulty compilers were the norm.

5.5. R

E

L A TE D

W

OR

K

77

Zelkowitz [118, 119] describes modi�cation ofP

L /C, a PL/I batch compiler, to support

an enhanced language including a RETRACE statement that backs up execution to a speci�ed

label(within the same procedure as the RETRACE), by a speci�ed number of statements, or

until a speci�ed condition is true (checked only within the procedure). After execution

has been backed up, the system executes a speci�ed PL/I statement, which can be used

to alter state and try an alternative path through the program. Since PL/C is a batch

system, the user must in e�ect hard-code a debugging strategy|typically a backtracking

search of the execution space|into the program. Retracing is implemented by modifying

the compiler to insert object code instrumentation that maintains a trace table (a circular

bu�er of about2000 entries) re ecting all changes to memory. Performance on a sample

of 7 small programs showed an average increase in program size of40

% and in execution

time of 70%. Anticipating one of our favorite arguments, Zelkowitz [119] comments that

\since core is relatively inexpensive and the usual interpretive debugging systems run at a

factor of 40 to 50 slower, the [increased size and execution time] are tolerable costs for these

features."

Teitelman’s Programmer’s Assistant [109] provides an interactive \undo" facility for

LISP programmers based on a history list. Each operation that changes system state is

supposed to store enough information on the history list to enable its e�ects to be undone.

Since storing this information is expensive, every destructive primitive operation comes in

both reversible and irreversible versions. The programmer can specify which version is to

be used; for typed-in expressions or when a special test mode is enabled, the reversible

versions are automatically substituted for the irreversible ones.

The Cornell Program Synthesizer [108] also includes a mechanism for reverse execution,

which is implemented by processing a history �le of control- ow decisions and memory

updates produced during interpreted forward execution. The history �le is of bounded

length.

Borland’s Turbo Debugger 2.0 for the IBM/PC has a reverse execution facility based

on a history of 400 to 3000 machine language steps [45]. The history is built up only when

the user is single-stepping forward at source level or machine level, and is discarded if the

user continues normal full-speed execution.

These histories are all essentially lists of changes to memory locations or program branch

decisions, held in a separate region of memory. An alternative approach is to integrate

checkpoint support into the implementation of mutable memory; i.e., treat mutable memory

78

C

HA

PTER 5. TI

ME TRAVEL as an abstract data type that supports checkpointing and resetting operations as well as

fetches and stores.Johnson and Duggan [68] proposed implementing �rst-class stores for

the language GL (a lambda-calculus derivative extended with data types) by applying the

persistent data structure techniques of Driscoll,e

t a l . [41] to the language’s runtime data

structures.

Miller and Choi’s PPD debugger [26, 27] uses history logging and re-execution techniques

to produce dynamic dependence information for owback analysis (see Section 5.5.7); in

principle it can also support user-level reverse execution. Rather than logging every memory

update individually, PPD statically divides the program text into small units called ebl o c k s,

and logs the e�ect of each e-block as a whole. An e-block can be any consecutive set of

statements with a single entry point, but is typically a single procedure or loop body. PPD

instruments the ob ject code for each e-block to generate a prelog, containing the values of

variables read by the block, and a postlog, containing the values of variables written by the

block; these sets of variables are determined using data- ow analysis.

To reset the program to a previous execution point, PPD �nds the log entry for the

e-block execution containing that point and resets the values of the variables mentioned

in the prelog, re-establishing the correct conditions for re-executing the code within the

block. Postlogs are used to avoid re-executing calls to nested e-blocks. In e�ect, log entries

are a variant of incremental checkpoints. E�cient and balanced performance of the system

requires a good choice of e-block size [28]: smaller e-blocks allow faster re-execution at the

expense of slower initial execution and larger space requirements for the log, while larger

e-blocks slow down re-execution.

Agrawal, DeMillo, and Spa�ord [4, 5] have implemented a similar form of replay called

\structured backtracking." During forward execution, their Spyder debugger maintains

statement change sets, i.e., names of variables that are changed by each statement together

with their old values. To save space, change sets for statements embedded within a larger

block (compound statement or function body) are discarded when the block completes, in

favor of a single change set for the entire block. This implementation prevents backtracking

directly to an arbitrary point in the middle of a previous block. Instead, the user must

backtrack to the beginning of the previous block and then re-execute forward; in principle,

the system could do this automatically. If this scheme were applied to ML, the space

requirements would be similar to those ofs m l d, since all variables in scope at any point on

the call chain must be kept.

5.5. RELATED WORK 79

5.5.2

P a ge - le velC hec k p ointing

A number of incremental checkpointing schemes have been implemented at machine level;

they rely on support from the underlying operating system or runtime system. These

systems use the hardware page as their checkpointing increment on the assumption that

most applications display locality of update activity.Using pages also allows a compact

description of checkpoint contents.

The COPE system [14] uses a centralized, incremental checkpointing scheme to im-

plement an \undo-redo" mechanism for a program development environment. All data

describing the state of the environment are stored in COPE’s block-structured �le system,

so the entire e�ect of a command can be represented as a set of changes to blocks. Each

command execution takes a copy of any block it changes; these copies constitute a log of

changes that can be reversed to \undo" the command.

IGOR [46], an MC68000-based debugger for C programs running under the Unix-like

distributed operating system DUNE, provides reverse execution in a conventional compiled

environment. The operating system is modi�ed to provide a list of changed pages on

demand; these are periodically checkpointed to disk. Measurements of the IGOR prototype

suggest that performance is highly dependent on the amount of update locality in the

application program and the frequency of checkpointing; in the experiments described,

checkpointing overhead ranged from 40{70% at 1 second checkpointing intervals to 100{

400% at 0.1 second intervals, and the percentage of pages touched per checkpoint ranged

from 5{75%.

Wilson and Moher [117] suggest viewing process history abstractly as a two-dimensional

array indexed by both memory address and time. They present a design for a general-

purpose mechanism that implements lookup in such an array lazily, using a \demon" to re-

construct missing states with the aid of periodic incremental checkpoints and replay. This

\demonic memory" system would use memory management hardware to detect touched

pages when collecting a checkpoint. Demonic memory is intended to support full replay

for an execution ranging up to months or years in duration. Over time, checkpoints would

be thinned out and moved to cheaper, slower levels of the memory hierarchy, so that re-

trieval time for a state is correlated with its age. The authors point out the importance of

coordinating garbage collection with checkpointing.

82 CHAPTER 5. TIME TRAVEL know that it takes a certain number of steps and will then be able to issue temporal com-

mands more boldly. Counts based on source-language constructs may be more useful than

instruction counts. In the Cornell Program Synthesizer [108], for example, step distances

are de�ned in terms of the same syntactic units used by the editing tools in the Synthesizer

environment, i.e., individual statements or block constructs, depending on context.

5.5.6 Predicates

Another approach to identifying states is to use de�ning predicates, or boolean conditions,

resembling the quali�ers on conditional breakpoints in conventional debuggers. A predicate

should be de�nable in terms of any variables in scope in the source program and also in

terms of useful meta-information such as the depth of the call stack. Ideally, predicates

should be monotone, so that they have a single well-de�ned realization point. Monotone

predicates also have the advantage that they can be reliably tested against checkpointed

states to narrow the required interval for re-execution [46].

Cargill and Locanthi [24] note that the realization time for a monotone predicate can

be found without single-stepping; they suggest an interval search process essentially similar

to our speculative computation.

Executing to a state de�ned by a general predicate has typically been implemented by

single-stepping, with the predicate conditions being checked after each step. An example

of this approach is AIDS [58], which allows any valid FORTRAN arithmetic or logical

expression to be used as the predicate. The system is implemented by simulating ob ject-

code execution; since simulation is at least 60 times slower than ordinary execution, it can

be selectively disabled in regions the programmer thought to be bug-free. IGOR [46] also

uses an ob ject-code interpreter, which checks the target condition at each step, estimated

to be 140 times slower than direct execution.

5.5.7 Historybased

Debugging

Smld-t’s features, which include value querying, breakpointing, and single-stepping, are

fairly ordinary: the system is unusual because it integrates these features with a exible

time-travel mechanism. Several earlier systems, including EXDAMS and the Cornell Pro-

gram Synthesizer, also emphasized making standard features work in a uniform manner

forward and backward. These systems also stress the importance of good visual feedback

during execution, including displays showing the program counter as a position in the source

5.5. RELATED WORK 83 text and showing the current values of \watched" variables. Indeed, the Synthesizer’s au-

thors consider that \the novelty in [the Synthesizer’s use of reverse execution] is the presence

of enough immediate visual feedback to make the feature meaningful as a real-time control

mechanism. [108, page 569]"

EXDAMS [16] also contains a novel debugging aid, called o wback anal ys is, which uses

the availability of history information to show how a variable comes to have a particular

value at some moment in execution. Requesting a owback analysis for a variable produces

an inverted tree-shaped display of the executed assignments that a�ected the variable’s

value, i.e., all assignments from which there is a data dependency. Flowback analysis has

been revived more recently in the parallel debugging work of Miller and Choi [26, 27].

Agrawal, DeMillo and Spa�ord’s debugger includes a tool with a similar focus, based

on dynamic program slicing [4, 6]. Their debugger highlights the program slice (set of

statements) whose execution has a�ected the value of a speci�ed variable. Dynamic slices

can be recorded at varying degrees of precision by building dynamic variants of the program

dependence graph at runtime.

84 CHAPTER 5. TIME TRAVEL

The implementation of smld-t is similar to that of smld. In particular, the instrumentation

schemes of the two debuggers are identical, once certain uniform changes are made to the

instrumentation code and to the interpretation of certain variables. Smld-t has additional

code to control reverse execution, to save and restore checkpoints, and to maintain the

checkpoint cache. Smld-t’s performance is described in Chapter 8.6

.

1 I n s t r u m entat i on for

Time Travel

The time-travel concepts developed in Chapter 5 are implemented using a slightly modi�ed

version of the instrumentation scheme of Section 4.1. The key change is to replace the

explicit event record pointers used in smld’s instrumentation code with event times. The

overall structure of smld’s instrumentation code, instrumenting algorithms, and query al-

gorithms is unchanged, but executing the algorithms under smld-t may involve time travel.

Events are located at the same sites and event records have the same contents, except that

thebi

ndin g �eld becomes an event time and the caller �eld is omitted. The instrumen-

tation algorithm of Figure 9 and the coalescing and linearizing improvements described in

Section 4.3 are unchanged with the understanding that every identi�er of the form eventa n

is interpreted as a time rather than as a record pointer.

The instrumentation code executed by smld-t at each event is shown in Figure 18; it

di�ers signi�cantly from smld’s instrumentation. Each event increments the currentTime

clock and breaks into the debug monitor if currentTime matches targetTime. There is

no breakWanted array; location breakpoints are implemented as described in Section 5.3 85

86 CHAPTER6. IMPLEMENTIN

G TIME TRAVELt

y p e ti me = int v

a l c u rrent

Time

: time ref

val targetTime : time ref val lastTimes: time arraydatatype eventRec ord =E

VE NT of{siteNum ber: siteNumber ,

binding: time,

boundValues: value list}

| NU

LLEVENT fun event(siteNumber,binding,boundValues

) : time =

let val newTime =!currentTime

+

1

in currentTime := newTime;

if newTime = !targetTime then

break (EVENT{siteNumber=siteNumber,

binding=binding,

boundValues=boundValues})

else ();

update(lastTimes,siteNumber,newTime);

newTime

end Figure 18: Smld-t’s eventRecord data structure and event instrumentation code.

6.

2. CONTROLLING EXECUTION 89 local

val debugger

Cont: unit cont ref

val userCont: unit cont ref

type mode = RECOR

D | REPL

A

Y

val userMode: mode ref

val currentEvent: eventRecord ref fun execTo (time:time) : unit =

(targetTime := time;

userMode := mode;

callcc (fn c => (debuggerCont := c;

throw (!userCont) ())))

in

fun setCompilationUnit (f:unit->

’a) : unit =

callcc (fn c => (callcc (fn c1 => (userCont := c1;

throw c ()));

f ();

())) fun recordTo (time:time) : unit = (userMode := RECORD; execTo time)

fun replayTo (time:time) : unit = (userMode := REPLAY; execTo time) fun break(eventRecord:eventRecord) : unit =

(currentEvent := eventRecord;

callcc (fn c => (userCont := c;

throw (!debuggerCont) ())))

end Figure 19: Implementation of basic control functions for smld-t.

90 CHAPTER 6. IMPLEMENTING TIME TRAVEL for storage and retrieval. Primitive getState

: unit->checkpoint produces a checkpoint from the current state, and resetState: checkpoint->unit resets the current state from a checkpoint. Their implementation is discussed in Section 6.4.

Once taken, a checkpoint remains valid until it is discarded however many times it is used

and regardless of other execution and checkpointing activity. Checkpoints are taken at

the target of each resetTo or advanceTo operation. Thus, responsibility for choosing the

frequency of checkpoints falls upon the callers of the these functions: either explicit time-

travel commands or the debugger-generated internal time-travel commands discussed in

Section 6.3.

Smld-t’s checkpoint cache is accessed using two routines:

findPrevCheckpoint

InCache:time->checkpoint returns the cache entry at or most nearly preceding its argument;

putInCache:checkpoint->unit attempts to insert its argument into the cache, sub ject to the cache’s membership poli-

cies. Cache membership and replacement policies and implementation are discussed in

Section 6.7.

Figure 20 gives code for the advanceTo and resetTo functions in terms of the primitives

described in this section. It would be possible to present the basic time-travel functions as

side-e�ect-free transformations from states to states, giving them something of the avor

of \engines" [63].However, since parts of the state|especially the mutable store|are

expensive to save and restore, we make the notion of a \current" state explicit and discourage

excessive saves and restores. 6.3

De bugger

Functions

Smld-t implements location and time-based breakpoints, variable lookup, and call trace-

back using time-travel operations as primitives. Time-based breakpoints are implemented

in terms of advanceTo and resetTo. Location-based breakpoints are implemented using

the binary-search algorithm sketched in Section 5.3; a simpli�ed version of the code for

6.

3. DEBUGGER FUNCTIONS 91 local

fun restore

BestPrev (target:time) =

let val bestCheckpoint as CP {time=bestTime,

...} =

findPrevCheckpoint

InCache target

in if (target > !currentTime andalso bestTime > !currentTime)

orelse (target< !currentTime) then

reset

State bestCheckpoint

else ()

end fun saveCurrentState () =

let val checkpoint = getState()

in putInCache checkpoint

end val maxKnownTime : time ref = ref0

in

fun resetTo (target:time) =

if target <> !currentTime then

(restoreBestPrev target;

replayTo target;

saveCurrentState ())

else () fun advanceTo (target:time) =

if target <> !currentTime then

(restoreBestPrev target;

if !currentTime < target andalso

!currentTime < !maxKnownTime then

replayTo(min(!maxKnownTime,target))

else ();

if !currentTime < target then

(recordTo target;

maxKnownTime := !currentTime)

else();

saveCurrentState ())

else ()

end Figure 20: Time-travel functions. The checkpoint data type, getState, and resetState

are described in Figure 24.

92 CHAPTER 6. IMPLEMENTING TIME TRAVEL val timeDelta = ...

fun advanceToReali zationTime (realizedAt:unit -> time) =

let fun narrow(falseTime,trueTime) =

if falseTime+1 < trueTime then

let val targetTime = (falseTime + trueTime) div2

in resetTo(targetTime);

let val trueTime’ = realizedAt()

in if trueTime’ < infinity then

narrow(falseTime, trueTime’)

else narrow(targetTime,trueTime)

else resetTo(trueTime)

fun expand() =

let val startTime = currentTime()

in advanceTo(startTime + timeDelta);

let val trueTime = realizedAt()

in if trueTime < infinity then (* predicate now true *)

narrow(startTime,trueTime)

else if currentTime() < !finalTime then

expand() (* predicate not yet true *)

else () (* predicate never true *)

end

end

in expand()

end Figure 21: Finding realization time for monotonic predicate by binary search.

this advanceToReali zationTime function is shown in Figure 21. The realizedAt function

consults the current state to determine if the predicate de�ning the desired target state is

true. If so, it returns the earliest time for which it knows the predicate to be true; this

might be simply the current time, but some predicates can return better bounds. If not, it

returns infinity. It is faster to reset to target times that have entries in the cache than

to arbitrary times; the actual code for narrow consults the cache to choose such targets

when possible, rather than performing a binary search. To execute forward from time t0

to a location breakpoint at site s, smld-t invokes advanceToRealizationTime with the

function: fn(

) =>

let val last = lastTimes sub s

in if last > t0 then last else infinity

end

6.3. DEBUGGER FUNCTIONS 93 fun lookup (x:id,t:time) : value =

case eventRecordAt t of

NULLEVENT => raise notFound

EVENT{siteNumber:siteNumber,

binding:time,

boundValues:value list} =>

let val idList = idsBoundAt(siteNumber)

val pos = index(x,idList)

(* return SOME(position of x in idList) or

NONE if not present *)

in case pos of

SOME n =>

nth(boundValues,n) (* extract element n from boundValues *)

| NONE => lookup(x,binding)

end Figure 22: The identi�er lookup algorithm for smld-t.

To execute backward to this location breakpoint, smld-t simply calls resetTo(lastTimes sub s)

Smld-t recasts smld’s query algorithms to operate on times instead of explicit event

records, as described in Section 5.2. A new function eventRecordAt: time -> eventRecord maps known event times to the corresponding event records. A simple lazy implementation

of eventRecordAt( t i m e) just calls resetTo(time), extracts the event record from the newly

current state, and resets to the original time. Better implementations are discussed at the

end of this section.

Smld-t’s identi�er lookup algorithm is shown in Figure 22; it has the same form as

smld’s algorithm (see Figure 6), but takes a time t as argument and calls eventRecordAt(t)

to get and unpack the corresponding event record. Smld-t’s lookup may have to perform

time-travel, including possible re-execution, to obtain the event record containing the value

of an identi�er. Unless the desired value is already stored in an earlier checkpoint’s contin-

uation, it will be recalculated during the re-execution. Thus, it will not occupy the same

memory location as the value calculated during initial execution, and possibly pointed to by

continuations in checkpoints at later times. For ordinary immutable values, this behavior

Thereis, ho wever,a pro b le m with space e�cie nc y

: inS

M L

/ N J the two copies of the value will always

occupy separate locations, though a better runtime system might merge them.

6. 4. C

H

EC

K

P

O I

N T

S

AN

D STATE9

5 6

.

4 C h e c k p o i n t s an d

State

C

a p t u r i n g th e fun cti ona l part of the currentstate

(the current continuation) is trivial

;

it is alread

y stored inu s e r C o n t during the control transfer from the user program to

the debug monitor.

The bulk of the state-related code ins m l d - t dealswith mutable

program state, which requires special treatment both during execution and when saving or

restoring checkpoints. This code is organized into subsystems, each devoted to a separate

piece of mutable state.Subsystems include the mutable store, the streamI

/ O library, thel

ast T i mes array, and multiple compilation units.Most subsystems maintain signi�cant

internal state, such as a log �lled under record mode and used to control replay. The

subsystems communicate with theget

State and resetState functions using a standard

interface, summarized inFigure

2

4. Each subsystem implements a function remember

:unit

-

> memor y that, when invoked,

encapsulates that subsystem

’s part of the current state into a memory object that can be

stored as part of a checkpoint.A memory consists of two reset functions undo and redo. To

reset the subsystem to the state it had when the memory was created, smld-t invokes the

appropriate reset function.

Each subsystem communicates with the executing user code by means of instrumentation

code or via special versions of runtime libraries.Unfortunately, instrumentation code is not

well modularized by subsystem since it is all inserted in a single pass through the abstract

syntax for e�ciency reasons. Typically, interaction with the running program involves

executing some �xed piece of code each time a particular user event occurs, e.g., logging

each mutable cell creation. Code executed in this context has access to useful debugger

globals, such ascurrentTime, targetTime, userMode, etc. 6.5

M uta b le Store

Smld-t uses an incrementald e l t a li st technique to checkpoint the mutable store. Each

creation and update of a ref cell is instrumented to add a pointer to the cell to a global

list. Arrays are handled similarly on an element-by-element basis; the pointer to an array

element consists of a pointer to the whole array plus an o�set.

When a memory is needed,

the mutable store subsystem retrieves the global list, removes duplicate cell pointers (which

are typically numerous), fetches a copy of the current contents of each remaining cell, and

produces a set of (pointer,value) pairs; the global list is then cleared. The resulting set

9

8 CHAPTER 6. IMPLEMENTING TIME TRAVEL contains pointers to cells of di�erent types. Moreover, to remove duplicate update entries

smld-t uses an algorithm that stores a unique pointer value called thema r k into the ref

cells themselves, regardless of type, using an unsafe cast operation. The algorithm operates

in two passes to produce an output list of unique (pointer, value) pairs from the original

global list. 1. The pointers in the global list are processed in reverse order. If the value of the cell

pointed to is not the mark, the cell has not been visited during this pass; the cell

pointer and value are paired and added to the output list, and the mark is written

into the cell. If the cell value contains the mark, it has already been visited during

this pass.

2. For each element in the output list, the contents of the cell are reset to the recorded

value, overwriting the mark, and leaving the cell in the correct state.

With small extensions, this algorithm works for arrays and handles creation as well as update

operations. The algorithm operates in linear time and requires no extra space. There are

type-safe algorithms that take linear time and linear extra space, or take quadratic time.

The algorithm described above depends on some basic knowledge about the runtime

format of data and makes essential use of weak pointers. We could increase smld-t’s depen-

dence on the back-end by using the SML/NJ garbage collector’s store list (see Section 2.1.3).

This list is the same as the subsystem’s global update list except that non-pointer cells (such

as integers) are not included, al l pointer cells are included (including internal debugger code

refs), and the list is reset at each minor collection. An early version of smld-t modi�ed

these details and used the store list directly to build delta lists. We switched to an instru-

mentation approach to decrease smld-t’s dependence on the collector’s implementation.However, any generational collection algorithm must track updated mutable cells in older

spaces, so it is not unreasonable to require that the collector be able to generate a list of

changed cells as a byproduct of collection.

6.6E xternal

Input

Debugger support for repeatable stream I/O is in a special version of the I/O library. Stream

input performed via this library is logged during recording phase; on replay, input is taken

from the log. At present, the log is kept in main memory; it could be kept on disk instead.

6.6. EXTERNAL INPUT 99

The state of an input stream, as recorded in a memory, is a pointer into the log. In principle,

logging of input from �les that do not change during execution could be avoided; a pointer

into the �le itself could be used to represent the stream’s state. We have not implemented

this extension.

During noisy forward travel, the debugger’s I/O library attempts to reproduce the orig-

inal sequence of output on the terminal (including the echoing of keyboard input). This

e�ect can be achieved by re-executing the program. However, to avoid re-execution when

jumping forward from one known time to another where there is an intermediate checkpoint,

smld-t logs output to the terminal as well as input. Output is redisplayed directly from

the log, at the cost of increased log size.

Smld-t handles CTR

L /C signals slightly di�erently from smld (see Section 4.6). In place

of the break

Array technique used there, smld-t’s CTRL/C handler sets a ag indicating that

an interrupt has occurred, sets targetTime :=

(

!currentTime +

1

) and returns. When the program breaks at the next event, the debugger notices the interrupt

ag and interprets it as a request to\halt execution." The meaning of this request depends

on context. If smld-t was performing explicit user-initiated forward time-travel, travel is

halted at the current time, which allows the user to halt a lengthy or in�nite computation

in the natural way. If smld-t was resetting to an earlier time, or performing implicit time-

travel in support of a query command, the debugging operation is aborted and the program

is reset to its state before the operation began.

A similar mechanism could be used to synchronize the handling of signals intended for

the user program, which could then be logged and replayed. On replay, the log would need

to be consulted to determine when to (arti�cially) interrupt the program and invoke the

user’s signal handler. We have not implemented such a mechanism.

Both smld and smld-t support a general mechanism for evaluating an arbitrary frag-

ment of code while stopped at any breakpoint. The code is parsed in the environment of the

current event. The primary use for this feature is to update mutable variables by evaluat-

ing assignment expressions for their side-e�ects (see Section 2.2.4). Smld uses the ordinary

expression evaluator. Smld-t, however, must preserve the fragment of evaluated code, and

re-evaluate it at the same time on any replay. In fact, smld-t should treat the interpolated

code as a normal part of the program for the duration of the debugging session, and must

100 CHAPTER 6. IMPLEMENTING TIME TRAVEL allow the programmer to debug it in the usual way by stepping through it, setting break-

points in it, and so forth. Thus the interpolation is compiled with instrumentation, and

executing it updates the time. Since the interpolation typically changes the execution path

of the program, smld-t must also truncate the time line at the current time as described

in Section 5.1, by discarding all future checkpoints and resetting max

Kno wnTime.

It should also be possible to evaluate an expression for debugging purposeswit h o ut

changing the current state or truncating history, even if the evaluation invokes debuggable

functions. Therefore, smld-t allows the user to distinguish interpolations from ordinary

expressions to be evaluated.

6.7 Checkp oint Caching

The cache is simply a set of checkpoints, ordered by time, accessed by the operations findPre

vC heck point

InCache:time->checkpoint andputInCache:checkpoint->unit described in Section 6.2. Memoization for eventRecordAt is implemented using a separate

hash table, which is also updated by putInCache.

To manage the cache sensibly requires some idea of the pattern of time travel expected.

The targets of explicit user jumps are usually clustered in short intervals of the execution

time line, typically tens to thousands of events long, separated by wide gaps that are never

visited. The user’s choice of targets is unpredictable, but it is reasonable to suppose that

targets visited recently have a good chance of being visited again soon. The implicit jumps

made by smld-t during variable lookup or call-trace generation are to events on the static or

dynamic chain. The most recent events in these chains are clustered near the starting event;

earlier events in the chains may be scattered widely over the time line. If memoization is not

enabled, recently visited events have a strong chance of being revisited, but if it is enabled,

events are never revisited. These time-travel patterns suggest that the cache should include

entries spaced throughout execution history, with increased density near recent time-travel

targets.

As described in Section 6.2, checkpoints are generated at the end of every advanceTo

or resetTo, i.e., at the target times of explicit and implicit jumps and also at peri-

odic intervals during untargeted execution, as governed by the timeDelta parameter of

6.

7. CHECKPOINT CACHING 101 advanceToReali zationTime. The value of timeDelta therefore has a ma jor in uence on

the number of checkpoints generated during execution. Experiments suggest that overall

performance is optimized by using a delta size of 8,000-256,000 events, roughly 10-150 msec

of user program CPU time on our hardware (see Section 8.8). Obviously, most of these

checkpoints arenot useful, so our cache membership policy must be able to weed them out

easily.Given our analysis of time-travel patterns, it seems natural to implement pre-caching.

Suppose the user jumps forward to a time t for which there is no nearby cached checkpoint.

It is likely that times in a small interval preceding t will be targets of subsequent jumps.

Therefore, it may be worthwhile to pause in the course of executing forward to t, and take

a preliminary checkpoint at some time t�

�, thereby enabling quick replay to events in the

interval from t � � to t. The e�ects of pre-caching on performance are explored in Section 8.8.

Smld-t controls cache size on the basis of memory availability rather than by main-

taining a �xed number of entries. This policy allows smld-t to take advantage of all the

available physical memory without being limited to a �xed maximum count. Memory avail-

ability is measured as the ratior between physical memory size and live-data size. The

higher the ratio, the less frequently garbage collections will be needed, and the better over-

all system performance we can expect. Normally, live-data size is a �xed characteristic of

the user program, so SML/NJ simply lets r grow as large as the available physical memory

size allows.

However, smld-t can control the amount of live data it requires by varying the size of

the checkpoint cache, so we must make some apriori choice of good target ratio r0. Given

that we use a copying collector, we obviously must have r 0> 2. Appel’s experiments[11,

page 193] indicate that setting r 0< 3 causes too much garbage collection, while setting

r 0 > 6 ceases to improve overall collection time; r 0= 5 o�ers a reasonable compromise

between execution and collection time and acceptable overall performance. Smld-t’s cache

sizing policy allows insertions if r > r0; if r� r0, smld-t attempts to delete enough entries

to bring r back to r 0 and retries the insertion.

This simple feedback mechanism should keep r near r 0 . However, smld-t can only make

a guess at how many entries should be deleted from the cache when a ratio adjustment is

needed; since checkpoints vary wildly in their space requirements and multiple checkpoints

can share spare, this guess may be inaccurate. Therefore, smld-t checks the new value of

r after a deletion round to see whether an insertion is now permissible. Unfortunately, r

102 CHAPTER 6. IMPLEMENTING TIME TRAVEL can only be calculated when the live-data size is known accurately, i.e., immediately after

a ma jor garbage collection (see Section 2.1.3); thus, smld-t must force a ma jor collection

after each deletion round. Thereafter, insertions will be permitted until a spontaneous

ma jor collection occurs and reports r < r 0 ; the next insertion attempt triggers another

deletion round. In the steady state the cache tends to be full, so this mechanism may

double the number of ma jor collections. This problem can be ameliorated by overestimating

the number of entries to be removed in each deletion round, which tends to decrease the

frequency with which the cache �lls up.

The cache membership policy de�nes which candidate checkpoints are actually inserted

in the cache and which existing entries are deleted if there isn’t enough space for the

newcomers. As in any caching scheme, there is an optimal sequence of decisions that can

be determined o�ine given the entire target sequence; it is harder to compute than for

ordinary caches because the cost of a \miss" is proportional to the distance from the probe

to the nearest earlier entry. Smld-t faces an online problem; it uses heuristics to control

cache membership. Given the time-travel patterns described above, these heuristics are

easy to state. At most one checkpoint should be kept per cluster of target times, as close

to the beginning of the cluster as possible, and if a cluster representative must be deleted

the cluster chosen should not have been targeted recently; otherwise, checkpoints should be

fairly evenly distributed over the total known time line.

To give a precise algorithm based on these heuristics, we use the average time gapg

between adjacent cache entries:

g =!maxKnownTimea

number of entries in cache

and introduce a constant cluster factorf : 0 < f < 1; entries that are within f� g

time units of each other are considered to belong in the same cluster while entries further

apart are in di�erent clusters. We typically set f = 0:25. The algorithm for handling a

potential checkpoint at time t is then as follows, wherepr e d(t) ands u cc(t) are t’s temporal

predecessor and successor in the cache.

1. If there is room in the cache, insert t.

2. Otherwise, if t � pred(t) < f � g , do nothing.

3. Otherwise, if succ(t) � t < f � g , then replace succ(t) with t.

4. Otherwise, perform a deletion pass on the cache, and insert t if there is now room.

Formal semantics can be used to give explicit meaning to the notion of \typed environment

at an event." This notion is essential for a debugger to display or to compute safely with

the values of variables (see Section 2.2.3). It may also be useful in other contexts, such

as tag-free garbage collection [9, 56] or the addition of a LISP-style eval operator to the

language.

Consider the expression let id = fn x => x in (id (fn y =>3))(id true)

When this expression is type-checked, each variable and subexpression is assigned a type.

In the function fn x => x, variable x is assigned the arbitrary type�, since the function

body does not constrain x to have any speci�c type; the overall function is let-bound to the

variable id, which is assigned type8�:�

! �, indicating that it can be applied to arguments

of any type. id is applied to arguments of two di�erent types in this example. Suppose

the user stops at a breakpoint just after x has been bound by one of these applications and

asks the debugger to print the value of x. To do so, the debugger must know the dynami c

type of x.

ML is deliberately designed so that dynamic type information is not necessary during

normal runtime operation. The code associated with id’s closure is oblivious to the type

of its argument, and ML does not have runtime type tags. For this reason, the SML/NJ

print function is overloaded rather than polymorphic and demands that its argument have

a well-de�ned static type; thus, it is impossible to insert a print statement to display the

value of x. However, there are several ways to calculate an appropriate dynamic type for 105

106 CHAPTER 7. DYNAMIC TYPE RECONSTRUCTION x. When the overall expression is type-checked, each use of id is assigned a distinct static

type that depends on the context of the use. This type is always an instance of � ! �;

in this example, the �rst use is assigned type (bool ! int) ! (bool ! int); the second

is assigned bool ! bool. The debugger can insert additional instrumentation to track

which use of id is being evaluated in order to determine the correct substitution for �.

Alternatively, the debugger can use the fact that the dynamic type of the formal parameter

x must match the dynamic type of the actual argument to which it is bound. The actual

argument can be located using the binding and caller pointers already in place for value

and call-trace lookup; its dynamic type can be calculated recursively.

We explore these approaches to de�ning dynamic types in the context of a formal se-

mantics for a subset of ML. Our de�nition di�ers from super�cially similar notions that

have appeared in the literature; in particular, dynamic types should not be confused with

type Dynamic, a type whose runtime values consist of a data value paired with a type tag [1].

Throughout this chapter, we assume familiarity with the basic methods of structural op-

erational semantics. Our reasoning is informal, but our presentation provides a basis for

future formal soundness proofs.

7.1 SemanticFramework

We use the structural operational semantics formalism employed by the ML de�nition [87,

88]. The discussion is based on a small expression language, EXP, that illustrates the

main aspects of ML-style polymorphism and avoids some complicating features of the full

language, such as recursive functions and imperative ref variables. Our treatment closely

follows the presentation of Tofte [110, Chapter 2].

The set of expressions, Exp, has syntax e ::= cj x j�x:e 1 j e 1 e 2 j let x = e 1 in e 2 where

c2 Const =ftrue

; false; 1;2; 3; :::g (e:g:)

x 2Var = fa; b; c; : : :g

Variables can be �-

bound, let-bound, orfree. An expression containing no free variables is

closed.

We �rst de�ne a static semantics, or set of typing rules, for EXP. The typing rules

7.

1. SEMANTIC

FRAME

WORK 107 embody ML-style polymorphism: let-bound variables may be used polymorphically, but

�-bound variables must be monomorphic.

Metavariable b ranges over a pre-de�ned set of base types, BaseTy; function TypeOf

maps each constant to its corresponding base type. Metavariable � ranges over an in�nite

set of typevariables, TyVar. The set Ty of types is� ::= b j � j � 1 ! � 2 (where ! is right associative) and the set TyScheme of type schemes is� ::= � j 8�:� 1 A type containing no type variables is a monotype. A type environment is a �nite map

from variables to type schemes. To emphasize that �-bound variables are always mapped

to simple types, we writeT

E 2 TyEnv = Var ! (Ty[ TyScheme)

The domain of TE is Dom TE , and TE� TE 0 denotes the environment formed from TE

by adding each de�nition in TE 0 , possibly superseding existing de�nitions.

Free and bound type variables in a type scheme are de�ned in the usual way; a type

variable is free in type environment TE if it is free in some type scheme in the range of

TE. The function tyvars(� ) returns the set of type variables that occur in type � , tyvars(� )

returns the free type variables in type scheme � , and tyvars(TE ) returnsS

7.

1. SEMANTIC

FRAME

WORK 109 label L2, as shown by the annotations on the typing rules in Figure 25. If TE

La> e : �

then we refer to TE by TE L and to � by Type L . As an example, Figure 26 shows a static

tree for a slightly extended version of our earlier example expression, recast in EXP syntax:

letf =(� z

.� x.x

)

5 in (f (�y.

3))(f tr ue).

The shape of the static tree is isomorphic to the term structure of the expression [110].

Thus we can relate certain nodes in the static tree to expression sites, in the sense of

Chapter 3; in particular, the children of ABS nodes and the right children of LET nodes

correspond to function entry and value binding sites, respectively. This correspondence is

explored further in Section7.2.3.

Our dynamic semantics for EXP is conventional, except that we label each inference

with a corresponding node in the static tree, as described below. The semantic objects are: c 2 Constv 2 Val = Const[ Clos

[x; e;E ; L] 2 Clos = Var� Exp � ValEnv � Label

E 2 ValEnv = Var ! Val

The dynamic semantic rules are given in Figure 27. Each sequent has the form E ; L‘ e�!

v , which may be read \under value environment E (and static type environment TE L ),

expression e evaluates to value v ." As with the static semantics, the dynamic evaluation of

a closed expression e to a value v can be viewed as a proof tree called the dynamic tree for

e. Each node of the dynamic tree for e is labeled with a corresponding node L of the static

tree for e. The root of the dynamic tree is ;; � ‘ e �! v ; the internal nodes are LET and

APP inferences and the leaves are CONST, VAR, and ABS inferences. Notice that ABS

nodes are leaves of the dynamic tree but not of the static tree, since evaluation does not

proceed \under a �" but type inference does; conversely, APP nodes in the dynamic tree

have three children rather than two, with the right child representing the evaluation of the

function body. The correct label for the right child of an APP is fetched from the closure

value generated by the left child. We include expressions in dynamic sequents for clarity

even though the labeling makes them redundant, since if E ; L ‘ e �! v and TE

La> e 0 : �

then e and e 0 are the same expression. Similarly,Dom E = Dom TE . The principal type

environment of a dynamic tree node E ; L ‘ e �! v is TE L . Figure 28 shows the dynamic

tree corresponding to the static tree of Figure 26.

To explore the consistency of the static and dynamic semantics, we introduce an explicit

relation j= v : � , read \v has type � ," between dynamic values and types and extend

110 CHAPTER 7. DYNAMIC TYPE RECONSTRUCTIONa a T E2

212a> �y.3 :b ool ! int T E 2 � fy 7! boolg

2121a> 3 : int^a .^{a a a a a a a a a}

..a .a a a a a a a a ;

�a> let f = (�z.�x.x) 5 in (f (�y.3)) (f true) : int ff 7! 8�:� ! �g|^a {

za }

T E 2 2a> (f (�y.3)) (f true) : int T E 2

21a> f (�y.3) : bool ! int T E2

22a> f true : bool T E2

222a> true : bool ;

1a> (�z.�x.x) 5 : � ! � T E2

221a> f : bool ! bool ;

11a> �z.�x.x : int ! � ! � ;

12a> 5 : int fz 7! intg

|a {za }

T E 111 111a> �x.x : � ! �

T E111 � fx 7! �g

1111a> x : �

T E2

211a> f : (bool ! int) ! (bool ! int)

Figure 26: Static tree for let f = (�z.�x.x) 5 in (f (�y.3))(f true).

7.1. SEMANTIC FRAMEWORK 111a

E ; L ‘ c �! c (CONST)

E (x) = va

E ; L ‘ x �! v

(VAR)a

E ; L ‘ �x:e �! [x; e; E ; L] (ABS)

E ; L1 ‘ e 1 �! [x; e 0 ; E 0 ; L 0 ] E ; L2 ‘ e 2 �! v 0 E 0 � fx 7! v 0 g; L 0 1 ‘ e 0 �! va

E ; L ‘ e1 e2 �! v

(APP)

E ; L1 ‘ e 1 �! v 0 E � fx 7! v 0 g; L2 ‘ e 2 �! va

E ; L ‘ let x = e1 in e2 �! v

(LET)

Figure 27: Labeled dynamic semantics.

it in stages to a relation between values and type schemes and between value and type

environments.D e

� n i ti on v j= � for monotypes � if� v = c for some constant c, � =b for some base type b, and TypeOf (c) = b; or

� v = [x; e; E ; L], � =� 1 ! � 2 for some monotypes � 1 ,� 2 , and

for all v 1 ,v 2 , if j= v 1 : � 1 and E � fx 7! v 1 g; L1 ‘ e �! v 2 then j= v 2 : � 2 .Moreover:

� j= v : � for arbitrary types � if j= v : S � for every total, ground substitution S;

� j= v : � for type schemes � = 8� 1 : : : 8� n :� if j= v : � ;

� j= E : TE for type environments TE such that tyvars(TE ) = ; if Dom E = Dom TE

and j= E (x) : TE (x) for all x 2 Dom E ;

� j= E : TE for arbitrary type environments TE if j= E : S (TE ) for every total, ground

substitution S.

Tofte [110] proves that if j= E : TE and TE

La> e : � and E ; L ‘ e �! v then j= v : � . In

particular, if e is a closed expression and has a type, then the evaluation of e is well-behaved,

in the sense that it never leads to an attempt to reference an unde�ned variable or apply a

non-closure value. This property is the essence of ML’s \type-safety."

112 CHAPTER 7. DYNAMIC TYPE RECONSTRUCTIONa a a a a a a a a a a a a a a a a a aEa

� fx 7! trueg; 1111 ‘ x �! true Eb ; 22 ‘ f true �! true E b ; 222 ‘ true �! true E b ; 221 ‘ f �! [x; x; E a ; 111] E b � fy 7! trueg; 2121 ‘ 3 �! 3

;; 1 ‘ (�z.�x.x) 5 �! [x; x; E a ; 111] fz 7! 5g

|a {za }

E a ; 111 ‘ �x.x �! [x; x; E a ; 111] E b ; 211 ‘ f �! [x; x; E a ; 111] E b ; 212 ‘ �y.3 �! [y; 3; E b ; 212] E a � fx 7! [y; 3; E b ; 212]g; 1111 ‘ x �! [y; 3; E b ; 212] E b ; 21 ‘ f (�y.3) �! [y; 3; E b ; 212] ff 7! [x; x; Ea; 111]g

|a {za }

E b ; 2 ‘ (f (�y.3))(f true) �! 3

;; � ‘ let f = (�z.�x.x) 5 in (f (�y.3))(f true) �! 3

;; 11 ‘ �z.�x.x �! [z; �x.x; ;; 11] ;; 12 ‘ 5 �! 5

Figure 28: Dynamic tree for let f = (�z.�x.x) 5 in (f (�y.3))(f true).

7.

2. DEFININ

G DYNAMIC TYPES

1137.

2 D e

� n in g Dyn a mi c

Typ es

Suppose we are given static and dynamic trees for a closed expression, and that E ; L ‘

e �! v is a node in the dynamic tree. In order to print or compute safely with values from

E at debug time, we must provide a dynamic type environment TE such that j= E : TE .

The obvious candidate for TE is the principal type environment TE L , but j= E : TE L does

not hold in general. The problem is that principal type environments do not re ect the way

in which bound type variables in the type of a let-bound program variable are instantiated

when the program variable is mentioned. Obviously, these instantiated types cannot appear

in the static tree, since a single static node may correspond to multiple dynamic nodes

carrying values of di�erent types. For example, the two nodes evaluating x in Figure 28

refer to the single node labeled 1111 in Figure 26, but neither j= [y; 3; E b ; 212] : � nor

j= true : � holds.7

. 2. 1

E x t e n ded St at i c T ree s One way to \make a place" for these instantiated types is to substitute the de�ning ex-

pression for each let-bound variable at every mention of the variable, forming an extended

expression. For an expression e, the corresponding extended expression is e� . The extended

expression corresponding to our running example is let f = (�z.�x.x) 5 in (((�z.�x.x) 5)(�y.3))(((�z.�x.x) 5) true)

Note that e � includes the original let expression, which is typed in the normal way, even

though the let-bound variable is not used.

The extended static tree for e is the proof tree generated for e � using the ordinary static

semantics of Figure 25. The resulting tree for our example is shown in Figure 29.

Expressions e and e � evaluate to the same value. In e � , however, each replication of

the de�nition of a let-bound variable can be typed di�erently. These distinct typings

�lter down to the subexpressions of the de�nition, including abstractions. For example, in

Figure 29, the �-bound variable x, which is given principal type � at node 1111 inside the

de�nition of f, is given a di�erent concrete type at each replicated usage: bool ! int at

node 211111, and bool at node 221111.

Because the replicated instances are typed in the context in which they are used, their

types re ect all \top-down" uni�cation constraints as well as the \bottom-up" constraints

�a > l e t f

=

(

� z .� x.x

)

5 i n (((�z.�x.x) 5)(�y.

3))(((�z.�.x.x) 5) tr ue) : int;

11a> �z.�x.x : int!

� ! �fz

7! intg

|a {

za }

T

E 111 111a> �x.x : � ! �

T E111� fx 7! �g

1111a> x : � T E2

221a> ((�z.�x.x) 5) :b ool ! bool T E 2

2212a> 5 : int

T E 2

2211a> �z.�x.x : int ! bool ! bool

T E2 � fz 7! intg

|a {za }

T E22111 22111_a> �x.x : bool ! bool T E22111 � fx 7! boolg

221111a> x : boolT E2

22a> ((�z.�x.x) 5) true : bool T E2

222a> true : bool

T E2

21a> ((�z.�x.x) 5) (�y.3) : bool ! int

T E2

211a> ((�z.�x.x) 5) :(bool ! int) ! (bool ! int) T E2

2112a> 5 : int

T E 2

2111a> �z.�x.x : int ! (bool ! int) ! (bool ! int) T E 2 � fz 7! intg

|a {za }

T E21111 21111_a> �x.x : (bool ! int) ! (bool ! int) T E21111 � fx 7! bool ! intg

211111a> x : bool ! int T E2

212a> �y.3 : bool ! int

T E2 � fy 7! boolg

2121a> 3 : int ; 1a> (�z.�x.x) 5 : � ! � ;

12a> 5 : int

ff 7!8�

:� ! �g

|a {za }

T E2 2_a> (((�z.�x.x) 5)(�y.3))(((�z.�x.x) 5) true) : intF

i g u r e 2

9 : E x te n ded st ati c treef or l e t f

=

(

� z .� x.x

)

5 i n (f (�y.

3))(f tr ue) .

7. 2. D

E

F I NIN G DYN

A

MI

C

TY

PE

S

11

5 re ected in the

principa l type.Since the replicated instances di�er from the original let

de�nition onlyby being typed in a richer context, the types of the replicationswill be

instances of the principal type.Thus, the type of each replicated instance can be obtained

by applying ani n s t antiatin g su bstituti on to the principal type. This substitution is exactly

the one required in the de�nition of the instantiation relation,>, as applied by the(

V A R

)

rule in the static semantics of Figure 25.

Thus, building the extended static tree explicitly is wasted e�ort; we can use the ordinary

tree to simulate the lookup of labels in the extended tree using a function eloo ku p that

maps extended

-tree labels to pairs containing an ordinary tree label and the appropriate

substitution.

We claim that for any extended-tree labelL

� ,T

E

L

� =

S (TE L ) where (L; S ) =

elookup(L � ).It is easier to describe elookup if we make a minor change to the static semantics of

Figure 25 by extending type environment entries for let-bound variables to include the

root label of the de�ningLET subtree. This label gives a direct\cross-pointer" from each

use of a let-bound identi�er to its de�nition. The revised type environment de�nition and

typing rules are TE2 TyEnv = Var! (Type[ (TyScheme� Label)) TE (x) = (�; L0 ) � >�a

TE

La> x : �

(VAR1 ) TE (x) = �a

TE

La> x : �

(VAR2 ) TE

L1a>e1 : � 0 TE�

fx

7! (Clos

T

E (� 0 ); L1)g

L2a> e2 : �^a

TE

La> let x = e1 in e2 : �

(LET)

With these revised static semantics, an algorithm for elookup is given in Figure3

0. The

operator Instsub(� ; � 0 ) returns the substitution S 0 such that S 0 (� 0 ) = � ; note thatDom S 0 =

f� 1: : : ; �n g.

11

6 CHAPTE

R 7. DYNAMIC TYPE RECONSTR

UCTION fun elooku

p(

L

�

:Label): Label�

S ub s t = l

e t f u n loo k

( L: Label,L

� : Label,S : Subst) =if L � =� then

(L,S )

else if Li

s a

V

A R n o d e wi t h T

E La > x

:

� then

let(

8 � 1 : : : 8�n:�0

; L 0) = TE (x)

S 0 =I

nstsub(� ; � 0 )

in look(�,L 0 L � ,S� S 0 )

end

else

letnL �0

= L �

in look(Ln,L � 0 ,S )

end

in look(�,L � ,;)

endF i g u r e 3

0 : P seu d o - codefor e l oo k u p . 7

. 2.2 D y n a m i c Typ e s via

E x ten ded

La b els

Si

nce ex tended expressions nevermention their letbound variab les

, the proper de�nition

of dynamic type environments for these expressions is not a�ected by type scheme instanti-

ation.

Indeed,

we claim that given static and dynamic trees for a closed extended expressione

� , then for any nodeE

;

L ‘ e�

! v in the dynamic tree,j

= E :T

E

L holds.

Of course, we

do not want to evaluate extended expressions directly using the dynamic semantics, since

doing so involves re-evaluating the de�nitions of let-bound variables repeatedly. For ex-

ample, executing the expression of Figure2

9 evaluates ((

� z .� x.x

)

5) three times instead

of once.

Instead, we evaluate the original expression e buts

i m u l a t e the correct labeling for the

evaluation of e � . For every node E ; L ‘ e0

�! v in the dynamic tree for e there is a

corresponding node E � ; L � ‘ e � 0 �! v � in the dynamic tree for e � with E = E � . Since

j= E � : TE L� for each node in e

�’s dynamic tree, sound dynamic type environments for the

nodes of e’s dynamic tree can be computed by tracking the corresponding extended label

L � at each evaluation step.To do so, we introduce label sc

hemes

M , analogous with type schemes, which are repre-

sented as strings overf0;

1; 2g.

We adopt new dynamic semantic rules, obtained from those

of Figure 27 by replacing L by L � throughout and replacing theV

A R andL

ET rules with

7 .2.DEFINING DYN

A

MI

C

TY

PE

S

11

7

E

( x ) = [x

;

e; E0 ;M

]a

E ;L

� ‘ x�

! [x; e; E 0 ;I n s t(L � ; M )] (V

A R

1 ) E (x) =ca

E ; L � ‘ x �! c

(VAR2 ) E ; L � 1 ‘ e 1 �! [x; e 0 ; E 0 ; M ]

E�

fx

7! [x; e 0 ; E 0 ;G en(L � ; M )]g; L

�2 ‘ e 2 �!va

E ; L � ‘l

e t x= e1i n e2 �! v

(L

E T 1 ) E ; L � 1 ‘ e 1 �! c E � fx 7! cg; L � 2 ‘ e 2 �! va

E ; L � ‘ let x = e 1 in e 2 �! v

(LET 2 )F

i g u re 31

: Exten ded

- l a bel dyna mi c semantics. tw

o variants, as shown in Figure 31. The revised de�nition for closure objects is

[x; e; E ; M ]2

Clos = Var� Exp � ValEnv � LabelScheme:

The new rules perform\generali

zation

" and \instantiation" for label schemes at dynamic

nodes corresponding to the static nodes where type scheme generalization and instantiation

takes place. The extended label of a closure built inside a let de�nition is generalized to a

label scheme when the closure value is added to the value environment of the LET node’s

right child. A label is generalized by stripping o� the common pre�x of the label and the

LET node’s own label, leaving the relative path from LET node to label node, and then

pre�xing with a0. If a VAR node evaluates to a closure with a label scheme, the scheme

is instantiated to a label by stripping of the leading 0 and pre�xing with the VAR node’s

label, thus forming a complete path from root to instance.More preciselyGen(L � ; M ) =8

<:

0M 0 if M = L � 1M 0 for some M

0 M otherwise

Inst(L � ; M ) = 8

<

:

L � M 0 if M = 0M

0 M otherwise

Figure 32 shows the dynamic tree for the running example with extended labels.

The dynamic type environment at a dynamic node with extended label L � isT

E

L

� .

Given extended static and dynamic trees for an expression, for each node E ; L � ‘ e �! v

120 CHAPTER 7. DYNAMIC TYPE RECONSTRUCTIONa

E ; L;S ‘ c �! c (CO

NST)

E (x) = va

E ; L; S ‘ x �! v

(VAR)a

E ; L; S ‘ �x:e �! [x; e; E ; L; S ] (ABS)

E ; L1; S ‘ e1 �! [x; e 0 ; E 0 ; L 0 ; S 0 ]

E ; L2; S ‘ e 2 �! v 0

E 0 � fx 7! v 0 g; L 0 1; Usubst(L; S; L 0 ; S 0 ) ‘ e 0 �! va

E ; L; S ‘ e 1 e 2 �! v (APP)

E ; L1; S ‘ e 1 �! v 0 E � fx 7! v 0 g; L2; S ‘ e

�! va

E ; L; S ‘ let x = e 1 in e 2 �! v

(LET)

Figure 33: Implemented dynamic semantics. The Usubst operator is de�ned in the text.7

.

3 D y n a m i c Typ e s via

A r g umen t Typing

Our debuggers implement an alternative approach to dynamic type reconstruction that

does not require operational steps for generalizing and instantiating the types of let-bound

variables. This approach is based on the observation that at any function application, the

dynamic types of the actual argument and the formal parameter must be the same [9]. By

comparing the dynamic type of the argument with the static type of the parameter, we can

recover the substitution that instantiates the bound type variables in the function’s type.

The substitution should be the same as that calculated by eloo ku p. 7.3.1

D ynami c

Semanticswit h Su bstitutions

To describe this idea, we introduce a new version of the dynamic semantics that includes

substitutions as explicit elements in dynamic nodes and in closures, which now have contents

[x; e; E ; L; S ] 2 Clos = Var � Exp � Env � Label � Subst

The resulting dynamic semantics is given in Figure 33. For this semantics, the dynamic

type environment for a dynamic node with label L and substitution S is S (TE L ). The

operator Usubst(L; S; L 0 ; S 0 ) used in (APP) is de�ned as follows. Let � !� = Type L0 , so

7.

3. DYNAMIC TYPESVIA ARGUMENT TYPING 121 that � is the static type of x in the closure being applied. Further, let � 0 = Type L2 , the

static type of the actual argument. Then S (� 0 ) is the dynamic type of the actual argument,

and hence of x within the closure body. Finally, let Si

= Instsub(S (� 0 ); � ), the substitution

such that S i (� ) = S (� 0 ). Then Usubst returns S

0� S i .

Dynamic trees produced by this semantics are isomorphic to those produced by the

extended-label semantics of the previous section. For the running example, the dynamic

tree is the same as in Figure 28, with empty substitutions at almost every node and closure;

the only non-empty substitutions are for the node evaluating x to [y; 3; E b ; 212], which

has the substitution f(bool ! int)=�g, and the node evaluating x to true, which has

fbool=�g.

We conjecture that for any node E ; L; S ‘ e �! v generated by this semantics, whose

corresponding node under the extended-label semantics is E ; L � ‘ e �! v , we have

S (TE L ) = TE L � and therefore j= E : S (TE L ). The challenge of proving this conjecture

lies in showing that the de�nition of dynamic type environments is not a�ected by delaying

application of the instantiation substitution for a closure-valued let-bound variable from

the point where the variable is mentioned to the point where the closure is applied.

7.3.2 La zy

Reconstruction of Substitutions

Since all type instantiations in this scheme occur at APP nodes, it is possible to maintain

runtime type information during debugger-controlled execution by augmenting the code ex-

ecuted at function application sites. In fact, the necessary information can be reconstructed

lazily, by performing the instantiations required for a particular variable only if the user

references it. To perform lazy reconstruction, the debugger must be able to trace the chain

of application events that bind variables in scope at the current event; this information

is already provided by the binding pointers used to reconstruct value environments (see

Section

4.2).

To describe lazy reconstruction, we use the original dynamic semantics of Figure 27,

marking each node with ad y n a m i c label, D, analogous to the static-tree labels already

encountered: a label is a string over f1,2,3g representing the path from the dynamic-tree root to the labeled node. If E ; LD

‘ e �! v , we denote L by L D , de�ne B D to be the

dynamic label of the right child of the statically enclosing APP node, and letP D be the

dynamic label ofD’s parent. Figure 34 shows the lazy algorithm getSub st for computing

S at node D; the function returns only that part of S relevant to an initial type � . The

122 CHAPTER 7. DYNAMIC TYPE RECONSTRUCTIONf u n

7. 3. D

Y

N

A

M

I

C TY

P

E S VIA AR

G

UMENT TYPING 123

7

. 3.3 U s i n g R un ti m e Uni� c ati on SM

L

/ N J currently discards the contents of the static type tree after type checking is com-

pleted, but it keeps the types associated with both let- and �-bound variables. Therefore,

the debugger actually uses lazy reconstruction based on a slightly weaker version of the

semantics shown in Figure 33. In this version, labels are not maintained and theUsubst

operator is de�ned di�erently: � , the static type for x, is looked up in the compiler’s symbol

table, and �0 , the static type of the actual argumente

2 , is recomputed on the y using the

type-assignment algorithm. This recomputation does not take the surrounding context of e 2

into account, so it sometimes yields a less precise type than the true � 0 . As an illustration,

in our running example (Figure 28), whenf is applied to �y

. 3the ty peo f x w i ll bereported a

s �

!

i n t rather than b oo l ! int.

1 Wecon

ject ure that this problem a�ects only polymorphic functions, and thatj

=E

:

S

( T E

L

) remains true with this de�nition ofUsubst.

However, this formulation of the

semantics remains unpleasantly ad-hoc; future versions of the debugger may cooperate

with the compiler

’s type checker to keep the full static tree available, or to regenerate it on

the y.a 1

A t e c h n ic a l con se q uence is thatInstsu b

( �1; �2

) must copewith the possibility that �1 is not an instance

of �2 (though they must be uni�able)

. In such cases, the substitution returne d by Instsub simply fails to

include a mapping for some of the typevariables in �2 .

12 4 C

H

A

P

T E

R 7

. D

Y

NA

M

IC TYPE RECON

STR

UCTION

To assess the practicality ofs m l d and smldt, we measured their performance on real pro-

grams. We focus on the costs of controlled execution, i.e., forward execution under debugger

control, but without actualqueries. We compare controlled execution speed and live-data

space requirements for several versions of smld and smld-t, and also for other compilation

disciplines intended to simulate hypothetical debuggers that use di�erent technology. We

also compare the speed and overall memory requirements of the di�erent debugger versions

on various interaction scripts intended to represent typical debugging sessions that do in-

clude queries.

Finally, we measure smld-t’s query response times. These measurements

enable us to judge that instrumentation and time-travel can be implemented e�ciently

enough to be practical. 8

.

1 B e n c h m a r k Pr o gram s Table 1 summari zes the benchmark programs.

Each program solves a real, if perhaps only

pedagogical, problem. Red

Black,Lexer, and UnionFind have been embedded in synthetic

drivers for benchmarking purposes.Slightly di�erent versions of Life, Simple, andKnuth{

Bendix have been benchmarked extensively for other purposes[11

].

Basic statistics on normal, uninstrumented execution of each benchmark are listed in

Table 2. Statistics on the static and dynamic distribution of events in the instrumented

versions of the benchmarks are shown in Table3. 125

12

6 CHAPTER

8. SEQUENTIA

L DEBU

GGER PERFORMANCE

KeyName

Descriptiona

l LifeA game of Life [9

7], running 50 generations of a glider gun.

s Simple A spherical uid-dynamics program, developed as a\real-

istic" FORTRAN benchmark [34], translated intoID [44],

and then translated into StandardML by LalGeorge.

k Knuth{Bendix An implementation of the Knuth{Bendix completion al-

gorithm, implemented by Gerard Huet, processing some

axioms of geometry.

r RedBlack Builds a dictionary using red-black trees from an input of

300,000 integers.

x Lexer A machine-generated lexer for Standard ML that counts

tokens, run on a 5760-line input �le.

u UnionFindPerforms 5000 union and �nd operations with path com-

pression on a database of strings.

t TermRewriter A term-rewriter performing symbolic di�erentiation on

polynomials, written in Scheme by Samuel Kamin [70] and

translated into Standard ML by Andrew Appel.a

Table 1: The benchmark programs.

Key Name SourceCompile Code Data User GC System

Lines Time Size Size Time Time Timea

l Life 121 31.6s 18k 3k 22.5s 0.05s 0.18s

s Simple 764 67.7 93 2438 43.0 3.28 0.07

k Knuth{Bendix 497 25.7 40 1479 12.7 1.12 0.06

r RedBlack 65 6.1 5 5266 31.1 5.27 1.45

x Lexer 477 25.2 21 7 1.6 0.00 0.04

u UnionFind 145 5.5 12 220 0.8 0.00 0.04

t TermRewriter 119 5.9 13 11 1.7 0.01 0.01a

Table 2: Benchmark normal execution characteristics. Source Lines is the number of non-

blank, non-comment lines in the original program. Compile Time is the elapsed time re-

quired to compile the program. Code Size is the number of kilobytes in the compiled

program. Data Size is the maximum number of kilobytes of live data observed at any size

measurement point (see Section 8.7), counting only data generated by the program while

it executes. User Time is the CPU time spent executing the program, excluding garbage-

collection and operating-system time. GC Time is CPU time spent garbage collecting, and

System Time is CPU time spent in the operating system.

8.

4. TIMING MODEL 129 performing the same queries as proceed each time the breakpoint is encountered. Script

tofro sets the breakpoint and executes forward. Each time the breakpoint is encountered

(at timet), the script changes scope up one level, looks up an unde�ned variable, single-

steps forward 5 times and backward 10 times, jumps back to time t=5, shows the last two

call frames, looks up an unde�ned variable again, and re-executes forward to t, stopping but

not performing queries each time the breakpoint is encountered between t=5 and t. Finally,

it continues executing forward.

The scripts look up an unde�ned variable in order to generate maximum work for the

lookup algorithm, which must consult every binding in the static scope. However, this

search does not exercise the dynamic type reconstruction mechanism. The reconstruction

mechanism is exercised in a realistic way by showing a call frame, which reports the entry

point of the current function, the point from which the function was called, and the names,

types and values of the arguments.

All scripts can be executed by smld-t, and proceed can also be executed by smld. To

estimate the performance under smld of scripts that perform explicit reverse execution,

we charge the cost of re-executing from the beginning of the program each time a reverse

motion occurs. 1 This estimate is unfair, since a user without a reverse-execution debugger

would probably avoid such re-executions, but it provides a rough basis for comparison.

To apply the scripts to the hypothetical machine-based debugging systems of Section 8.2,

we assume that query execution is free and measure only the cost of forward and reverse

execution; as with smld, reverse execution is charged as re-execution from the beginning

of the program. 8.4

Timing

Mo delSML/NJ’s use of CPU time can be divided into user time spent executing instructions

generated by the SML/NJ compiler in Unix user mode,gc time spent performing garbage

collection, also in Unix user mode, and system time spent executing in Unix system mode,

typically performing I/O.

For programs that use a �xed amount of live data, gc time is highly elastic, because it

depends on the amount of available memory and the particular garbage-collection strategy.

Therefore, for comparative purposes it is often better to consider just user times. Wea 1Fort o f ro, the ten backward single-steps are charged as only a single re-execution.

130 CHAPTER 8. SEQUENTIAL DEBUGGER PERFORMANCE measure user times in terms of instruction counts rather than elapsed time, because elapsed

times vary by 5 to 20%, apparently due to cache interference e�ects [11]. This variation

makes it di�cult to use elapsed times to compare runs with di�erent parameters; instruction

counts are more consistent. The counts are obtained by instrumenting the MIPS machine

code generated by the compiler. The count is held in a register and an instruction to update

it is inserted in the branch delay slot that ends every extended basic block2 in the code;

this instruction adds the number of instructions in the basic block just executed (including

the add instruction itself ) to the count register. Unfortunately, this technique makes it

necessary to disable the compiler’s branch-scheduling optimization. We assume that the

resulting e�ects do not alter our comparisons, except for reducing the contrast between

unoptimized and \normal" code, which already lacks branch scheduling.

However, garbage collection times must also be considered. If one version of a benchmark

uses more live data than another, it is bound to require more gc time, regardless of the

garbage collection technology and parameters chosen, and this gc time can be a signi�cant

component of the elapsed time. Moreover, for the adaptive checkpointing algorithms used

by smld-t, there is no �xed memory demand: the debugger uses whatever memory it is

given. We would like to measure smld-t’s performance over a range of memory sizes;

if we measured only user time we would presumably �nd that more memory invariably

allows faster execution, but this correlation might not hold when gc time is included. For

these reasons, we often compare total user+gc+system times for di�erent versions of a

benchmark, especially when studying the adaptive algorithms, with the caveat that the

�gures may re ect idiosyncrasies of the current garbage collector.

Benchmarks were run on a MIPS Magnum 3000 workstation with 128 MB of memory,

32KB direct-mapped instruction cache, and 32KB direct-mapped write-through data cache,

under the RiscOs 4.51 operating system. Benchmarks used a variant of SML/NJ version 0.69

with a modi�ed runtime system supporting instruction counting and other measurement

functions. Ordinarily, the benchmark was the only user process running on the system.

However, some �les were accessed via NFS from other computers on which activity could

not be controlled, which introduces non-determinism into the behavior of SML/NJ because

of varying NFS bu�er sizes, and perturbs our measured times. All reported times represent

the minimum of at least three benchmark runs in which the sum of measured user, gc, and

system time was at least 97% of total elapsed time.a 2 An extended basic block is an acyclic set of blocks with one entry point and one or more exits.

8.

5. CONTROLLED EXECUTION OVERHEAD 131 1.0 1.5 2.0 3.0 5.0 10.0 20.0 40.0 80.0 160.0

j j j j j j j j j j

normal t uxlrk

sa � s

m l d t u

x l

r k sa �

smld -

t t u x l r k sa �u

n o p t i mi z e d t ux l r k sa �c

le anup opts t ux l rk sa �

most opts t u xl r k sa �

interpreted tu xl ka �

smld-t nolog tu x l r k sa �

smld tracked tu x l r k sa �

smld-t tracked tu x l r k sa �Figure

3

5 : E xecution cost(instructions

)

. Relati ve controlled execution cost under various

compilation disciplines described in the text.Cost is the number of user instructions.The

scale is logarithmic

; the labels indicate the ratio of the cost of each discipline to that of the

normal discipline. The dot � is the geometric mean of the benchmarks. The letters indicate

the times for the individual benchmarks; see Table2 for the key. Two of the benchmarks

didn’t complete within one hour when interpreted, so the geometric mean shown for the

interpreted discipline is arti�cially low.8

.

5 C o n t ro ll e d

E xe c ut ion

O verhe ad Figures 35 and 36 show how the relative execution time of each benchmark varies with

compilation discipline. Each benchmark is executed from beginning to end, withoutquery

operations in the case of the debugging disciplines, and without checkpointing in smld-t.In Figure 35, execution time is the number of instructions executed, excluding garbage

collection and system activity. Figure 36 is based on elapsed time including garbage collec-

tion and system time; for these experiments, the garbage collector kept the ratio of total

available memory to live data �xed at about 5, and there was ample physical memory to

maintain this ratio. In addition to the disciplines already described, both �gures also show

the cost of running smld-t with logging disabled (smld-t nolog) and two variable-tracking

disciplines, described below.

Figure 35 shows that mean user execution time under smld is about 3 times slower than

fully optimized normal execution, although there is considerable variation among the bench-

marks.

Smld-t’s instrumentation is slightly less expensive; its mean controlled execution

132C

H

A

P

T E

R 8

. SE

Q

UE

NT

IA

L

DE

BU

GGER PERF

OR MANCE

1.0 1.5 2.0 3.0 5.0 10.0 20.040.0

80.0 160.0j j j j j j j j j j

normal t u x lr k sa �

smld tuxl r k sa �

smld-t t u x l r k sa �

unoptimized t u xl r k sa �

cleanup opts t u x l rk sa �

most opts t ux l r ksa �

interpreted t u x l ka �

smld-t nolog tu xl r ksa �

smld tracked tu x l r k sa �

smld-t tracked tu xl r ksa � Figure 36: Execution cost (user+ gc + system times). Relative controlled execution costs

measured as the sum of user, garbage collection, and system times. The key is the same as

for Figure 35.

time is about 2.5 times slower than normal execution.

If we include garbage collection time in the comparison (Figure 36), the relative per-

formance of smld is roughly 5 times slower than the normal discipline, which is probably

due to the overhead of collecting event records (seeSection 8.7) and processing the many

entries forl

a s t Call e r on the collector’s store list. Smld-t without checkpointing, however,

remains less than 3 times slower than normal execution when gc time is considered, which

shows the e�ect of the lazy pointer technique of Section 5.2. The behavior of smld-t with

checkpointing is considered in Section 8.8.

The disciplines representing hypothetical debugging approaches also show signi�cant

slowdowns, with or without garbage collection time.Unoptimized code runs about 3 times

slower than normal code and somewhat slower than smld-t; code with cleanup optimiza-

tions is about 60% slower than normal. These �gures suggest that the hypothetical simple

debugger would have controlled execution speed roughly comparable to smld-t.With

most optimizations, code slows down by only about 20%, so the hypothetical clever debug-

ger might perform better than instrumentation approaches. The uncompetitive interpreted

code runs one to two orders of magnitude slower than any of the compiled approaches.

Individual benchmarks have widely varying behavior.Knuth{

Bendix, for example,

seems to run much slower undere

ve r y non-normal discipline, perhaps because it has large

8.

7. LIVE

-DATA REQUIREMENTS 135 changes the characteristics of subsequent minor collections, but does not a�ect the accu-

racy of the live-data measurement. Since the large number of garbage collections increases

elapsed time substantially and alters memory behavior, we perform space measurements

and time measurements in separate runs.

Figures 38 and 39 show pro�les of live data use for complete program executions of each

benchmark, under the normal, unoptimized, smld, smld-t, and smld-t nolog disciplines

described in Section 8.5.Pro�les for the smld-t executions exclude checkpoint data.

The benchmarks can be divided into two distinct classes based on their normal execution

pro�les. Knuth{Bendix, RedBlack, and UnionFind build internal data structures that grow

steadily (typically linearly) during execution.Life, Lexer, TermRewriter, and Simple use an

essentially �xed amount of live data (although the content of the data may be changing).

For the former class of benchmarks, the unoptimized discipline requires a constant factor

more live data than the normal version: total live data still increases linearly with execution

time, but at a faster rate. The latter class of benchmarks shows more varied behavior

under the unoptimized discipline. The space demands of Lexer and TermRewriter increase

linearly with execution time, which can be attributed primarily to the lack of tail-recursion

elimination under this discipline. For Life, space demand remains constant, though at a

higher level than in the normal discipline; for Simple, demand is about the same as in the

normal case. Pro�les for the other partially optimized disciplines (cleanup optimizations and

most optimizations) are not shown; they are broadly similar to the unoptimized discipline,

with most optimizations usually requiring the most space of the three.

Smld keeps large amounts of live data in every benchmark; its space demands increase

linearly for most benchmarks, including those with �xed-size normal pro�les. The extra data

consists of event records on or referenced from the current call chain and the dead (but still

visible) values pointed to from these records. Thus, even though the smld compilation

discipline performs tail-recursion elimination, the expected space savings are lost because

of explicit storage into event records.

Pro�les for smld-t and smld-t nolog are shown as a further comparative measure of

instrumentation overhead; since the pro�les do not include checkpoint space, they are not

correlated with the amount of memory actually needed to run smld-t. Neither of these

disciplines build event records. Smld-t nolog uses substantially less space than smld in

most benchmarks; indeed, it seldom uses more than twice as much live data as normal and

usually requires less live data than the unoptimized discipline.

When logging is included (smld-t) memory use increases dramatically for benchmarks

that perform many update events; in UnionFind, smld-t actually uses more space than

smld.However, the smld-t measurements are somewhat in ated because they include the

size of the global list of changed cells maintained by the mutable store subsystem. This list

typically contains large numbers of duplicates and garbage entries, which are removed each

time a checkpoint is taken; since the smld-t trials measured here took no checkpoints, the

list grew much larger than it normally would have.

8.7. LIVE-DATA REQUIREMENTS 137K n u t h { B en d i xa a

Program Execution Timea a a a a a a a a a 0 500 1000

1500

2000

2500

3000

3500

4000 LiveData

(KB)a .........

.......

........

......

.......

......

......

.......

.......

.......

.......

.........

.........

..........

..........

.........

..........

..........

..........

.........

.........

.........

.........

..............

..........

..........

..........

..........

..........

..........

..........

...........

...........

...........

...........

...........

...........

........

........

.......

.......

.......

.........

........

........

.........

.........

.........

........

.........

.........

......... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ......� � � � � � � �

�

� �

�

�

� � � � � � � ........

.....

......

....

......

.....

......

.......

......

.....

......

.......

......

......

......

......

........

.......

........

.......

........

........

.......

........

........

........

.......

........

.......

........

.......

........

...........

.........

........

.........

.........

........

.........

........

.........

.........

.........

........

........

.......

........

........

.......

........

........

.......

......

......

......

......

......

......

........

.......

.......

........

......

.......

........

.......

.......

.......

........

.............. ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

........� � � � � � � �

�

�

� �

�

�

� � �

� � � ......

.....

....

......

.....

.....

......

.....

.....

.....

......

.....

.....

.....

....

.....

....

......

.....

.....

.....

.....

.....

.....

.....

.......

.....

......

......

......

......

......

......

......

......

.....

......

......

........

.......

......

......

......

.......

......

......

......

.......

......

.....

........

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

........

.......

.......

.......

......

......

.......

.......

......

......

.......

......

......

.......

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

....

.....

......

.....

.....

.....

.....

.....

.....

.....

....

.......

......

.....

......

......

.....

......

.....

......

......

.....

......

.....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

.......� � � � � �

�

�

� �

� � � � �

� �

� � � � ......

.....

.....

......

.....

......

.....

.....

......

.....

.....

......

......

......

......

......

......

......

.........

.......

........

........

.......

........

........

........

.......

........

.......

........

.......

........

.......

...........

.........

.........

........

.........

.........

........

.........

.........

........

.........

.........

.......

.......

........

.......

.......

........

.......

........

.......

......

......

.......

......

.......

........

.......

.......

........

......

......

........

.......

.......

.......

.......

.......

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

........

� � � � � � � �

�

�

� �

�

�

� � �

� � � �

.......

....

......

.....

......

......

.....

.......

......

.....

.....

.......

.......

......

......

........

........

........

........

........

........

........

........

........

........

........

........

.......

........

........

...........

.........

.........

.........

.........

.........

.........

.........

.........

.........

.........

........

........

........

........

.......

........

........

........

.......

.......

.......

.......

......

........

........

.......

.........

.......

........

.......

.......

........

.......

........

....... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....� � � � � � � �

�

�

� �

�

�

� � �

� � � �RedB

l a c ka a

Program Execution Timea a a a a a a0

5000

10000

15000

20000

25000a .................

..........

...........

...............

............

............

...............

.............

............

................

.............

............

................

.............

..............

.............

................

..............

.............

.................

.............

..............

................

..............

..............

...............

...............

..............

..............

............ .....

..... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .... � � � � � � � � � � � � � � � � � � � � � � ...........

.......

.......

.......

.......

.......

..........

......

.......

.......

.......

......

.......

..........

......

.......

.......

.......

.......

.......

.........

.......

.......

.......

.......

.......

.......

..........

.......

.......

........

.......

.......

.......

.......

..........

.......

.......

.......

.......

........

.......

..........

.......

.......

........

.......

.......

.......

..........

........

.......

.......

.......

........

.......

..........

.......

........

.......

.......

.......

........

................ .....

.... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... ..... .. � � �

� �

� �

� �

� �

� �

� �

� �

� �

� � � .........

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

........

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

........

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

........

.....

......

.....

......

.....

......

.....

.....

......

.....

......

.....

........

.....

......

.....

......

.....

......

.....

......

.....

.....

......

.....

........

......

......

.....

......

......

......

.....

......

......

......

.....

......

........

......

......

.....

......

......

......

.....

......

......

......

.....

........

......

......

......

.....

......

......

.....

......

......

......

.....

......

.........

......

......

......

......

......

......

......

......

......

......

......

....... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... .... � � � � � � � � � � � � � � � � � � � � � � ..........

......

......

......

......

......

.....

......

.........

......

......

......

......

......

......

......

.........

......

.......

.......

......

......

......

.......

......

.........

......

.......

......

......

......

.......

......

.........

.......

.......

......

.......

.......

......

.......

.........

......

.......

......

.......

......

.......

......

.......

.........

.......

......

.......

......

.......

......

.......

.........

.......

.......

......

.......

......

.......

......

.......

.........

.......

.......

......

.......

......

.......

.......

............. .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

.... � � �

� �

� �

� �

� �

� �

� �

� �

� �

� � � ............

.......

........

.......

........

..........

.........

........

........

........

............

........

.........

.........

........

............

.........

........

.........

........

............

.........

.........

........

.........

.........

............

.........

.........

.........

.........

............

.........

.........

.........

.........

............

.........

.........

..........

.........

............

.........

.........

..........

.........

.........

........ ....

..... .....

..... .....

.... .....

..... .....

..... .....

.... .....

..... .....

..... .....

.... .....

..... .....

..... .....

.... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .... .. � � �

� �

� �

� �

� �

� �

� �

� �

� �

� � �Uni

on

Finda a a a a a a a a a a a a a 0 200 400 600 800 100012001400160018002000 Live

Data

(KB)a..........................

.........................

..........................

........................

...........................

..........................

......................

...........................

...........................

...........................

........................

...........................

.........................

.....................

..........................

........... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ..... ... � � � � � � � � � � � � � � � � � .................

.................

...................

.................

.................

..................

.................

.................

................

..................

...................

.................

.................

.................

.................

.................

..................

................

.................

...................

...................

..................

................. ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

..... .... � � � � � � � � � � � � � � � � � � � ........

..........

.......

.........

.........

.........

.......

.........

.........

.........

.........

.......

.....

............

..........

..........

...........

........

........

........

........

.........

......

......

.....

............

..................

.............

........

........

........

........

.........

........

........

........

........

.........

........

........

........

........

........

.......

......

......

......

......

.....

......

.................................... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... ..... � � � � � � � � � �

� � �

�

�

�

� � � .......

......

.....

.......

......

.......

.......

......

......

.......

....

......

......

......

......

......

......

......

......

.......

.....

.....

.....

.......

......

......

......

......

......

......

......

.......

......

......

......

......

......

......

......

......

.....

.....

.....

.....

.....

.....

......

......

......

......

......

......

.......

........

......

......

......

......

......

......

......

......

.......

......

......

......

......

......

......

......

.......

......

......

......

......

......

......

......

......

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.......

......

......

.......

......

......

................... .......

....... ......

...... .......

.... � � � � � � � �

� �

�

�

�

�

�

�

� �

�

� ................

....................

.....................

...................

......................

....................

.....................

....................

......................

....................

....................

....................

.....................

....................

.....................

....................

....................

.....................

....................

....... ....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .... . � � � � � � � � � � � � � � � � � Figure 38: Live data measured for Knuth{Bendix, RedBlack, and UnionFind. Execution

disciplines: normal (�), unoptimized (�), smld (�), smld-t (�), smld-t nolog (�). The

points of each pro�le are connected for graphical clarity; the connecting lines should not be

used for interpolation.

138 CHAPTER 8. SEQUENTIAL DEBUGGER PERFORMANCELi fea a

Program Execution Timea a a a a a a 0 10 20 30 40 50 Live

Data

(KB)a

..............

............

..........................................

.....

.....

.............................. ................

............

......

.................... ............

........................

...............

................................... .............

...................

.........

................................................................................................................................ .................

....... � � � � � � � � � � � � � � � � ......

....

......

............

...........

...............................................................................................

.....

.....

.....

.....

.....

....

.....

.......... ......

....... .......

...... ...............

.........

........

........

........

........ .....

.... .....

..... .............................................

..........

.................. .................................

...............

........................................................ .......

....... .......

...... .......

....... ......

....

� � � � � � �

�

�

�

� � � � � �

�

......

.....

....

....

.....

.......

.......

......

.......

.......

.......

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.......... .....

..........

......

......

......

......

......

......

......

......

......

......

......

......

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

................ ......

..... ......

..... ......

..... .........

.....

.....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

..... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... ......

.....

......

......

.....

......

......

......

......

.....

......

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

............ .....

......

......

......

.....

......

......

.....

......

......

.....

......

......

......

.....

.....

....

.....

....

.....

....

.....

.....

....

........

...........

...........

........... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... .. � �

�

� � � �

� � � �

� � � � � ......

....

....................................

............

...........

................. .....

.....................................................

.....

.....

.....

.....

............ ...........

......................................

...............

...... .....

.......................................................

..........

....... .....

............................................................

........

.............. ..........

......................................................

� � � � � � �

� � � � � � � � � � �

....

....

.........

...........

...........

...............................................................................................

.....

.....

.....

.....

................. .......

...... .......

....................

.........

........

........

................ ....

..... .....

....................................................

..........

...........................................................

........

........

.............. ..........

............ .........

......... .........

......... ......... ... � � � � � �

�

�

�

� � � � � �

� Lexera a

Program Execution Timea a a a a a a a a a a0 100 200 300 400 500 600 700 800 900a ............................................................................................................................................................................................................................................................................................................................................................................................................................................ � � � � � � � � � �

� � � � � � � � �

� � � � � � ........

............

...........

.........

...........

..........

...........

..........

...........

.............

.........

..........

.........

...........

..........

...........

........

...........

..........

..........

..........

...........

............

.........

..........

..........

...........

..........

...........

..........

..........

..........

..........

..........

..........

...........

..........

............

...........

...........

...........

........

.............

...........

......... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ....

..........

.....

......

......

.......

.....

.....

......

.....

......

......

.....

.....

......

.....

......

.....

.....

.....

......

......

.....

.......

......

......

.......

.....

.....

......

......

.....

......

.....

......

.......

......

......

......

......

......

.....

.....

.....

......

......

.....

.....

.....

.....

......

......

.....

......

.....

.......

......

.....

.....

......

.......

.....

.....

......

.....

......

.....

.....

.......

.......

......

......

......

.....

......

......

......

......

.....

......

.....

.....

......

.....

......

......

.....

.....

......

......

......

......

.....

......

.......

.....

.....

......

......

.......

.....

.....

......

......

.......

......

.....

.....

......

......

.....

.....

.....

.....

........

.....

......

......

......

.....

..... � � �

�

�

�

� � �

�

�

�

� �

�

�

�

� � �

�

�

�

� � �

�

�

�

� �

� � ....

.........

......

......

......

.......

.....

.....

......

......

.......

......

......

......

.......

.....

......

.....

.......

.......

.....

......

.......

.....

......

.....

.......

......

......

......

......

......

......

......

.......

......

......

.......

.......

......

.....

......

.......

......

......

.......

......

.....

......

.....

.......

......

......

.......

......

.....

.......

.....

.......

......

......

......

.......

......

......

......

.......

......

......

.......

......

......

......

.......

......

......

......

.......

......

.....

......

.......

.......

......

......

.......

......

......

.....

.......

......

......

......

.........

......

......

............ ....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... ... � � � �

� � � � � � �

� � � � � � � � � �

� � � � � � � � � � � ....

...........................

.....................

....................

.................

.....................

.................

....................

................

.....................

...................

.....................

...................

.....................

...................

...................

.................

....................

....................

....................

....................

...............

........................... .....

.... .....

.... .....

.... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .... .. � � � � � � � � � � � � � � � � � � � � � � � � � � �TermRe

writera a a a a a a a a a a a 0 10 20 30 40 50 60 70 80 Live

Data

(KB)a

....

.....

....

....

.....

....

....

.....

........

.....

.................

..........

..........

.........

......

.......... ..............

.......

............................................................................................................................................................................ ............................................

........................................................................................................... .....

..... .....

..... .....

..... .....

..... .....

..... ..... .. �

� � � � � � � � � � � � � � � � � ....

.....

....

....

.....

....

....

.....

.......

....

.....

....

.....

....

....

......

....

.....

....

......

....

.....

.....

....

......

....

.....

.....

.....

.....

....

.....

.....

.....

..... ............

....

.....

.....

.....

.....

.....

.....

....

......

.....

....

.....

.....

.....

.......

......

......

.....

.....

....

.....

.....

.....

....

.....

.....

.....

........ ..........

.....

.....

....

.....

....

.....

....

.....

......

.......

.......

.......

.......

......

.......

.......

.......

.......

.......

.........

.........

.........

.........

.........

.........

........

.........

.................. .....

.................

..........

.........

..........

..........

.........

..........

..........

...........

............

...........

...........

...........

...........

............

........ ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

.... �

� �

�

�

�

� �

�

� � �

�

�

� �

�

� �

....

.....

....

.....

....

.....

....

.....

....

.....

....

.....

....

.....

....

.....

....... .........

.....

....

....

.....

....

......

....

....

.....

....

....

.....

....

......

.....

......

....

.....

....

.....

.....

....

.....

....

.....

.....

....

.....

..... .....

.... .....

.... .....

.....

.....

.....

.....

.....

....

.....

.....

......

.....

....

.....

....

.....

.....

....

.....

....

.....

.....

....

.......... .....

..... ......

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

............. .....

..........

.....

.....

.....

.....

.....

.....

......

......

.......

......

......

.......

......

......

.......

......

......

.......

........

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

...... ....

..... .....

..........................

............

............

...........

............

............

..........

..........

.........

.........

.........

..........

.........

.........

................. .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... .....

..... ....

..... ....

..... ....

..... .....

.... .....

.... .....

.... ... � � �

�

� �

�

� � � �

� � �

�

�

� � ....

.....

....

....

.....

....

....

.....

........

.....

.....

............. ......

.....

.....

......... ..............

.........

.....

.....

............... ........

......

......

........... ...........................................................................................................................

................................ .....

............................................................................................................................................................ .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ..... �

� � � � � � � � � � � � � � � � � � � ....

.....

....

....

.....

....

....

.....

........

.....

.....

...........

.....

.....

.....

....... ....

.... ..............

.........

.....

.....

............... ........

......

......

........... ...........................................................................................................................

.................................. ...................................

...................................................................................................................... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ..... �

� � � � � � � � � � � � � � � � � �Sim

plea a a a a a a a a a0

2500

5000

7500

10000

12500

15000a .....

....

....

......

......

.....

..........

..............

..............

...............

..............

..............

...............

..............

...............

......

............

............

...........

............

............

............

................................................................................................ ....

..... ....

..... ....

..... .......

......

.......

..............

............................................................... .............

.............. ...........

.... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .... ... � � �

� �

� �

� � � � � � � ....

....

....

......

.....

......

.........

..............

..............

...............

..............

..............

...............

..............

..............

......

.............

............

............

...........

............

............

................................................................................................

....

.......

.....

......

...............

................................................................. ..............

............. ..........

..... ....

..... ....

..... ....

.... .....

.... .....

.... .....

.... .....

.... ....

..... ....

..... ....

..... ....

..... . � � �

� �

� � � � � � � � � ....

....

....

......

......

......

.........

..............

...............

..............

..............

...............

..............

..............

................

.....

............

............

............

...........

............

............

...............................................................................................

....

.......

......

.......

......

.....

.....

......

.....

............... ..........

......... .........

.............................................................. ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .....

.... . � � �

� �

� � � �

�

� � � � ....

....

.....

....

.....

....

.....

.....

.....

....

.....

.....

....

.....

....

.....

.....

....

.......

.......

........

........

........

........

........

........

........

........

........

........

........

........

........

........

........

.......

......

.......

.......

......

......

......

......

......

.......

.......

......

......

......

......

......

.......

............................................................ ...................................

....

....

......

.....

.....

.....

.....

.....

.....

......

....

.....

.....

.....

.....

.....

.....

.....

.......

.......

......

.......

.......

......

.......

.......

................................................ .......

.... ....

..... ....

..... ....

..... ....

..... ....

..... ....

..... .... �

� � � � � �

�

�

� � � � ....

....

....

......

......

......

..............

.............................

.............................

..............................

....................

..........

...............

..............

...............

...............

.......................................... .........................

........................ ...........

......

.....

......

..........

................................................................................ ..............

............. ......

.... .....

.... .....

.... .....

.... .....

.... .....

.... .....

.... .... � � � � �

� � � � � � � � � Figure 39: Live data measured for Life, Lexer, TermRewriter, and Simple. Execution

disciplines: normal (�), unoptimized (�), smld (�), smld-t (�), smld-t nolog (�). The

points of each pro�le are connected for graphical clarity; the connecting lines should not be

used for interpolation.

8.8 Space vs. Time

This section compares execution time and memory use for compilation disciplines including

smld-t, smld, normal compilation, and various hypothetical debuggers, under the scripts

described in Section 8.3. The measurements presented here, unlike those described in pre-

vious chapters, include the cost of queries and checkpoints.

Time and space cannot be measured independently. Like any garbage-collected system,

SML/N

J o�ers a tradeo� between execution time and memory use: increasing memory

decreases the frequency of collections and hence overall execution time. Moreover, since

smld-t adapts to the amount of memory available by varying the size of its checkpoint

cache, changing the memory limit may have other, complex e�ects on execution time.

Therefore, to compare performance under di�erent disciplines we measure execution time

over a range of memory sizes for each discipline, and compare overall space vs. time curves.

These curves typically show a clear \knee" at a particular memory size; at smaller

memory sizes, execution time increases sharply or the system halts due to lack of memory.

The memory size at the knee is a \natural" minimum for \comfortable" execution, although

in many cases the system can execute with less memory at a slower speed. Increasing

memory above the knee produces little bene�t under any of the measured disciplines. We

can compare knees to estimate the \extra" memory needed for the debugging disciplines.

Figures 40 through 46 show space vs. time curves for each benchmark and script under

a variety of disciplines. Each curve is constructed from a series of runs; in each run, total

system memory (including compiler and runtime data) was held constant and total elapsed

user+gc+system time for the script was recorded. The resulting (size,time) pair is plotted

as a single symbol. The lines connecting these symbols into curves are intended to improve

graphical clarity; they should not be used to interpolate intermediate values. Note that

the range of memory sizes shown (along the x-axis) varies from benchmark to benchmark;

labels indicate a subset of the values at which measurements were taken. Elapsed times

(along the y-axis) are shown on a logarithmic scale. Benchmark runs that didn’t complete

within one hour were aborted; we generously assume that they would have completed in

just over one hour and continue the curves accordingly, using a dashed line. Runs that

exceeded the available memory aborted; their symbols are shown above the graph at the

appropriate x-coordinate, and they are connected to the curve with a dotted line.

The checkpointing interval has a signi�cant e�ect on script execution time. The best

142 CHAPTER 8. SEQUENTIAL DEBUGGER PERFORMANCE Key

� smld-t best cp interval (128,000)

� smld-t standard cp interval (64,000)

� Normal optimized code

� Unoptimized code

� smld? smld-t pre-caching cp interval 128,000/ smld-t strict LRU cp interval 128,000. smld-t memoization o� cp interval 128,000p r o c ee da a a a a a a a

0.0 5.1 10.3 15.4 20.5 25.6 30.8

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a � � � � � �

� � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................

....................................................................................................................................................................................................................................................

........................................................................................................................................................................................................................................................� �

� � � � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . ... .....

...... ......

..... ......

................ .......................................................................................................................................................................................................................................................................................................................................................................................................................................................................................� � � � � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . .........

......... ...............

............................................................................... ......................................................................................................................................................................................................................................................................................................................................................................................�

� �

� � � � � � � � ......... ....

........ .....

...... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .......

....... .......

....... .......

...... .......

....... .......................................................................................................................................................................................................................................................................................................................................�

� �

� � � � � � � � .......... ... .........

....

...... .....

.... .....

..... .....

.... .....

..... .....

..... ....

..... .....

..... .....

.... .....

..... .....

..... ....

..... .....

..... .....

.... .....

..... .....

.... .....

..... .....

..... ....

..... .....

..... .....

.... .....

..... .....

..... ....

...... .......

....... .......

....... ......

....... .......

.........................................................................................................................................................................................................................................................................................................................................?

? ?

? ? ? ? ? ? ? ? ......... ....

........ .....

...... .....

.... .....

..... ..... ..

144 CHAPTE

R 8. SEQ

UE

NTIA

L

DE

BU

GGER PERF

ORMANCE Key

� smld-t best cp interval (256,000)

� smld-t standard cp interval (64,000)

� Normal optimized code

� Unoptimized code

� smld

? smld-t pre-caching cp interval 256,000

/ smld-t strict LRU cp interval 256,000

. smld-t memoization o� cp interval 256,000 proceeda a a a a a a a a

0.0 5.7 11.5 17.2 22.9 28.7 34.4 40.2

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � �

� � �

� � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ......................................................................................

............................................................................................................................................................................................................................................................................................................................................................................................... � � � � �

� � � � . . . . . . . . . . . . . . . . . . . . . . . . .............................................................................................................................................................................................................................................................................................................................................................................................................................................. � � � � � � � . . . . . . . . . . . . . . . . . . ........

................. .........................

......................................................................................... ........................................................................................

.............................................................................................................................. � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................................................................................................ � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ ? ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................... / / / / / / / . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................... . . . . . . .

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ...................................................................................................................................................................................................................................................

................................................................................................................ recede^{a a a a a a a a a}

0.0 5.7 11.5 17.2 22.9 28.7 34.4 40.2

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...................................................................

...............................................................................

.................................................................................................................................................................................................................................................................................................................................. � � � � � � � � � . . . . . . . . . . . . . . . . . . . . .............................................................................................................................................................................................................................................................................................................................................................................................................................................. � � � � � � � . . . . . . . . . . . . . . ....................

................................... ............................................

.................................................................. ..........................................................................

.......................................................................... ........................................ � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................... � � � � � � . . . . . . . . . . . . . . . . . . . . . . . ......................

.......................................... ......................................................................................................................................................................................................................................................... ? ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . .........................

....................................................................................................................................................................................................................................................................................................................................... / / / / / / / . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................... . . . . . . . ....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .....

..................................................................................................................................................................................................................................................................................................................................... .............................. tofroa a a a a a a a a

0.0 5.7 11.5 17.2 22.9 28.7 34.4 40.2

Memory Limit (MB)a a a a a a a a a a a a a

� � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . .........................................................

......................................................................

..................................................................................................................................................................................................................................................................................................................................................... � � � � � � � � � . . . . . . . . . . . . . . . . . . . . .............................................................................................................................................................................................................................................................................................................................................................................................................................................. � � � � � � � . . . . . . . . . . . . . . ...................

................................... ...........................................

.................................................................. ..........................................................................

......................................................................... ........................................... � � � � � � . . . . . . . . . . . . . . . . . . . . . . . ......................................................................................................................................................................................................................................................................................................................... � � � � � . . . . . . . . . . . . . . . . . . . . . . . . .......................................................................................................................................................................................................................................... ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . .......................................................................................................................................................................................................

.................................................................................................................. / / / / / / . . . . . . . . . . . . . . . . . . . . . . . ......................................................................................................................................................................................................................................................................................................................... . . . . . . . .....

..... .....

...... ......

...... .....

...... ......

..... ......

...... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

....... ......

...... ......

...... ......

...... ......

...... ......

...... ......

...... ......

...... ......

...... ......

............................................................................................................................................................................................................................................. Figure 42: Time vs. space forKnuth{Bendi x.

Key

� smld-t best cp interval (256,000)

� smld-t standard cp interval (64,000)

� Normal optimized code

� Unoptimized code

� smld

? smld-t pre-caching cp interval 256,000

/ smld-t strict LRU cp interval 256,000

. smld-t memoization o� cp interval 256,000 proceeda a a a a a a a a

0.0 15.4 30.8 46.1 61.5 76.9 92.3 107.7

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . .................................................................................................................................................................................................................................................................................................................................................................................................................................................................................... � � � � � � � � . . . . . . . . . . . . . . . . . . . . ....................................................................................................................................................................................................................................................................................................................................................................................................... � � � � � . . . . . . . . . . . . . . . . . . . . . .......................................................................................................................................................................................................................................... � � �

� � � � � . . . . . . . . . . . . . . . .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

........ .......

....... .......

....... ........

.............................................................................................................................................................................................................................................................................................................................. � � � � � � . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ ? ? ?

? ? ? ? ? . . . . . . . . . . . . . . ... .....

..... ......

..... .....

..... .....

...... .....

..... .....

..... .......

...... ......

...... ......

...... ......

...... ......

............................................................................................................................................................................................................................................................................................................................. / /

/

/ / / / / . . . . . . . . . . . . . . . . . .......

...... .......

....... ......

....... ......

........ ......

....... .......

...... .......

...... ......

............................................................................................................................................................................................................................................................................................................................ . .

. . . . . . . . . . . . . . . . . . . . . . . . ......

...... ......

...... ......

...... ......

...... ......

......................................................................................................................................................................................................................................................................................................................... recedea a a a a a a a a

0.0 15.4 30.8 46.1 61.5 76.9 92.3 107.7

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � � . . . . . . . . . . . . . . . . . . . .................................................................................................................................................................................................................................................................................................................................................................................................................................................................................... � � � � � � � � . . . . . . . . . . . . . ...................................................................................................................................................................................................................................................................................................................................................................................................... � � � � � . . . . . . . . . . . . . . .......................................................................................................................................................................................................................................... � � � � � � . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ � � � � � � . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ / / / / / / . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ . . . . . . . . . . . . . . . . . . . . ....

..... ....

..... .....

.... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..................................................................................................................................................... ........................................................................................................................................................................ tofroa a a a a a a a a

0.0 15.4 30.8 46.1 61.5 76.9 92.3 107.7

Memory Limit (MB)a a a a a a a a a a a a a

� � � � � � � � � � . . . . . . . . . . . . . . . . . . . .................................................................................................................................................................................................................................................................................................................................................................................................................................................................................... � � � � � � � � . . . . . . . . . . . . . ...................................................................................................................................................................................................................................................................................................................................................................................................... � � � � � . . . . . . . . . . . . . . .......................................................................................................................................................................................................................................... � � � � � � . . . . . . . . . . . . . . . . . . . . . ......................................................................................................................................................................................................................................................................................................................... � � � � � � . . . . . . . . . . . . . . . . . . . . . ......................................................................................................................................................................................................................................................................................................................... ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . ......................................................................................................................................................................................................................................................................................................................... / / / / / / . . . . . . . . . . . . . . . . . . . . . ......................................................................................................................................................................................................................................................................................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . ........................................................................................................................................................................................................................................................................................................................ Figure 43: Time vs. space for RedBlack.

Key

� smld-t best cp interval (16,000)

� smld-t standard cp interval (64,000)

� Normal optimized code

� Unoptimized code

� smld

? smld-t pre-caching cp interval 16,000

/ smld-t strict LRU cp interval 16,000

. smld-t memoization o� cp interval 16,000 proceeda a a a a a a a

0.0 2.6 5.1 7.7 10.3 12.8 15.4

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .......................................................................................

.............................................

.................................

.................................................

............................................................................

..................................................................

....................................................................................................

. � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...........................................

..............................................................................................

.............................................................................................................................

..................................................................................................................................................... � � �

� � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................

.................. � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .....................................................................................................................................................................................................................................................................

............ / / / / / . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. . . . . . .

................. ..................

.............. .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... .................................................................................................................................................................................................................................................................................. recedea a a a a a a a

0.0 2.6 5.1 7.7 10.3 12.8 15.4

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .......................................................................................

.............................................

.................................

.................................................

...........................................................................

....................................................................

.................................................................................................... � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...........................................

................................................................................................

............................................................................................................................

.................................................................................................................................................... � �

� � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................

................................................................................................

................................. � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................

............................. ............................

............................................................................................................................................................................................. ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .....................................................

............................................................................................................................................................................................................................. / / / / / . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. . . . . . .

.................... ....................

.......... .....

..... ....

..... .....

.... .....

..... ....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

.... .....

..... ....

..... .....

.... .....

..... ....

..... .....

.... .....

................................................................................................................................................................................................................................................................................... tofro^{a a a a a a a a}

0.0 2.6 5.1 7.7 10.3 12.8 15.4

Memory Limit (MB)a a a a a a a a a a a a a

� � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .....................................................................................

..........................................

...................................

............................................

............................................................................

...................................................................

.................................................................................................

........... � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..........................................

.....................................................................................................

............................................................................................................................

................................................................................................................................................ � �

� � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...............................................................................................................................................................................................................................................

................................................................................................

.............................. � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .................................................................................................................................................................................................................................................................................. ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .................................................................................................................................................................................................................................................................

................ / / / / / . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ................................................................................................................................................................................................................................................................................. . . . . . .

............................... ..................

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

.................................................................................................................................................................................................................................................................................. Figure 44: Time vs. space for Lexer.

Key

� smld-t best cp interval (8,000)

� smld-t standard cp interval (64,000)

� Normal optimized code

� Unoptimized code

� smld

? smld-t pre-caching cp interval 8,000

/ smld-t strict LRU cp interval 8,000

. smld-t memoization o� cp interval 8,000 proceeda a a a a a a a

0.0 3.1 6.1 9.2 12.2 15.3 18.3

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................

.....................................................................

....................................

....................................

.........................................

.................................................................................................................

...........................................

..................................................

........................................... � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .....

..... .....

..... .....

...... .....

..... ......

..... ......

..... ......

..... ..........................................................................................................................................................

.............

..............

......................................... ..................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..........................................................................................................................

.............................................................................................................................................................................................

...............................................

........ � � � � � � . . . . . . . . . . . . . . . . . . . . .. .....

..... ......

...... ......

...... ......

...... ......

..... ......

...... ......

...... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

........................................................................................................................................................................................ � � � � � � . . . . . . . . . . . . . . . . . . . . ..................................

................. ......

..... ......

..... ......

...... .....

...... .....

...... .....

...... .......

....... ........

........ ........

........ ........

....... ........

........ ........

........ ........

....... ................................................................................................ ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . .. .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ......

..... ......

...... .....

...... ......

..... ......

...... .....

...... ......

..... ........................................................................................................................................................................................ / / / / / / . . . . . . . . . . . . . . . . . . . . . . . . ...........................

....................... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .......................................................................................................................................................................................... . . . . . .

......... .........

......... .........

......... .........

......... .........

......... .........

......... ........

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .......

..... ......

..... ......

..... ......

..... ......

..... ......

..... ......

..... ........................................................................................................................................................................................ recede^{a a a a a a a a}

0.0 3.1 6.1 9.2 12.2 15.3 18.3

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...................

.....................

...............................................................................

....................................

......................................

.................................................................................................................

...........................................

................................................

.................................................

............ � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .....

...... .....

...... .....

..... ......

..... ......

..... ......

..... .....

...... ...................................................................................................................................................

.............

..............

.............

.................... ....................

..............................................................................................................................................

................................................ � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .............................................................................

.................................... .....................

........................................................................................................

.............................................

....................................

...................................

............ � �

� � � � . . . . . . . . . . . . . . . . . . . . . . ......

...... ......

...... .......

....... ......

....... .......

....... ......

..... ......

...... .....

...... ......

..... ......

..... ......

...... ..........................

............................. .............................

.................................................................................................... � �

�

� � � . . . . . . . . . . . . . . . . . . . . ........

........ ........

......... ........

......... ........

....... .......

....... .......

....... .......

....... ................................................

................................................................... ..............................................

......................... ? ?

? ? ? ? . . . . . . . . . . . . . . . . . . . . . . ....

...... ......

....... ......

...... ......

...... .......

...... ......

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

........................................................................................................................................................................................... / / / / / / . . . . . . . . . . . . . . . . . . . . . . . ..........

........... ...........

........... .........

..... .....

..... ......

..... .....

..... ......

..... .....

..... ......

..... .....

............... ............................

............................ .................................................................................................................... . . . . . . .......

....... ......

...... ......

...... ......

....... .......

....... ......

...... ......

...... ......

....... .......

....... ......

...... .....

...... ......

...... .....

...... ......

...... .....

...... ......

...... .......

...... .....

...... .....

...... ......

..... ......

..... ......

...... ..................

....................................... ................................................................................................................................. tofro_{a a a a a a a a}

0.0 3.1 6.1 9.2 12.2 15.3 18.3

Memory Limit (MB)a a a a a a a a a a a a a

� � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ....................

.....................

...............................................................................

....................................

.......................................

................................................................................................................

...........................................

................................................

.................................................

........... � � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .....

..... ......

..... .....

...... .....

...... .....

...... .....

..... ......

..... ......................................................................................................................................................

..............

.............

................................................ .......................................................................................................................................................................................

.......... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ....................................................................

............................................... .....................

.................................................................................................

..............................................

....................................

...................................

................ � �

� � � � . . . . . . . . . . . . . . . ............

............ ............

............ .......

...... .....

...... ......

...... ......

...... ......

...... ......

....... .....

...... .....

...... .....

...... .....

...... .....

...... .....

...... .....

...... .....

...... .....

...... ......

..... ......

..... ......

..... ............................................................................................... � � �

� �

� . . . . . . . . . . . . . . . ........

................ ................

.............. ..........

.......... ...........

.......... ........

..... ......

...... ......

...... .....

...... ......

...... ......

..... ......

...... ......

...... .....

...... ......

...... ......

...... ......

......... ..............

.............. ...............

.............. ..............

.............. ..... ? ? ? ? ? ? . . . . . . . . . . . . . . . ...........

............. .............

............ .....

..... .....

..... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

.... .....

..... .....

................. ............................................

............................................................................................................................. / /

/

/ / / . . . . . . . . . . . . . . . .......

....... .......

....... .......

...... .......

....... .........

....... ........

....... ........

....... ........

....... .....

...... ......

..... ......

...... .....

...... ......

..... ......

...... .....

...... ......

..... ......

...... .....

...... ......

..... ......

...... ............................................................................................... .

. . . . .

............... ................

................ ................

................ ................

.... .....

.... .....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

.... .....

..... .....

...................

..................

..................... .......

....... ......

....... .......

....... .......

....... .......

....... .......

...... .......

....... .......

............................................................................................. Figure 45: Time vs. space for UnionFind.

Key

� smld-t best cp interval (16,000)

� smld-t standard cp interval (64,000)

� Normal optimized code

� Unoptimized code

� smld

? smld-t pre-caching cp interval 16,000

/ smld-t strict LRU cp interval 16,000

. smld-t memoization o� cp interval 16,000 proceeda a a a a a a

0.0 2.6 5.1 7.7 10.3 12.8

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .........................................

.............................................................................

...................................................................................

.........................................................................................................................

.......................................................................................

............................. � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...................................................................................................................................................................................................................................................................................................................................................................

................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . .........................................

.................. .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..................................................................................................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . ...............................

........................... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .................................................................................................................................................................................................................................................................................. ? ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . . .......................................

................... .....

..... .....

.... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .................................................................................................................................................................................................................................................................................. / / / / / / / . . . . . . . . . . . . . . . . . . . . . . . . . ......................................

.................... .....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... .....

..... ..................................................................................................................................................................................................................................................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..............................................

............. .....

..... .....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... .................................................................................................................................................................................................................................................................................... recede_{a a a a a a a}

0.0 2.6 5.1 7.7 10.3 12.8

Memory Limit (MB)a a a a a a a a a a a secs

2 5 10 30 120 360 720 18003600a a

� � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..............................................

...............................................................................

......................................................................................

...........................................................................................................................

...................................................................................

...................... � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................

.......................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . ............................................

............... .....

..... .....

.... .....

..... .....

..... ....

..... ....

..... .....

..... .....

.... .....

..... .....

..... ....

..... .....

..... .....

.... .....

.... .................................

..................................................................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . ............................................

................ .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

.... .....

..... .....

................................................................................................................................................................................................................................................................................... ? ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . . . . . . . .............................................

.............. .....

..... ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .................................................................................................................................................................................................................................................................................. / / / / / / / . . . . . . . . . . . . . . . . . . . . . . . . ..............................................

............. .....

.... .....

.... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... ....

..... .....

..... ..................................................................................................................................................................................................................................................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . ...........

.............................................. .....

..... .....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

..... ....

..... .....

.... .....

..... .....

.... .....

..... .....

.... .....

.................................................................................................................................................................................................................................................................................... tofroa a a a a a a

0.0 2.6 5.1 7.7 10.3 12.8

Memory Limit (MB)a a a a a a a a a a a a a

� � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...............................................

................................................................................

.......................................................................................

...........................................................................................................................

...................................................................................

................... � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .......................................................................................................................................................................................................................................................................................................................................................

............................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................................................................................................................................................................................................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . ........................................

.................. .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .................................................................................................................................................................................................................................................................................... � � � � � � � . . . . . . . . . . . . . . . . . . ................................................

........... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ................................................................................................................................................................................................................................................................................... ? ? ? ? ? ? ? . . . . . . . . . . . . . . . . . . ....................................

...................... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

..... .....

..... ....

..... .....

................ ..................

................. ................................................................................................................................................................................................................................. / / / / / / / . . . . . . . . . . . . . . . . . . ...................................

....................... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ................................................................................................................................................................................................................................................................................... . . . . . . . . . . . . . . . . . . . . . . . . ........................................................

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ..................................................................................................................................................................................................................................................................................... Figure 46: Time vs. space for TermRewriter.

ML Threads is an extended version of Standard ML that supports concurrent computation.

This chapter describes how our instrumentation and time-travel techniques can be applied

to ML Threads, producing a debugger called smld-c. Smld-c works by adding debugging

instrumentation to user code and providing special debugger versions of ML Threads’ con-

currency primitives and data types. Smld-c is completely independent of the underlying

implementation of Threads, so it can be ported among implementations.

Smld-c supports the interactive debugging commands of Section 2.2.It also supports

reverse execution and replay of the entire concurrent program; forward and reverse execution

can be interleaved, as in smld-t.

The major challenges in the design of smld-c include dealing with non-deterministic

computations, de�ning a suitable temporal model, and e�ciently controlling a multi-threaded

computation without special implementation knowledge or privileges. This chapter de-

scribes our general approach to meeting these challenges; details of the implementation and

performance measurements appear in Chapter 10. 9.1

M

L Thre a ds

9

. 1.1 D e

� n i ti on ML Threads extends Standard ML with a library of concurrency primitives. This library,

initially developed at Carnegie Mellon University[32

], resembles C Threads [31] and the

threads facilities of Modula-2+ [18, 19] and Modula-3 [90], which are derived from Mesa [76]

and monitors [65]. Smld-c provides debugging support for an enhanced version of ML 151

152 CHAPTER 9. DEBUGGING ML THREADS

Threads, whose signature is given in Figure 47. The principle enhancements over the

library described by Cooper and Morrisett [32] are \safe" references and write-once arrays,

described in more detail below.

New threads are created dynamically by evaluatingfo r k f u n c t i on, which executes func-

tion in a new thread of control running in parallel with the parent thread. The thread

lives until it executese

x i t or until function returns. Threads are scheduled preemptively

on as many processors as are available; they can alsoyiel d a processor voluntarily. The

model provides no guarantees about the relative progress of concurrent threads. No assump-

tions are made about the granularity of parallelism in applications; the practical minimum

granularity depends on how e�ciently the thread primitives are implemented.

A thread inherits the environment of its parent, which typically consists of immutable

values that can be shared safely without synchronization. Threads can also communicate

via mutable shared memory using any ref cell or array in their common environment.

Message passing primitives can be implemented on top of this model. There is nojoi n

primitive; it can be synthesized out of shared variables if needed.

The user is expected to protect shared memory with mutexes, although this discipline

is enforced only partially by the model. Mutexes|mutual exclusion locks|are created dy-

namically bym

utex. Mutexes are acquired by ac quire and try_acquire. If the mutex is

already locked, acquire blocks until the mutex’s owner issues a release. Multiple out-

standing acquisition requests are granted in arbitrary order; there are no fairness guarantees.

If the mutex is free, try_acquire acquires it and returns true; otherwise, it immediately

returns false. The owner function returns true if the caller currently owns the mutex. If a

thread tries to release a mutex that it does not own, exceptionMutex is raised.

In many programs, synchronization can be organized by associating a mutex with each

shared-memory cell; a thread must hold the mutex to access the cell. ML Threads supports

this programming style with \safe" references, created by calling sref with the initial value

and associated mutex as arguments. Attempting to read (sget) or write (sset) a sref

without holding the associated mutex triggers a Mutex exception.

Since it can be awkward or ine�cient to associate a unique mutex statically with each

shared-memory cell, ordinary refs and arrays are also permitted in ML Threads pro-

grams.

However, their use is discouraged, both because it permits synchronization errors

and because it exposes the underlying hardware consistency model in an otherwise machine-

independent environment. For example, some machines maintain sequential consistency [75]

9.

1. ML THREADS

153s

ignatureThreads=

sigva l f or k

:

(unit

-

> unit) -> unit

val exit : unit ->’a

valyield : unit -> unit type

mutex

exception

Mutex

val mutex : unit -> mutex

val try_ac quire : mutex ->bool

val acquire : mutex -> unit

val release : mutex -> unit

val owner : mutex -> bool type ’a sref

val sref: ’1a

* mutex -> ’1a sref

val sget: ’a sref -> ’a

val sset: ’a sref -> ’a -> unit

val mutex_of_ref: ’a sref -> mutex type ’a sarray

val sarray: int * ’1a * mutex -> ’1a sarray

val ssub: ’a sarray * int -> ’a

val supdate : ’a sarray * int * ’a -> unit

val mutex_of_array: ’a sarray -> mutex type ’a woarray

exception

Empty

exception

Full

val woarray: int -> ’1a woarray

val wosub: ’a woarray * int -> ’a

val woupdate: ’a woarray * int * ’a -> unit type condition

val condition : mutex -> condition

val wait : condition -> unit

val signal : condition -> unit

val broadcast : condition -> unit type ’a var

exception

Undefined

val var : unit -> ’1a var

val vget : ’a var -> ’a

val vset : ’a var -> ’a -> unit

endF i g u r e 4

7 : M

L

T hre a d s pri mi ti ves.

154 C

H

A

P

T E

R 9

. DE

B

U

GG

I

NG M

L THREAD S in hardware at all times, whereasothers rely on user programs to use expli

cit synchroniza

-

tion primitives to enforce consistency where needed.

ML Threads also includes a\safe

" s a rra y data type; a single mutex is associated with

the entire sarray.If the individual array entries need separate locks, a vector(immutable

array) of sre

fs can be used. In addition, ML Threads supports shared arrays in which each

entry can be written at most once. These \write-once" arrays are created by callingw oarray

with an array size.All entries of a woarray are initially empty; entries are written with

wou

p da te and read with wosub.

Reading an empty entry triggers exceptionE mpty; writing

an already-written entry triggersFu

ll.

Use of write-once arrays is often combined with

barrier synchronization: threads cooperate to�ll a write-once array and then synchronize

to ensure that the array is ready to be used by the next phase of the computation.

Threads can arrange their own synchronization and scheduling using conditions, which

are created byco

nd ition.

Each condition has an associated mutex and typically corre-

sponds to some computable predicate on shared refs having the same associated mutex.

To block until some such predicate is true, a thread acquires the associated mutex and

evaluates the predicate; if the predicate is false, the thread invokes wait on the correspond-

ing condition. The semantics of wait are as follows: the calling thread atomically releases

the associated mutex and blocks until a signal occurs on the condition; it then reacquires

the associated mutex and returns. Treating the release and block operations as an atomic

unit prevents \lost wakeup" problems: if the operations were separate another thread could

obtain the mutex after the waiting thread released it, alter the value of the predicate, and

signal the condition before the waiting thread has a chance to block on it. signal normally

releases one thread blocked on the condition, but is allowed to release more. The broadcast

operation releases all threads blocked on the condition. Receipt of a signal is only a hint

that the mutex should be reacquired and the predicate retested.

An ML function can normally maintain private mutable data by de�ning local ref

variables, but in ML Threads, multiple threads can execute the same function concurrently,

implicitly sharing these refs.Data private to a thread is provided byp e r - t hrea d var ia b le s.

Creating a per-thread variable (usingvar) conceptually allocates a separate mutable cell

in each thread. All these cells are accessed by the same variable name (using vget and

vset), but the interpretation of the name depends on which thread performs the access;

each thread sees only its own cell. The type of a per-thread variable is �xed across all

threads, but the value of each thread’s cell is initially unde�ned; if a thread attempts to

9.

1. ML THREADS 155 vget from a var before it has vset that var, exceptionUndefined is raised.Per-thread

variables are useful for storing user-level thread identi�ers and other state information.

The callcc operator is valid in ML Threads. Continuations captured in one thread can

be invoked from another thread.S m l d - c makes signi�cant use of this feature to capture

and restore program state. The sequential ML signal mechanism also works under threads;

in particular, control can be transferred to a user-speci�ed handler when aC

T R L /C signal

occurs.

Since ML Threads relies heavily on communication via the mutable store, it is not a par-

ticularly idiomatic extension to ML.However, Threads can be used as the basis for a number

of \cleaner" higher-level communication mechanisms. As an example, Figure 48 shows a

ML Threads implementation of Multilisp-style \futures"[

6 0 ]. Evaluating the declaration val r= future fx starts a new thread to calculate f x in parallel with the current thread. The result of

this calculation is obtained by touch r, which blocks, if necessary, until the calculation is

complete; a result may be touched any number of times.1 The general-purpose function

with_mutex is provided in the standard ML Threads library. A typical use of futures

is illustrated in Figure 49, which serves as a running example for the remainder of this

chapter. Executing min_g(m

,n

) evaluates the function g:int

-

>int (not shown) on each

integer from m to n and returns the minimum value. The evaluation constructs a tree of

parallel computations. 9

. 1. 2

I m p l eme n t at i on ML Threads is implemented on uniprocessors and multiprocessors. The uniprocessor ver-

sion in implemented entirely within SML/

N J. It uses callcc to capture thread state [116];

management of blocked threads is based on queues of continuations. Timer interrupt signals

are used to preempt compute-bound threads [98]. An important feature of this implemen-

tation is that a permanently blocked thread e.g., a thread forked by a call to future whose

result is discarded, can be garbage collected. The uniprocessor implementation runs on all

current SML/NJ hardware platforms.

The multiprocessor version reimplements the uniprocessor code on top of machine-

independent extensions to the SML/NJ runtime system that include support for obtaininga 1

A m o r e com p le te impleme ntation of f u tu r e woul d handle exception s that occur during fx and forward

them to the touching threads.

156 CHAPTER 9. DEBUGGING ML THREADS fun with_mutex (m:mutex) (body:unit -> ’a) : ’a =

(* execute body while holding mutex *)

(acquire m;

let val result = body()

in release m;

result

end) abstype ’a future = FUTURE of ’a cell sref

and ’a cell =BU

S

Y of condition |

D

O NE of ’a

with

fun future (function:’a -> ’b) (arg:’a) : ’b future =

let val m = mutex()

val c = condition m

val f = sref (BUSY c,m)

fun w () =

let val result = DONE(function arg)

in with_mutex m (fn () => (sset f result; broadcast c))

end

in fork w;

FUTURE f

end

fun touch((FUTURE f):’b future) : ’b =

let fun touch’ () =

case sget f of

BUSY c => (wait c; touch’ ())

| DONE x => x

in with_mutex (mutex_of_ref f) touch’

end

end Figure 48: Implementing future in ML Threads.

fun min_g (m:int,n:int) : int =

if m = n then g m

else

let val b = future min_g ((m+n) div2 + 1, n)

val a = min_g (m, (m+n) div 2)

in min(a, touch b)

end Figure 49: Function mina g.

9.

2. TEMP

ORAL MODEL 157 and releasing physical processors, managing mutual exclusion locks with hardware support,

maintaining per-processor data regions, and performing garbage collection across proces-

sors. Prototypes incorporating this set of extensions are currently implemented for SiliconGraphics’ MIPS-based multiprocessors running Irix andOmron multiprocessors running

Mach.

The safe memory access features of ML Threads depart from earlier Threads systems,

whose design emphasized e�cient implementation [19,31]. For example, these systems

typically use a single bit for a mutex and do not record the mutex’s owning thread; thus,

they don’t even have enough information to determine if a thread attempts to release a

mutex it doesn’t own. ML Threads implements safe memory access checks at runtime.

Each mutex holds the (internal) thread id of its current owner, and each sref points to its

associated mutex. On each sref access, the system fetches the mutex pointer, fetches the

thread id of the mutex’s owner, and checks that it equals the current thread’s id; if not,Mutex is raised. Checking ownership is analogous to checking array bounds. It provides

extra safety at extra cost (two or three fetches and a compare) per access. In principle,

static analysis techniques can be used to elide some checks at compile time; for example,

in a straight-line sequence of accesses to an sref, only the �rst access requires a test.

Our current implementations do not perform such optimizations. Finally, checking can be

disabled. 9

.

2 T e m p o r a l

Mo delSmldt, the sequential replay debugger, provides a simple abstract model of program time

as a single line segment (see Section 5.1). This de�nition of program time has three key

properties. 1. Each event in the program execution has a unique corresponding program time, and

each legal program time corresponds to a unique event.2. Program times form a total order corresponding to the causal ordering of events.

3. Since only a bounded (though irregular) amount of computation can occur between

events, the di�erence between a pair of program times approximates the computational

e�ort required to execute from the earlier to the later time.

::tj�1 ::: : : :: t1 ::n i l ; t0

= t 0k :: t 0 k�1 :: : : : :: t 0 1 :: nil:

9. 2. T

E

M P

O R

A

L MODEL

1

5 9a s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s s

s

s

s

s

s

s

s

s

s

s

s

s

s

s0

510 1520

2530 35X X X X X X X X X X X X X X X X Xa s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s0 5 10 15 20 25 X X X X X X X X Xa s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s0 5 10 15 X X X X X X X X Xa s

s

s

s

s

s

s

s

s0 5t h r e a d 0 =

[

] thread

1 = [12] thread2

= [6] thread3 = [6,6]

� � �a a

[28]a a � � � �a a

[9,12]a a @

@

@ @Ia a

[8,6]a a

�a a

[5,6,6]a a f

o r k forkca

lc g

( 0 ) read g(1)calcm i nread min calc mine

x i t forkcalc

g(2) read g(3)calc minwrite minexit calc

g(1) write g(1) exit calc g(3)write g(3) exitF

i g u r e 50: For k tree for mina g

( 0 , 3 ) . Lo c a l time s are onl y illustrati ve and do not correspond

exactly

wit h the program text.Selected f-times are shownboxed. Selected events are

annotated.

1

60 C

HAPTER 9. DEB

U

GG

I

NG ML THREAD S

Then t< t 0(

)

8

> > ><

> > >:

j

� k

ti = t 0 i for 1 �i � j� 1

tj < t 0 jIn terms of the fork tree, t < t 0 implies that t lies on the path from t 0 to the tree root, and

thus certainly implies that t occurred before t 0 during execution. De

�ning a summing operator on the facets of a faceted timeS

(t j :: t j �1

:: : : : :: t 1 :: nil) = jX i=1 t i produces a single integers

u mm e d time (st ime) representing total computation e�ort on

the path from the root to the event, which approximates property3. Section 9.4 describes

how < and s-times can be used to manage checkpoints for re-execution.

F-times do not re ect synchronizations resulting from shared-memory operations, so

property2 does not hold. The partial order < is only a proper subset of Lamport’s

\hap-

pened before" relation [

74 ]

; we cannot deduce t < t 0 from the fact that t occurs before t 0 in

a particular execution, or even in eve r y execution, if this ordering results from synchroniza-

tion operations. Similarly, the s-time of an event measures computation e�ort only along

the path from the root to the event, neglecting e�ort in other threads on which events on

that path may depend.9

.

3 N o n

- d e te r m ini sm

ML Threads programs are non-deterministic: their behavior can depend on the order in

which threads perform synchronizing operations on shared objects. To obtain a complete

representation of the causality relationships among threads during a particular execution,

we add directed syn c hr oni z ation edges to the fork tree. The resulting execution dag is just a

Lamport-style \space-time diagram" and exactly represents his \happened before" relation

for an execution [74] (see Section 9.6.2).

In general, a synchronization edge is added from eventa to eventb if a and b lie

in di�erent threads, both threads access the same synchronization ob jectx, a accesses x

before b, and no other synchronization event accesses x after a and before b. Speci�cally,

we add an edge from every mutexr ele a se to the next ac q uire of that mutex; from every

mutex acquire to each subsequentr

y

_acquire that fails because of that acquisition and mld-cmustreproduce sy nc hron i z ation behavior on every re-e

xecution of the non-deterministic program

.

Moreover, smld-c must

guarantee repeatability for even for faulty programs; for example, it cannot rely on the

user’s adherence to mutual-exclusion protocols unless these are enforced by the language

itself. 9

. 3. 1

L o gg i ng The simplest way to obtain repeatability is to use an initial non-deterministic execution of

the program to build an execution dag, and then use the dag to control synchronization

order in subsequent deterministic re-executions.

If we are willing to replay the execution as

a whole, and do not require the ability to replay an individual thread in isolation, it su�ces

to record theo r d er of synchronization events; thev a l ue s read or written are correctlya 2

I f s m l d - c u n d e r s t ood futures , it cou ld log the synchroniz ation e�ect of this touch operationmore

e�ciently, since the initiala

c q u i r e {read{re lea se cycle does not a�ect programbehavior

.

16

4 CHAPTER 9. DEBUGGING ML THREADS logs are maintained on a per-thread basis, every thread created has an entry in the log

database, which is unfortunate since ML Threads implementations can ordinarily garbage

collect dead threads. However, thread history serves other useful purposes, e.g., checking

the validity of user-speci�ed f-times (see Section9.4). It would be possible to maintain logs

on a per-ob ject rather than per-thread basis; doing so would make it easier to collect dead

threads, but harder to collect dead ob jects. Moreover, per-ob ject logs would need to be

protected by mutexes during update, which might increase synchronization overheads [84,

pages 43{44].

Most parallel debuggers that support replay attempt to minimize\probe e�ects," i.e.,

the possibility that instrumenting for replay will eliminate timing-dependent errors or intro-

duce new ones. In smld-c, the delays of synchronization logging are insigni�cant compared

with the overhead of executing instrumented code in sequential sections. Therefore, we

have not tried to avoid probe e�ects in smld-c, and we do not expect the system to be

very useful for reproducing timing-dependent errors. In fact, smld-c records an initial

non-deterministic execution not because it is \realistic" but because it is a convenient and

e�cient way to get some legal execution. An alternative approach is discussed in Chap-

ter 11.

9.3.2

M a king Logs

S ma ll e r Since logging consumes space and time, it is important to minimize the number of shared

mutable ob jects that must be logged. ML Threads allows any mutable variable to be

shared among threads without any distinguishing declaration; moreover, because ML sup-

ports �rst-class functions, compile-time analysis to determine which mutable variables are

actually shared would tend to be conservative. However, mutable variables must be declared

explicitly in ML and typically constitute only a small fraction of all identi�ers. In this re-

spect, ML compares favorably with Lisp-based systems in which every ob ject is potentially

mutable [60, 61].

Logs can be made smaller by omitting \expected" cases. For example, smld-c’s logs

omit unsuccessful calls to tr y _ ac quir e or reacquisitions of a mutex by the same thread

that last owned it. It must be possible to detect \missing" log entries, which is done by

adding a local time stamp to each log entry.

Safe memory ob jects can be accessed only when their associated mutex is held, so mutex

acquisition order fully determines the access order for safe ob jects. Thus, if the order of

9.

4. GLOBAL STATES AND EXECUTION CONTROL 165 mutex acquisitions is logged, the order ofsre f and sarray accesses need not be. Use

of safe memory may reduce log requirements, since a single mutex acquisition can cover

multiple safe ob ject accesses. Amusingly, since mutex operations have no e�ect on the

synchronization semantics of unsafe ob jects, there is no point in logging these operations

unless safe memory is being used.

Write-once arrays can be logged e�ciently using a sparse log: only unsuccessful access

attempts, which raise exceptions, are recorded in the log. On replay, if a log entry is found,

the appropriate exception is raised. If there is no log entry, writes proceed immediately;

reads block on a condition until the entry is written by another thread. The condition can

be global to the array, local to each entry, or shared among multiple entries.9

.

166 C

H

A

P

T E

R 9

. DE

B

U

GG

I

NG M

L THREAD

Sa s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s s

s

s

s

s

s

s

s

s

s

s

s

s

s

s0

510 1520

2530 35X X X X X X X X X X X X X X X X Xa s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s0 5 10 15 20 25 X X X X X X X X Xa s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s0 5 10 15 X X X X X X X X Xa s

s

s

s

s

s

s

s

s0 5t h r e a d 0 =

[

] thread 1 = [12] thread2

= [6] thread3

= [6,6]

� � �a a

[28]a a � � � �a a

[9,12]a a @

@

@ @Ia a

[8,6]a a

�a a

[5,6,6]a a X X X X X X X X Xz

� � � � � � � � �9 � � � � � � � � � � � � � � � � � 9 � � � � � � � � � 9Aa �

�

�

�

�

�

�

�

�

�

�

�

�

�

� �a AB

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �a BC

P P P P P P P Pa C Figure 52: Sample global states and times for mina g(0,3). A = f[2

8

],[8,6],[0,6,6]g and C =

f[28],[2

4,6]g are consistent states; B = f[28],[9,12],[1

3,6],[5,6,6]g is not, since the source of

the synchronization edge from [13,12] to [24] is below B but the target is above B.

9.

4. GLOBAL STATES AND EXECUTION CONTROL 167 during forward execution; any number of breakpoints can be enabled. When an enabled

breakpoint is encountered by a thread, that thread is halted immediately. All other threads

are halted promptly but not immediately; however, threads cannot execute past a site with

an enabled breakpoint. When all threads have halted, query commands can be applied to

the local state of any thread or to the global state. By convention, terminated threads are

omitted from global states. Because threads not involved in triggering a breakpoint stop at

unpredictable points, repeated executions through a breakpoint may halt at di�erent global

times.

Smld-c could easily be extended to support breakpoints speci�c to some particular

thread or group of threads.Reversing execution to a breakpoint within a particular thread

would also be straightforward to implement, using a per-thread array of site times.However,

it is not clear how to de�ne reverse execution to a breakpoint if any thread is allowed to

trigger the breakpoint: if two threads execute events at the same site concurrently, which

one came\last

"

?

There are also user commands to \jump" to a speci�ed f-time t.If T < t, where T is the

current global time, smld-c executes all threads forward until t is encountered; otherwise,

smld-c resets the global state to an earlier global time T0 < t and re-executes until t is

encountered. To reset a global state, smld-c reverts the contents of the mutable store

and restarts each thread described in the state. Every thread must be re-executed even

if it is not part of the path from the program root to t, since execution along that path

may require synchronizing with other threads. As with location-based breakpoints, threads

other than the one containing t stop at unpredictable points, so the global time resulting

from a successful jump is unpredictable. In Figure 52, both A and C are possible global

times corresponding t oabreakpoi n t atf

-ti mea a [

2 8 ]a a .

Man

y t val ue s do notcorrespond to reachable local states.If t lieswithin a region of the

fork tree already explored by initial execution, reachability can be determined by checkingf

o r k entries in the synchronization logs; otherwise, t’s impossibility will be discovered when

all threads have terminated or deadlocked.S m l d - c could be extended to supportjumping

to a wholly or partially speci�ed global time; if the target were an inconsistent time, the

user program would deadlock attempting to reach it.A global time can contain many f-times that are irrelevant to the user. Smld-c maintains

a currentf

o c u s on a single thread, which is set and altered automatically. At a breakpoint,

the focus is set to the thread that triggered the break; if there is more than one, the focus

168 C

H

A

P

T E

R 9

. DE

B

U

GG

I

NG M

L THREAD S is left unchanged if possible. After a jump, the focus is set to the thread containing the

target f-time; a jump to an f-time already contained in the current global time can be used

to change focus without causing execution.To improve reverse execution performance,smld-c maintains a global checkpoint cache,

similar to that of smld-t.Checkpoints are taken periodically by halting all threads. A

checkpoint is a copy of the global state, including the continuation and synchronization log

of each live thread, and a description of the global store; the checkpoint is tagged with a

global time.

To reset to a particular target f-time t, smld-c re-installs a suitable checkpoint and re-

executes. Candidate checkpoints are those having global timesT

< t; the beginning of the

program, which has global time;, is always a candidate.For each candidate checkpointj

having global time Tj

= ft j1

; t j2 ; t j3 ;:::t jn g with associated entryij: t ji j < t, smld-c calculates S j =S

(t )

� S (t j

ij ), which gives a lower bound on the computation required to execute from

the checkpoint at T to the event at t. Smld-c reinstalls the checkpoint having the lowest

value of S j .Since S j measures computation only along the path from t to the root, this

choice may not be the best one. For example, consider the execution dag in Figure52, and

suppose that there are stored checkpoints with global times A and C and that the target

f-time isa a

[35]a a

.Under the above criterion, A and C look like equally good candidates for

reinstallation, since SA = SB =7. If we consider computation in other threads, however,

C is clearly the better checkpoint to reinstall, since the program cannot reacha a

[35]a a without

obtaining the result of the calculations in thread 2 .

Smld-c uses smld-t’s lazy time-travel techniques (Section 5.2) without modi�cation.

The reconstruction of event records may involve replay of multiple threads. Speculative

search (Section 5.3) is less useful in the Threads setting; it cannot be used to �nd global

times corresponding to predicates, since these times do not form a linear space suitable for

binary search. Speculative search could be used within a single thread, e.g., to �nd the

thread-speci�c breakpoints described above, but we have not implemented this technique.9

.

5 I m p l eme n t in g

C ontrol

The mechanics of stopping, starting, and reversing a distributed computation are compli-

cated because smld-c has no special privileges with respect to the concurrency model. An

ML Threads program has the same basic structure under the debugger as under normal

9.

5. IMPLEMENTING CONTROL 169 execution: each user thread runs as a distinct thread in the debugged version. The debugger

itself runs as a separate thread.

The fundamental debugger control operation is\stopping the world," i.e., halting all

user threads at a breakpoint or a checkpoint. Since there are no asynchronous signals or

alerts in ML Threads, the debugger thread has no way to interfere with a running user

thread. Instead, it de�nes a globalp l e a se S top ag and augments the instrumentation

code at user-thread events to test the ag periodically; if the ag is set, the instrumentation

code writes the thread’s continuation and other local state into a global location that can

be read by the debugger thread and exits.

This self-halting method doesn’t work for threads that are blocked on a mutex or con-

dition. Such threads need to be arti�cially unblocked long enough to stop themselves.But

a user thread blocked on a mutex will be unblocked only when the mutex is freed, and the

debugger thread cannot free mutexes it does not own. It might appear that this problem

could be solved by having each running thread free its own mutexes before it stops; threads

blocked on these mutexes would then be released, allowing them to notice pleaseStop and

stop, after freeingt h e i r mutexes to allow other blocked threads to proceed, and so forth.Having threads free their own mutexes before stopping would also permit the debugger

thread to copy the contents of the safe shared-memory cells associated with these mutexes

into a checkpoint. But this unwinding solution never reaches mutually deadlocked threads.

Such threads cannot a�ect the remainder of the computation, so they could be omitted

from checkpoints, but the mutexes they own need to be released so that smld-c can reset

the system to an earlier global time when these mutexes might have been held by other

threads.

Smld-c solves the blocked thread problem by preventing user threads from accessing

primitive mutexes directly. Instead, the debugger emulates mutexes using a data typeD m ute x with associated operations Dac qu ire, Drelease, etc.When user code is compiled

to run under the debugger, these emulation routines are automatically substituted for the

standard ML Threads primitives by linking with a special version of the ML Threads library.

Simpli�ed versions of the mutex emulation routines are shown in Figure 53; the actual

routines, which must also deal with support for time-keeping, breakpoints, logging, and

replay, are described in more detail in Section 10.6. The emulation code makes use of the

primitive ML Threads condition mechanism; it also uses primitive mutexes, but only as

spin locks to protect the �elds of the Dmutex record. When the emulation routines are in

170 CHAPTER 9. DEBUGGING ML THREADSv a l n o On e

:

t h rea d

Id (

* deb u gger internal data ty pe *)

valmy

ThreadId : threadId var (* id of current thread *) typespinloc

k

= mutex datatype

Dmutex =

DM

UT E

X of{slock : spinlock,

owner : threadId sref,

cond : condition } fun Dmutex() =

let val slock = mutex()

in DMUTEX{slock=slock,

owner=sref(noOne,slock),

cond=condition slock}

end fun Dacquire (DMUTEX{slock,owner,cond}) =

(acquire slock;

while (sget owner<

> noOne) do

guarded

Wait cond;

sset owner (vget myThreadId);

release slock) fun Drelease (DMUTEX{slock,owner,cond}) =

(acquire slock;

if (sget owner) = (vget myThreadId) then

(sset owner noOne;

signal cond;

release slock)

else

(release slock;

raise Mutex)) Figure 53:Debugger versions of mutex primitives.

9.

6. RELATEDWORK 173 inter-thread communications; to recreate the communicated values during replay, all threads

are re-executed simultaneously. This approach was introduced by Carver and Tai [25], who

describe how to reproduce the behavior of programs based on semaphores or monitors by

logging \SYN-sequences" of synchronization events. They use a single global log, which

serializes all synchronization operations during both recording and replay. For semaphore

systems, the log is an ordered list of processes that perform P operations. During replay, a

process delays each P operation until its process identi�er is encountered in the log; the delay

can be implemented by busy-waiting or blocking on a global condition semaphore. Monitor

systems can be handled by logging P operations on a global semaphore governing entry into

monitor bodies; alternatively, if the monitor mechanism supports condition variables, these

can be used to block and reschedule processes waiting their turn to enter the monitor on

replay. Use of one global log represents a bottleneck during recording and unnecessarily

serializes replay.

Mellor-Crummey and LeBlanc’s Instant Replay system [77, 84] records per-process logs

of synchronization events; the logs are organized into a fork tree just as in smld-c. To

avoid logging all shared-memory accesses, programs debugged under Instant Replay must

adhere to a suitable synchronization protocol. Both CREW and mutual-exclusion protocols

are supported; the former permits more e�cient replay because the order of concurrent

reads need not be reproduced. To log the CREW protocol, each shared ob ject maintains

a version number, incremented each time the ob ject is written, and a read count for the

current version. Log entries for reads record the version number; for writes, the version

number and read count of the previous version are recorded. For the mutual-exclusion

protocol, a version number incremented at each mutex acquisition su�ces.On replay,

logged synchronization operations are delayed until the current ob ject state matches the

recorded state.

Instant Replay emphasizes e�cient recording to minimize probe e�ects. Breakpointing

and trace commands are available only during replay. Performance experiments (using a

64-node BBN Butter y multiprocessor) indicate the importance of tuning logging protocols

to the communication style of a particular application; for example, recording overhead for aGaussian elimination program was reduced from 200% to 1% by adopting a special protocol.

Replay was less than 5% slower than recording on the two applications measured. Since

Butter y applications are typically con�gured with one process per processor, the replay

mechanism implements synchronization delays by busy-waiting, which introduces minimal

174 CHAPTER 9. DEBUGGING ML THREADS overhead.

Halstead andKranz’s MulTVision [61] is a recording and re-execution system sup-

porting debugging and performance visualization for Mul-T [73], an implementation of

Multilisp [60]. Like smld-c, MulTVision records all non-deterministic side-e�ects of a pro-

gram, and assumes that most programs are mostly functional and thus have small logs.

Unlike ML, Multilisp does not statically distinguish mutable from immutable cells; how-

ever, MulTVision dynamically distinguishes values written as side-e�ects by wrapping them

in special records, and logs only those reads that return such records.

MulTVision is implemented by modifying the compiled code for reads, writes, and touch

operations; it strives for minimal probe e�ect and performance impact during recording.

Multilisp performs implicit touches on all operands for strict operations, which allows a

programmer to wrap future around an expression without worrying about where the result

is used. In Mul-T, futures are marked using a special type tag; implicit touches check for this

tag in-line and transfer control to an out-of-line subroutine if a future is found. MulTVision

takes advantage of this check. Since a side-e�ecting write can a�ect program execution

only when the value written is used in a strict operation, logging read operations during

recording can be deferred until the value read is implicitly touched. Side-e�ect values have

the same type tag as futures, so the existing touch check detects them at no extra cost; only

the out-of-line subroutine needs to be modi�ed. Under this approach, the time to read an

immutable value is only doubled by logging, but true side-e�ects can slow down by a factor

of more than 100 when logged [61].

Side-e�ect values contain a version number; on replay, all versions of a side-e�ected

cell are simultaneously available, so all reads can proceed immediately and writes are not

needed. MulTVision reorganizes the log between recording and replay, so interleaving the

two modes is not practical.

An ideal logging method would cause no probe e�ect or performance degradation. In

support of this goal, Bacon and Goldstein [15] propose hardware assistance for logging

shared-memory interactions in a cache-coherent multiprocessor. Since any communication

between processors requires a bus transaction, non-deterministic behavior can be logged by

bus snooping and recording the processor number and hardware instruction counter at each

transaction. The log can be stored either as a total or partial order; the latter allows more

parallelism during replay but requires more complicated hardware to maintain multiple

queues of entries. The hardware has not been built.

9.6. RELATED WORK 175

9.6.2

Clo ck s andTi me Our basic model for describing time in a distributed system is due to Lamport [74]. Events

occurring in di�erent processes in a distributed system can a�ect one another only when

there is communication between them. Temporal order assumes that \earlier" events can

causally a�ect \later" ones, so temporal relationships in such systems should be represented

as a partial order on events. This \happened before" relation (!) is the smallest relation

satisfying three conditions: (1) ifa andb are events in the same process and a occurs before

b then a ! b; (2) if a is a message send by one process and b is the receipt of that message

by another process, then a ! b; (3) if a ! b and b !c, a ! c. Two events a and b are

concurrent if neither a ! b nor b ! a. Our de�nition of consistent states (see Section 9.4)

is equivalent to mutual concurrency under !. \Space-time diagrams," such as Figure 51,

can help visualize ! for a particular program execution.

Lamport describes a distributed algorithm for extending ! to a consistent total order-

ing using scalar-valued logical clocks at each node; however, this total order masks concur-

rency [74]. It is also possible to maintain a time system fully re ecting ! in a distributed

fashion [48, 55]. Times are represented as vectors with one entry for each process. Each

process maintains a current vector time and uses it to timestamp every message it sends;

the receiving process compares each entry in the message timestamp with the corresponding

entry in its current time, and resets the latter to the maximum of the two. Current times

can be used to timestamp arbitrary events and determine whether one \happened before"

the other: if evente occurs on processorp with timestamp [t1 ; t2 ; : : : ; tn ] and e0 occurs on p 0 with timestamp [t 0 1 ; t 0 2 ; : : : ; t 0 n ], then e ! e 0 if and only if tp < t 0 p . These timestamps can be

used to test for consistent states using the mutual concurrency criterion described above.

Goldberg, etal

. [55] propose a

replayfacility for di stri b uted messa ge

-passi ng systems that

usesvector times to maintain global consistencywhile allowing processes to be replayed

independently but in parallel.

Lamport-style scalar global times or vector times could be implemented for shared-

memory systems as well, e.g., by treating shared locations as virtual\processes."

However,

doing so would increase the overhead of shared-memory operations, especially in the case of

vector times, which would need to be written, read, and compared at each synchronization

event.Vector times would be particularly awkward to implement if the number of processes

varies. S

m l d - c ’s f-times are less expensive to maintain and provide a useful if limited

temporal ordering.

17 6 C

H

A

P

T E

R 9

. DE

B

U

GG

I

NG M

L THREAD S

Elapsed times can also be useful for understanding distributed system behavior.For

example, Mul

TVision

[61

] stamps log entries with elapsed times and speci�es replay targets

in the same way.Bug Net [3

5] logs use local elapsed-time stamps to achieve accurate replay

of processes handling real-time interrupts.9

. 6. 3

D e te ct i n g

R ace

C on dition s

Race conditions, or access anomalies, occur when two processes concurrently perform con- icting data accesses, i.e., they both access the same shared object and at least one of the

accesses is a write. Race conditions typically arise when programmers fail to use appropri-

ate synchronization primitives. Race-condition detection is important for several reasons.

First, a race condition ordinarily indicates a bug.Second, replay debuggers often rely

on correct use of synchronization primitives by the debugged program to keep log sizes

small [26, 27, 77,8

4] ; a program execution that fails to adhere to the synchronization pro-

tocol cannot be replayed accurately. Finally, recently proposed multiprocessor architectures

use weakly consistent memory models that rely on correct program synchronization to give

the illusion of sequential consistency [2, 3, 53].

E�cient detection of race conditions has been the sub ject of much research; Netzer [91]

provides an excellent summary and proposes a standard formalism and terminology for

the problem.

Detection can be performed for any single program execution by recording

a synchronization dag for the execution(as in Section 9.3), including read, write, and

synchronization events. The dag is then analyzed; a race is reported whenever a pair of data-

con icting events is concurrent under!.

Analysis can either be conducted postmortem on

an event log [3, 26, 27] or on-the- y during program execution [38, 39, 40, 101, 106]; on-the-

y methods typically store only part of the dag at any one time and report only a subset

of races. A variety of compact encodings have been proposed for on-the- y detection, but

the method remains expensive in time and space [39].

These detection methods operate on a single program execution, and ordinarily do not

provide information about other possible executions, although in some cases such infor-

mation can be deduced by omitting selected synchronization edges from the graph [40] or

using conservative approximations when analyzing array accesses [26, 27]. Moreover, in-

strumenting the program for detection can induce probe e�ects that hide data races. Thus,

even repeated execution with detection instrumentation in place provides no guarantee of

The implementation of smld-c is similar to that of smld-t, but substantially more complex.

Much of the debugger’s state information must be replicated in each thread, and distributed

mechanisms are required to stop threads at breakpoints and subsequently restart them. In

addition to the usual instrumentation, smld-c relies heavily on a special version of the ML

Threads library to implement logging and deterministic replay, and to permit the debugger

to control blocked threads. This chapter describes key features of the smld-c implementa-

tion and its performance under the multiprocessor ML Threads prototype system.1

0

.1

T h r e a d s

, Ti mes, and

L o gs Smld-c permanently associates at

h r e a d I n f o record with each logical user thread. This

record is created by the thread’s parent when the thread is forked and subsequently updated

by the thread itself. The record, shown in Figure 54, includes the identity of the thread’s

parent, the local time (within the parent) and corresponding s-time at which it was forked,

the furthest time and event to which it has been executed during this program invocation,

and a pointer to the beginning of each per-thread log.

Smld-c uses several time representations. Local times (lt i mes) are integers. Externally,

smld-c identi�es threads by the f-times at which they were forked (see Section 9.2); ftimes

are lists of ltimes. Since f-times are cumbersome for internal use, smld-c generates a

unique, unchanging reference to each threadInfo record, of type thread, to use as an 179

180 CHAPTER1

0. IMPLEMENTING CONCURRENT DEBUGGING t

y p e lt i me = int

(

* lo c al time *)

typeftime = ltime list (* f-time *)datatype itime =I

TI M

E of ltime*th read (* internalversion of f-time *) and threadC

ursors =

CU

R S ORS of{fork

: thread cursor,

synch: itime cursor,

create: ob ject cursor} and threadInfo =

THRE

A

DI N

FO of

{parent: thread,

forkTime: ltime, (* in parentwhen this thread was forked *)

cummForkTime: int, (* s-time when this thread was forked *)

max

KnownTime: ltime ref, (* highest time reached in thread *)

maxKnownEvRec: eventRecord ref, (* corresponding eventRecord *)

initialCursors: threadCursors} (* pointers to logs *)| NULLTHREADINFO and thread = THREAD of threadInfo ref val nullThread = THREAD(ref NULLTHREADINFO)

Figure 54: Time and thread data types in smld-c. Data type event

Re cord is de�ned in

Figure 55. Many of the data types described in this chapter are mutually recursive, so the

actual code must use a single dataty

pe declaration to de�ne them simultaneously; they are

presented in separate �gures here for clarity.

10.

2. INSTRUMENTATION 181 internal thread identi�er. Internal itimes are ltime*thread pairs; an itime pair can

be converted to an ftime by recursively consulting the parent and fork

Time �elds of

threadInfo records starting from the initial itime’s thread; the reverse conversion can

be made for legal ftimes by recursively consulting the record of forks executed by each

thread, starting from the root thread.

Each debugged user thread maintains three logs: af

o r k log listing the child threads

forked by this thread, as

y n c hroni z a tion log describing this thread’s synchronization depen-

dencies (see Section 10.6), and a creation log of all mutable ob jects generated by this thread

(see Section 10.5). Each log is an instance of a abstract log data type parameterized by log

entry type. Logs are accessed sequentially using cursors, also parameterized on entry type;

each cursor contains a mutable pointer into a particular log. A single log may be referenced

by multiple cursors. Log operations are speci�ed as operations on cursors; they include

read at current cursor pointer, append at current pointer (implicitly deleting later entries

in the log), and advance current pointer, which a�ects the cursor itself but not the log. To

support sparse logs, each log entry is tagged with the ltime at which it was appended. Sets

of cursors for the three per-thread logs are grouped together as the threadC ursors data

type. Function createThreadCursors creates a new set of logs and associated cursors;

function copyThreadCursors copies the pointers from an existing set of cursors into a new,

independent set.

10.2

Ins tr umentation

Smld-c’s instrumentation code, shown in Figure 55, combines characteristics of both smld

and smld-t. event is always executed in the context of a user thread; it accesses both global

and per-thread information. Since the current time, target time, and thread identi�er di�er

for each thread, they are de�ned as per-thread variables. By convention, the names of these

variables begin with my, to emphasize that each thread sees a di�erent copy of them. As

in smld-t, event records are generated lazily andbindin g �elds contain event times, but

these times are now itime pairs. As in smld, location-based breakpoints are supported

using a boolean array breakWanted, indexed by site number; this array is globally shared

among all threads, but user threads only read it. The debugger is invoked via break if the

current time matches the target time or if the relevant breakWanted entry is set. Smld-c’s

instrumentation placement algorithm is the same as for smld and smld-t (see Figure 9),

182 CHAPTER 10. IMPLEMENTING CONCURRENT DEBUGGING type siteNumber = int

type value

datatype eventRecord =

EVENT of {siteNumber: siteNumber,

binding: itime,

boundValues: value list}

(* global data *)

val breakWanted : bool array

val nullEvRec = EVENT{siteNumber= 0,

binding=(0,nullThread),

boundValues=nil}

(* per-thread data *)

val myCurrentTime : ltime var

val myTargetTime : ltime var

val myThread : thread var fun event(siteNumber,binding,boundValues) : itime =

let val newTime = vget myCurrentTime + and currThread = vget myThread

in vset myCurrentTime newTime;

if newTime = vget myTargetTime orelse

breakWanted sub siteNumber then

break(EVENT{siteNumber=siteNumber,

binding=binding,

boundValues=boundValues})

else ();

ITIME(newTime,currThread)

end Figure 55: Events in smld-c.

10.

3. THREAD STATE AND CONTROL 183 datatype threadState =

THREADSTATE of

{thread: thread,

time: ltime,

cursors: threadCursors, (* current pointers into logs *)

cont: unit cont, (* per-thread continuation *)

evRec: eventRecord} Figure 56: Thread state.

with the understanding that event_ n identi�ers are pairs rather than scalars. However,

the combination of per-thread variable accesses and use of pairs for times makes this code

run considerably slower than the equivalent instrumentation in the sequential debuggers. If

smld-c knows the internal representation of vars, it can in-line calls to vget and vset to

make event faster.

The event routine is also called directly from the debugger versions of the ML Threads

library functions at \pseudo-events" with arti�cial site numbers designated byF

OR Ksite,

E

XITsite, andS

Y NC Hsite (covering synchronization operations on mutexes and conditions).

10.3 ThreadState andControl

It would be most straightforward for smld-c to associate each logical thread in the user

program permanently with a single actual thread, i.e., an ordinary thread created by the

underlying ML Threads implementation. However, this association would be inconvenient

for supporting exible time travel. Instead, smld-c maps each logical thread in the user

program to a series of actual threads over the course of a debugging session.When initially

forked, a logical thread executes within a new actual thread. When the program halts at a

breakpoint or checkpoint, each actual thread records its current logical threadState (shown

in Figure 56) on a global currentThreads list and exits. Since threads are lightweight,

this is an e�cient process; most of the state is contained in a continuation that can be

captured using callcc. A global checkpoint of program state consists of the contents of

the currentThreads list and a copy of the contents of the mutable store (see Section 10.5).

To restart the computation from a given checkpoint, the debugger passes each state on the

currentThreads list to a newly forked thread, which restarts the computation described

by that state. The debugger itself is a permanent actual thread at the root of smld-c.

10.

3. THREAD

STATE AND CONTROL 187 fun break(evRec as {siteNumber,...}:eventRecord) : unit =

if (vget myCurrentTime = vget myLimitTime) orelse

break

Wanted sub siteNumber then (* at real breakpoint: stop everyone *)

(stopWorld();

callcc(stop evRec))

else if worldStopping() then (* global stop requested *)

callcc(stop evRec)

else setTargetTime() (* return to user program *) fun stop (evRec:eventRecord) (cont:unit cont) = (* stop myself *)

let val state = THREADSTATE

{thread = vget myThread,

time = vget myCurrentTime,

cursors = copyThreadCursors (vget myCursors),

cont = cont,

evRec = evRec}

in append state to currentThreads;

update maxKnownTime and maxKnownEvRec for myThread;

deregister ();

exit()

end Figure 59: Functions break and stop. Functions are executed in a user thread’s context.

188 CHAPTER 10. IMPLEMENTING CONCURRENT DEBUGGING structures, and exits.The code in Figures 57{59 invokes several housekeeping functions: initRuncount ini-

tializes the count of running threads, register and deregister add and remove the current

thread from a global list of running threads, and allThreadsStopped blocks until there are

no more running threads. The implementation of these functions is described in the next

section. 1

0

.

4 S t o pp i n g th e

Wor l d As described in Sections 9.5 and 10. 3, the debugger

\stops the world" at breakpoints or

checkpoints by having all threads periodically test a global predicate. Threads blocked on

a condition cannot perform the test, so they must be handled specially. A distributed algo-

rithm for implementing stopWorld in the presence of blocked threads is shown in Figures 60

and 61.Each running thread has a safe reference status, associated with a unique mutex,

that indicates whether the thread is RU

NN IN

G orBL

OC

K

E D on some condition. A thread has

access to its own status through the per-thread variable myStatus, and to the statuses of

other threads via the global list threadStatuses, guarded by a global mutex threadm. The

mutexes that guard thread status ags also serve as a distributed pleaseStop ag: if a

thread cannot obtain its own status’s mutex, a stop-the-world operation must be in progress.

This test is encapsulated byworldStopping. stopWorld can be invoked either from a user

thread, e.g., when it reaches a breakpoint, or via anM

L signal handler invoked when the

user types CTRL

/C.

It �rst acquires threadm, in order to freeze the threadStatuses list,

and then acquires all the mutexes of srefs on the threadStatuses list. It also sets the

global ag stw to prevent multiple simultaneous stop requests.

The housekeeping functions described in Section 10.3 manipulate the data associated

with threadm. initRuncount (n

:int

) is called from the debugger thread to initialize

runcount to n, threadStatuses to nil, and stw to false. allThreadsStopped waits on

allStoppedCond until runcount reaches 0. incRuncount is called from the debugger version

of fork(see Section 10.6) to increment runcount before a new thread is forked. register

creates a new status sref and mutex for the current thread, places it in myStatus, and

appends it to threadStatuses. To avoid a race condition in which a new thread registers

after another thread has initiated a stop request, register checks the stw ag; if it is set,

the new thread acquires its own status mutex, so that it will halt correctly the �rst time

10.

4. STOPPING THEWORLD 189 datatype status = RUNNIN

G |BLOCKED of condition weak

val myStatus: status sref var (* per-thread *)

(* global data *)

val threadm = mutex()

val threadStatuses : status sref list sref = sref(nil,threadm)

val runcount = sref(0,threadm)

val allStoppedCond = condition threadm (* signaled when runcount = 0 *)

val stw = sref(false,threadm) fun stopWorld () : unit = (* stop everyone else *)

let fun lockThreads (s::r,cacc) =

(acquire (mutex

_of_ref s);

case sget s of

RUNNING => lockThreads(r,cacc)

| BLOCKED wc => if target of wchas been garbage-col lected then

(sset runcount (sget runcount - 1);

lockThreads(r,cacc))

else

(wc points to some condition c;

lockThreads(r,c::cacc)))

| lockThreads (nil,cacc) = cacc

fun alertBlocked c =

let val cm = mutex_of_condition c

in acquire cm; (* see text *)

release cm;

broadcast c

end

in with_mutex threadm (fn () =>

if not (sget stw) then

(sset stw true;

let val conds = lockThreads(sget threadStatuses,nil)

in app alertBlocked conds;

if sget runcount = 0 then

broadcast allStoppedCond

else ()

end)

else ())

end fun worldStopping() : bool =

let val m = mutex_of_ref (vget myStatus)

in if not (try_acquire m) then

true

else (release m; false)

end Figure 60: Functions stopWorld and worldStopping. These functions are normally ex-

ecuted in a user thread’s context; stopWorld can also be invoked from smld-c’s CTRL/C

handler.

190 CHAPTER 10. IMPLEMENTING CONCURRENT DEBUGGING fun guardedWait cond evRec =

let val s = vget myStatus

val sm = mutex_of_ref s

val cm = mutex_of_condition cond (* we hold this *)

in if not (try_acquire sm) then (* stop-the-world in progress *)

(release cm;

callcc(stop evRec);

(* returned from stop-the-world *)

acquire cm)

else

(update maxKnownTime and maxKnownEvRec for myThread;

sset s (BLOCKED (weak cond));

release sm;

(* dangerous window here; see text *)

wait cond; (* atomically release cm and do the actual wait *)

(* we have been signaled and have reacquired cm *)

if not (try_acquire sm) then (* stop-the-world in progress *)

(release cm;

callcc(stop evRec);

(* returned from stop-the-world with status reset to RUNNING *)

acquire cm)

else (* we were signaled normally *)

(sset s RUNNING;

release sm))

end Figure 61: Function guardedWait. This function is executed in a user thread’s context.

it calls worldStopping. deregister decrements runcount and broadcasts on condition

allStoppedCond if it reaches 0.

In addition to testing for stop-the-world periodically during normal execution, user

threads must also use guardedWait, shown in Figure 61, to perform this check before and

after blocking on a condition. If no stop request is pending, guardedWait successfully

acquires the status mutex, changes the thread’s status to BLOCKED, and records a pointer to

the condition. If stopWorld encounters a BLOCKED status while acquiring status mutexes,

it broadcasts on the condition. Before broadcasting, stopWorld acquires the mutex for the

condition to ensure that any thread that is executing guardedWait and is going to perform

an actual wait has already done so.When signaled, the waiting thread retests its status

mutex and discovers that a stop is requested. Programmers often make threads block

permanently on a condition that will never be signaled, relying on the garbage collector

10.

5. TIME-TRA

VEL

FUNCTIONS AND CHECKPOINTING 191 funjumpTo (target:ftime) =

if target is not the f-time of some thread in current state then

let val bestCheckpoint = findPrevCheckpointInCache target

in resetState bestCheckpoint;

if target is not a current f-time then

(if target iswithin range ofknown times then

replayTo (FTIME target)

else

(replayTo INFINITY;

recordTo (FTIME target))

putInCache (getState()))

else ()

end

else () fun proceed () (* from current state until breakpoint reached *)

(replayTo INFINITY;

if no breakpoint reached then

recordTo INFINITY

else ();

putInCache(getState()))

Figure 62: Time-travel functions for smld-c. Functions are executed in the debugger

thread’s context.

to remove them; to avoid keeping such threads alive unnecessarily, the condition �eld in

BLOCKED holds a weak pointer. When stopWorld encounters an invalidated weak pointer,

it decrements runcount directly, since the blocked thread will never execute deregister.

The distributed representation of the pleaseStop ag guarantees that polling for a stop

request and waiting on a condition are local functions.However, thread fork and exit require

global synchronization, controlled by threadm, to update runcount and threadStatuses.

Thus, programs using �ne-grained parallelism may run disproportionately slower than

coarse-grained programs under smld-c.

10.5

Ti me

-Tra velF un ction s andChec kp ointing

Figure 62 shows the basic time-travel functions for smld-c; these functions are invoked by

the debugger in response to user commands.jumpTo attempts to reach a speci�c target

f-time, �rst resetting the global state to the best available checkpoint. A preliminary check

fun Dfork f =

let val thread =

case !userMode of

RECORD =>

let val newThread =

THREAD (ref (THREADINFO

{parent= vget myThread,

forkTime= vget myCurrentTime,

cummForkTime= (cummForkTime from myThread) +

(vget myCurrentTime),

knownTime= ref 0,

knownEvRec= ref nullEvRec,

initialCursors= createThreadCursors()}))

in append newThread to fork log in myCursors;

newThread

end

| REPLAY =>

let val oldThread = read thread from fork log in myCursors

in advance log;

oldThread

end

fun child() =

(setupState(thread,initial cursors from thread,0);

setTargetTime();

event(pseudo-event at FORKsite);

f();

Dexit())

in incRuncount();

fork child

end fun Dexit () =

(event(pseudo-event record at EXITsite);

update maxKnownTime and maxKnownEvRec for myThread;

deregister();

exit()) Figure 63: Functions Dfork and Dexit.

10.6. EMULATION OF THREADS PRIMITIVES 195 datatype Dmutex =

DMUTEX of {slock:mutex, (* spin lock for these data *)

locked:bool sref, (* state of mutex *)

owner:thread sref, (* current or previous *)

access:ltime sref, (* last release time *)

cond: condition} (* signaled on release *) fun Dmutex() : Dmutex =

let val slock = mutex()

val dm = DMUTEX{slock=slock,

locked=sref(false,slock),

owner=sref(nullThread,slock),

access=sref(0,slock),

cond=condition slock}

in append locked,owner,access to create log in myCursors;

dm

end Figure 64: Function Dmutex.

when recording or of owner and access when replaying) must be retested. In addition,

the code must cover the possibility of userMode changing during a guardedWait. Since the

predicate-testing code in do_acquire may be called an arbitrary number of times before the

acquisition succeeds, it must be idempotent; in particular, on replay the synchronization

log must not be advanced until the acquisition is assured.

The techniques shown here for mutexes extend to the other synchronization primitives.

In general, the synchronization log contains an entry for every operation that is the target

of a synchronization edge in the execution dag, representing the operation (in some other

thread) that is the source of of the edge (see Section 9.3). Where possible, sparse log

techniques are used for speci�c operations; for example, Dtry_acquire logs only successful

acquisitions.

Treating return from guardedWait as only a hint requires that the state of each syn-

chronization ob ject be made explicit so that it can be retested. To achieve this requirement

for conditions, smld-c represents each Dcondition by an integer counter protected by a

spin lock. Each time the condition is signaled, the counter is incremented. Before blocking

on the condition, a process remembers the value of the counter; when unblocked, the pro-

cess compares the current and remembered counter values to determine whether a signal

actually occurred.

fun Dacquire (dm as DMUTEX{slock,locked,owner,access,cond}) =

let val evRec = pseudo-event at SYNCHsite

fun set_owner () =

(sset locked true;

sset owner (vget myThread);

append locked, owner to thread’s list of updated refs)

fun do_acquire () =

case !userMode of

RECORD =>

if not(!locked) then

let val releaser = sget owner and releaseTime = sget access

in set_owner();

release slock;

append ITIME(releaseTime,releaser) to synch log in myCursors

end

else

(guardedWait cond evRec;

do_acquire() (* try again *))

| REPLAY =>

let val ITIME(releaseTime,releaser) =

read entry from synch log in myCursors

in if not (sget locked) andalso

releaser = sget owner andalso releaseTime = sget access then

(set_owner();

release slock;

advance synch log in myCursors)

else

(guardedWait cond evRec;

do_acquire() (* try again *))

end

in event evRec;

acquire slock;

do_acquire()

end fun Drelease (DMUTEX{slock,locked,owner,access,cond}) =

(acquire slock;

if (sget locked) andalso (sget owner = vget myThread) then

(sset locked false;

sset access (vget myCurrentTime);

release slock;

append locked, access to thread’s list of updated refs;

case !userMode of

RECORDING => signal cond (* alert one waiter *)

| REPLAYING => broadcast cond) (* alert all waiters *)

else

(release slock;

raise Mutex)) Figure 65: Functions Dacquire and Drelease.

10.

7. PERFORMANCE 197 10.7 Performance

This section describes preliminary performance results for a prototype implementation of

smld-c. The prototype lacks support for I/O logging and for several user commands,

including \skipping." We measure the overhead of controlled execution and compare the

speedup properties of normal and debugger execution.

Four programs were benchmarked with and without debugger instrumentation. AllPairs

solves the all-pairs shortest-paths problem on a directed linear graph of 100 nodes using a

parallel version of Floyd’s algorithm, originally written in Mul-T[89

]. Execution consists

of 100 phases separated by barrier synchronizations; every phase forks 100 threads, each

of which computes a woarray forming one row of the intermediate result matrix, itself a

woarray. MaxSpanTree �nds the minimum spanning tree of a fully connected 100-node

graph using a parallel version of Prim’s algorithm, also originally written in Mul-T [89].

The tree is built in 100 steps; at each step, the tree is augmented with the closest point not

yet in it, as determined by exhaustive parallel search. Tree nodes are implemented using safe

memory cells. MatMult multiplies two 100� 100 integer matrices, represented as vectors;

it forks one thread to compute each row of the result matrix, which is represented as a

woarray. Simple is a parallel version of the algorithm described in Chapter 8, run for one

step on a 30�30 grid. Each phase of the original algorithm is parallelized on a row-by-row

basis and produces a woarray; the phases are separated by barrier synchronizations.

Benchmarks were run on a 8-processor SiliconGraphics 4D/380S multiprocessor running

version 3.3 of the IRIX SystemV operating system. Each processor is a 40MHz MIPS

R3000 with a 64KB direct-mapped primary instruction cache, a 64KB direct-mapped write-

through primary data cache and a 1MB secondary snooping data cache. The processor also

supports specialized spin-lock hardware [103].

Benchmarks were conducted under SML/N

J version 0.70, which supports multipro-

cessing with ML primitives for obtaining processors from the operating system, accessing

hardware spin locks, and accessing per-processor data areas. Each processor allocates in a

separate region of memory. When a processor runs out of heap space it �rst attempts to

borrow memory from another processor’s region; if this fails, it halts all the other processors

and initiates a sequential garbage collection covering all regions. Benchmarks used a vari-

ant of the version 0.70 runtime system, modi�ed to allow precise control of heap size and

to support various monitoring functions. All benchmarks were run using 100MB of main

198 CHAPTER 10. IMPLEMENTING CONCURRENT DEBUGGING memory, except for Simple, which was given 200MB. Threads were scheduled from a global

FIFO ready queue. Thread execution was preempted by timer interrupts every 100ms. All

�gures are taken from benchmark runs having the minimum elapsed time over a sample of

at least three runs; in all cases, the benchmark was the only user process on the machine.

Only controlled execution overhead was measured. Each benchmark was executed from

beginning to end with no query operations or checkpoints. Figure 66 shows times for normal

execution, debugger recording, and debugger replay, for one to eight processors. The graphs

show both total elapsed time and elapsed user time, i.e., total elapsed time minus elapsed

time for sequential garbage collections; the two times roughly coincide for normal execution.

The basic overhead of debugging can be judged by comparing execution times on a

single processor. The comparison varies considerably among benchmarks. Elapsed times

for debug recording are 4{18 times slower than for normal execution, and debug replay

times are typically about 30% slower than recording, although they are almost the same for

MatMult. Omitting garbage-collection times improves relative debugger performance for

MaxSpanTree and AllPairs by 15{20%, but makes little di�erence for the other benchmarks,

at least in the single processor case.

Controlled debugger execution under smld-c is relatively slower than under smld-t (see

Section 8.5). We attribute this poor performance primarily to the greater cost of using vars

and maintaining times as pairs (see Section 10.2). The overhead of recording or replaying

fork and synchronization logs also degrades performance, but separate measurements (not

shown here) indicate that the cost of logging is small in comparison with the overall cost of

instrumentation. We have made no attempt to improve smld-c’s instrumentation speed,

except to in-line var accesses as described in Section 10.2.

Performance on multiple processors is disappointing even for the normal system. Fig-

ure 67 shows relative speedups for the di�erent disciplines. Each curve shows performance

of a given discipline relative to its own performance on a single processor,n ot relative to

the best sequential implementation. These curves indicate that the normal discipline is typ-

ically unable to gain any advantage from using more than 3 processors (except MatMult,

which can use up to 4).

The most obvious reason for poor speedup is the sequential garbage collector. However,

the dotted curves in Figure 67, which represent speedup for elapsed user times without

garbage-collection time, show that garbage collection is not the principal problem. An

.

. . .

. . .....

..... .....

..... .....

..... .....

.... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... ..........

.................... ...................

...................... ..................................

......................................................

....................

............................................. ....................

...................

......

......

......

......

......

......

......

......

......

......

......

......

......

................................................................/ / / / / / / / . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .�

� � � � � � � . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .

. . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . .

. . . . . . . . . . . . . . . . / / / / / /

/ /M a x S pa n

T r eea a a a a a a a a a 1

2

3

4

5

6

7

8

N

u m b e r o f Pro ce ssorsa a a a a a a a 0 5 10 15 20 25 30T

ime

(sec )a

................... ..................

................... .............................................................

.............................................................................................................................................................................................................................................................................................................................. � � � � � � � �

...... ......

...... ......

...... ......

..... ......

...... ......

...... .....

...... ......

..... .........

.............. ..............

.............. .............

...................................................................................................

.........................................................................................................

...............

................

...............

.............................

...................................

.... . .

. . . . . . .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

.......... ..............

............... ..............

.............. ......................

.......................

......................

.............

..............

.............

.............

............

.........

........

.........

........

.........

........

.........

..........

..............

..............

..............

...............

..................................... ........................

........

/ /

/ /

/

/ / / . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . / /

/ / /

/ / / MatM

u lta a a a a a a a a a

1 2 3 4 5 6 7 8a a a a a a a a a a 0 5 10 15 20 25 30 35 40a.......

...... .......

...... .......

...... .......

...... .......

...... .......

...... ..............

................. ................

................. ..........................................

............................................................................................................................................................................................................................................................................... � �

� � � � � � .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ......

...... ......

...... ......

....... .......

....... .......

...... .......

....... .......

.......... ...............

.............. ..............

.............. .....................................................................

...................................................................................................................................................................................... . . . . . . . . ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... ....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

.... .....

..... .....

...... ......

...... ......

...... ......

...... ......

...... ......

...... ......

...... ......

...... ..........

............. .............

............ .............

.......................... ........................................

................................................................................................................................................................................

............. / / /

/ / / / / . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . / / /

/ / / /

/ Si mplea a a a a a a a a a

1 2 3 4 5 6 7 8a a a a a a a a a a a a0 40 80 120 160 200 240 280 320 360 400 Time

(sec)a

...................................................... ............................................................................................................................................................................................................................................................................................................................................................................................ � � � � � � � �

......... .........

.......... ..........

......... ..........

.......... ....................

....................... ..................................................................................................................................................................................................................................................................................

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.... .

. . . . . . .

......... .........

......... .........

......... .........

.......... .............

................. .................

................. ...................................................................................................

.....................

.....................................................................

..........

........

.......

.......

.......

.......

.......

.......

.......

.......

.......

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

....

... /

/ / / / /

/ / . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � � � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . .

.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

/

/ / / / / / /Fi

gure 66: Thre a ds execu tio n times undervarious discip lines

. Total elapsed time (solid line)

and elapsed user time (dotted line) are shown for normal execution (�), debugger recording

(.), and debugger replay (/).

200

C

H

A

P

T E

R 1

0 . I

MP LEME

NTIN

G CONC

URRENT

DE

BUGGING

All

Pairsa a a a a a a a a a

1 2 3 4 5 6 7 8

Number of Processorsa a a a a a a a a 1 2 3 4 5 6 7 8a.........

.......

........

.......

.......

.......

........

.......

.......

.......

...........

.........

..........

..........

.........

..........

..........

..............................

....................................

...............................................

............................................................................................................................................... ........................................................ �

�

� � � � � � ..............

................

................

...............

....................

....................

...................

...............................................................

..................................................... .........................................

......................

.......................................................................................... .................................................

. . . . . . . .

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

..............

...................................................

................................................................................................................................................................................................................... ............

............. .............

....................................................................

/ / / / / / / /

. . . . . . . . . . . . . . . .

. . . .

. . . . . . . . . . . . . . . . . �

�

� � � � � � . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . .

.

. . . . . .

. . . . . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . . . / / / / / / / / MaxSpanTreea a a a a a a a a a

1 2 3 4 5 6 7 8

Number of Processorsa a a a a a a a a1 2 3 4 5 6 7 8RelativeSpeedupa .......

........

........

........

.......

........

........

.......

........

..............

.................

................

.................

............................................................................................................................................................................................................ ..................................................

....................................... ..................... �

� � � � � � �

................

................

.................

......................

..........................................

........................................................................................................................................................................................................................................ ....................................................................................

....... . . . . . . . . ...............

................

................

................

............................................................

................................................................................... ........................................................

......................................... ..................................................................................................................................... / / / / / / / / . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . �

� � � � � � �

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.

. . . . . . .

. . . . . . . .

. . . . . . . . . . . . . . . .

. . . . . . . . . . . /

/ / / / / / / MatMulta a a a a a a a a a

1 2 3 4 5 6 7 8a a a a a a a a a 1 2 3 4 5 6 7 8a........

.......

.......

.......

......

.......

.......

.......

.......

.......

......

.........

........

........

........

........

........

........

.........

........

.............

..............

.............

..............

.................

........................................

...............................................................................

............................................................................................................................. � �

�

� � � � �

.......

.......

........

.......

.......

.......

.......

.......

.......

.......

.........

..........

..........

..........

...........

..........

..........

..................

....................

.....................

..........................................................................

...................................................................................................................................................................................... .

.

. . . . . .

........

.......

.......

.......

........

.......

.......

........

.......

.......

...........

..........

...........

..........

..........

..........

...............

....................

....................

............................

........................................................................................................................................................................

............................................................ ........ /

/

/ / / / / / . . . . . . . . . . . . . . . . . . . . .

. . . . . .

. . . . . . . . . . � �

�

� � � � � . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . /

/

/ / / / / / Simplea a a a a a a a a a

1 2 3 4 5 6 7 8a a a a a a a a a1 2 3 4 5 6 7 8 Relative

Speedupa .........

........

........

........

.......

........

........

........

........

..............................

...............................

...................................................................................

...................................................................................................... ...................................

................................. ...................

.................... .................... .

�

� � � � � � �

.............

.............

.............

.............

..............

.....................

......................

............................................................................................................................................................................................................................................................................... ......

...... ......

...... ......

...... ......

....... ......

....... .......

...... ......

.

. . . . . . .

..................

..................

..................

......................

.........................

.........................

.................................................................................................. ...........................................

........................................................ ..............

............. ..............

............. .........

......... ........

........ ........

........ ........

........ .......

/ / / / / /

/

/ . . . . . . . . .

. . . .

. . . . . . .

. . . . . . . . . . . . . . . .

�

� � � � � � �

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.

. . . . . . .

. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . .

/

/ / / / / / / Figure 67: Relative speedup under varying disciplines. Ratios of total elapsed time (solid

line) and elapsed user time (dotted line) to single-processor times are shown for normal

execution (�), debugger recording (.) and debugger replay (/).

10.

7. PERFORMANCE 201 additional overhead caused by synchronizing for collections (not illustrated here) is mea-

surable, but also small.

The most important limitation on speedup may be SM

L

/N J

’s heavy allocation rate,

typically 7{10 MB/sec on a single processor. This rate is high because SML/NJ uses

the heap for all data, including function closures, which a conventional runtime system

would allocate on a stack. Most allocation writes miss in both primary and secondary

caches, requiring the processor to access main memory. Measurements indicate that, for

this hardware, the maximum achievable bandwidth between secondary cache and main

memory is 30 MB/sec. For our benchmarks, as the number of processors increases, total

rate of allocation by all processors peaks at roughly the point where speedup stops, at 17{

28 MB/sec. These�gures do not include cache misses on reads and writes to memory that

is already allocated, particularly shared memory, which also contribute to the load on the

main memory bus and could easily saturate it. Thus, it appears likely that this bus is the

primary system bottleneck, although we lack hardware support to test this conjecture.

If

s m l d - c succeeded in introducing no additional synchronization overhead, the de-

bugger disciplines might have the same speedup curves as normal execution. In fact, the

debugger’s curves are somewhat worse than the normal ones, but it is di�cult to deter-

mine whether this problem is due to increased synchronization overhead or to increased

main memory tra�c.Although the debugging disciplines allocate more slowly than normal

code, they might make more non-allocating memory references and thus saturate the main

memory bus sooner.

The memory bus bottleneck could be removed by improving the locality of SML/NJ’s

allocation strategy or by using a faster bus. To estimate the debugger’s speedup in such a

setting, we independently measured components of performance that can a�ect speedup, in-

cluding garbage-collection time, idle time, context-switching overhead, and lock contention.

The debugging disciplines maintain more live data than normal code, in the form of

emulation data structures and logs, so garbage collection takes longer. Since collections

are performed sequentially, longer collections reduce speedup; thus, the speedup curves for

the debugging disciplines improve slightly when garbage-collection time is disregarded, as

shown by the dotted curves in Figure 67. Note that the solid and dotted curves usually

coincide for normal execution, which, for these benchmarks, was too brief to require any

ma jor collections.

202 CHAPTER 10. IMPLEMENTING CONCURRENT DEBUGGING

Figure 68 shows the percentage of user time on all processors spent idling while wait-

ing for a runnable thread to be placed on the ready queue. For most benchmarks, this

percentage does not di�er much between normal and debugger execution; indeed, the de-

bugger disciplines often have more available work than the normal execution. MatMult is

the exception: debugging appears to disturb its even load balance.

Thread context switches occur when threads complete, are preempted by timer inter-

rupts, or block on a user-level mutex or condition.We measured the number of thread

context switches performed under each discipline; these numbers were too small to con-

tribute signi�cantly to execution time under any of the disciplines, so they are not shown.Overhead for obtaining user-level mutexes is primarily re ected in hardware spin-lock

contention time. Figure 69 shows the approximate percentage of non-idle user time on all

processors spent contending for spin locks. These percentages were obtained by counting

the number of spins required for each lock acquisition and multiplying by the time for a

single spin (about 1�sec). Only spin counts in excess of 100 were recorded, so the displayed

�gures underestimate contention time. Total times include contention for user-level mutex

structures and write-once arrays, and for the thread ready queue; the latter time is also

shown separately. For most benchmarks, contention time increases under the debugger dis-

ciplines; most of the increase is for accessing user-level structures. The increased contention

time indicates that the debugging disciplines do synchronize signi�cantly more often than

normal code.Contention in AllPairs and MaxSpanTree increases more than in Simple, and

much more than in MatMult. This pattern is consistent with the hypothesis that most of

the increased synchronization involves thet h r e a d m mutex (see Section 10.4), since AllPairs

and MaxSpanTree create 40 times more threads per second than Simple, and 240 times more

than MatMult. Thus, we might decrease synchronization overhead by further distributing

the thread registration mechanism, e.g., by keeping multiple threadStat u ses lists.

10.7. PERFORMANCE 203

AllPairsa a a a a a a a a a

1 2 3 4 5 6 7 8

Number of Processorsa a a a a a a a 0.00 0.050.100.150.200.250.30a.............

............

............

............

............

...........

..........

..........

..........

..........

..........

..........

........

.......

........

........

........

........

......

........

......................

.........................

....................

.............

.............

.............

..............

.............

............

...........

...........

...........

.................................................................. � �

�

� �

�

� � .......

.......

.......

......

.......

.......

......

.......

......

.......

.......

.........

..........

.........

.........

.........

..........

.........

...............

..............

...............

...............

.............. .........

......... .........

......... ........

......... ...........................

.....................

................................

........................................................................... ...................

........ . .

. .

. . . . .........

........

.........

.........

.........

.........

.........

........

.......

......

......

.......

......

.......

.......

......

.......

.......

......

........

.......

......

.......

.......

......

.......

.......

......

.......

.......

........................ ............

............ ............

...................

......

.......

.......

.......

.......

.......

.......

.......

.......

.......... .........

......... .........

......... .........

......... .................

................... ...................

........ /

/ / /

/

/

/ / MaxSpanTreea a a a a a a a a a

1 2 3 4 5 6 7 8

Number of Processorsa a a a a a a a

0.000.050.100.150.200.250.30

Idle

Ratioa ......

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

......

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

......

.....

.....

.....

.....

......

.....

.....

......

.....

.....

......

.....

......

.....

.....

......

.....

.....

.......

.......

......

......

.......

......

......

.......

.......

......

......

.......

......

.......

.......

......

......

.......

......

......

.......

......

......

.......

......

............ ........

......... ........

........ .........

........ ..........

.......... ..........

.......... ..........

.......... ..........

. � � � � � �

�

� .....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.......

.......

.......

......

.......

.......

......

.......

.......

......

.......

.......

......

.....

......

.....

......

.....

.....

......

.....

......

.....

......

.....

.....

......

.....

......

.....

............ ......

...... .....

...... ......

..... ......

...... ......

..... ......

...... ......

..... ...............

......

......

......

......

......

......

......

......

......

......

......

.................

............................................................. ........

........ ........

......... ........

........ ...... . . . . . . .

. .....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

......

.....

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

......

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.......................................................................... ........

......... ........

......... ........

......... .........

....... ........

....... ........

....... ........

....... ........

................................................................. / / / / /

/

/ / MatMulta a a a a a a a a a

1 2 3 4 5 6 7 8a a a a a a a a 0.000.050.100.150.200.250.30a................................................................................................

..............................................

............................................................

................................................................................ ................................................................................................................................... � � � � � � � � .........................

........................

................................................................ ............

.......

......

.......

.......

......

.......

.......

.......

.......

......

..........

..........

.........

.........

.........

..........

.........

........

......

......

......

......

......

......

......

.......

.......

.......

.......

............. .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .........

.........

.........

.........

.........

........

.........

..... . . . .

. . .

. ...........................

............................

...........

.......

........

.......

........

.......

........

.......

........

.......

......

......

......

......

.....

......

.....

......

.....

......

......

......

.....

......

.....

......... .........

......... .........

......... .........

......... ..............

........

.......

........

........

.......

........

........

....................

....................................................... ......

...... ......

...... ......

...... ......

...... ......

...... ......

...... ..... / /

/ /

/

/ / / Simplea a a a a a a a a a

1 2 3 4 5 6 7 8a a a a a a a a

0.000.050.100.150.200.250.30

Idle

Ratioa .....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

......

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.......

......

......

......

......

......

......

.....

......

......

......

.....

......

......

................ ......

..... ......

...... .....

...... ......

..... ......

...... .....

...... .....

...... .........

........... ..........

........... ...........

.......... .........

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

..... .....

.................................................

............. � � � � �

� � � .........................................

.....................

....

.....

....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

....

.....

.....

.....

.....

......

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.......................

........................

................................... .................

................ ...............

.............. .............

.............. ...............

.............. ...............

.............. ............... . . . . . .

. . ...........

...........

...........

..........

...........

..........

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

.....

.....

....

.....

.....

......

.....

....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

.....

.....

....

......

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.......... ......

..... .....

...... .....

...... ......

...... .....

...... ......

..... .....

...... .....

..............

........

........

........

........

........

........

........

........... .......

....... ........

....... .......

........ .......

........ ... /

/ / / / /

/

/ Figure 68: Ratio of idle time to total user processor time (elapsed user time times number

of processors) under normal execution (�), debugger recording (.) and debugger replay (/).

206 CHAPTER 11. CONCLUSIONS AND FUTUREWORK even if it were slower, it would remain an elegant way to gather checkpoint information

without requiring the debugger to understand the compiler’s back end. The portability of

the debugger would be improved further if the compiler provided an analogous mechanism

for capturing the current contents of the mutable store, perhaps as a byproduct of garbage

collection.

The debuggers reconstruct the dynamic types of polymorphic variables at runtime, using

a lazy mechanism for reconstructing instantiating substitutions for type variables. Dynamic

types are formally de�ned using the structural operational semantics style employed by the

ML de�nition. We are currently developing a formal proof of the soundness of this de�nition.

More e�cient methods for reconstructing types from minimal runtime information and for

integrating the reconstruction process more cleanly into the compiler are also sub jects for

further research.

Instrumented code is not quite standard ML because it violates the typing rules when

passing program values to the debugger. This kind of type violation seems inevitable when

writing \metaprograms" under ML-style polymorphism. Fortunately, the instrumented

code itself does not compute with values whose types have been coerced, so the program’s

type-safety is una�ected. Adding instrumentation should not alter the behavior (or, for

smld-c, the set of possible behaviors) of the program being debugged. Our debuggers

appear to meet this condition, but a formal demonstration of behavioral equivalence between

normal and instrumented programs would be useful, especially for smld-c.

Performance of the sequential debuggers is adequate.Execution speed under debugger

control is typically about three times slower than normal execution for smld-t and �ve times

slower for smld; these ratios are competitive with the ratios we estimate for hypothetical

machine-based debuggers and much lower than for interpretation. Debugger-controlled

execution generates more live data than normal execution. Smld can require an arbitrary

amount of additional live data in order to hold event records; smld-t avoids this problem

by generating event records on demand. On the other hand, smld-t requires an inde�nite

amount of space for logs and uses any available memory to hold checkpoints; however, it can

continue to operate at slower speed even when few checkpoints are cached. The benchmarks

we measured required three to eight times normal memory to run \comfortably" under

smld-t.

The most signi�cant drawback to using the debuggers for large programs is that the in-

crease in source-code size caused by instrumentation increases compilation times by roughly

207 a factor of �ve, and the SML/NJ compiler is already slow. It is possible to trade smaller

code size for increased execution time by not in-lining the instrumentation code at events.

A better long-term solution would be to speed up the compiler enough so that it compiles

even large instrumented programs quickly.

Smld-c is considerably less developed than the other debuggers, and many of its ideas

remain to be tested on practical applications. The fork-based temporal model may prove

to be too clumsy or too uninformative for practical use. A possible alternative would be to

use vector times (see Section 9.6.2), if we can �nd an e�cient way to compute them and a

compact way to specify them.

Performance of the smld-c prototype is less satisfactory than that of the sequential

debuggers. Preliminary measurements, taken before any signi�cant performance tuning,

indicate that debugger-controlled execution is an order of magnitude slower than normal

execution. The costs of synchronization logging are insigni�cant compared with the over-

all e�ect of instrumentation, so we cannot measure whether our strategies to minimize

log entries save time (although they do save space), or compare smld-c’s logging perfor-

mance with that of other systems. Indirect measurements indicate a substantial increase

in synchronization overhead under debugger execution, but ma jor improvements to the un-

derlying ML Threads implementation will be needed before the performance of smld-c can

be addressed in detail.

The log-based approach to replaying non-deterministic programs, which smld-c shares

with many other parallel debuggers, is clearly unsatisfactory. Synchronization logs can

quickly grow very large, and they must be kept for the duration of program execution even

for threads that do not otherwise appear in checkpoints; they need to be kept even longer

(and written into an external format) if the user wants to preserve a particular execution

sequence for debugging at a later time. Moreover, because of the intrusiveness of smld-c’s

instrumentation, debugged execution may fail to capture the faulty aspects of the program’s

synchronization behavior.

An alternative approach would be to make programs behave deterministically on their

initial run. One simple way to force determinism would be for the smld-c library to tag

each synchronization operation with the s-time of the current thread (see Section 9.2),

and to guarantee that operations on each mutable location are executed in tag order (an

ordering on thread identi�ers can be used to break ties). The execution could be made

more realistic by integrating an explicit scheduler into the library and adjusting the tag

208 CHAPTER 11. CONCLUSIONS AND FUTURE WORK times accordingly. By varying the scheduler’s parameters, the user could search for faulty

behavior under di�erent execution orderings. This approach would be a form of discrete

event simulation. To execute such a simulation on a multiprocessor, we could apply opti-

mistic distributed simulation techniques[50, 67], which would be particularly appropriate

for smld-c because they rely on reverse execution to undo execution when over-optimism

leads to a violation of the simulation’s ordering constraints. This kind of reverse execution

also requires synchronization logging, but old log entries can be discarded after a bounded

time. A simulation can be reproduced simply by remembering the values of its parameters.

The key question to be settled by experiment is whether the optimistic simulation approach

is e�cient enough to be practical.

All the debuggers should provide better support for modular programming. To sim-

plify debugging a large system, users typically assume that some \trusted" portions of the

system, e.g., library routines, are correct. They do not wish to see the internal details of

trusted functions or associated data structures. The debugger itself should take advantage

of trusted functions by instrumenting them minimally, and, in the case of an imperative

function, by logging only the total side-e�ect of the function rather than its internal, indi-

vidual side-e�ects. The implementation of futures in terms of ML Threads primitives (see

Figure 48) exempli�es both these motivations. The user wants to treatfuture and touch

as atomic functions; the debugger could avoid instrumenting their internals and could log

their synchronization e�ects atomically.

It would be straightforward to introduce a user mechanism for declaring speci�ed ab-

stract units such as absty pes or structures, or perhaps entire source �les, to be trusted.

This facility would be most useful if the status of a given unit could be switched dynami-

cally, but such a feature would prevent the debugger’s taking advantage of trusted status to

avoid instrumenting, unless the compiler were extended to support dynamic recompilation

of selected functions.

Higher-order functions introduce another complication: a trusted

library routine, such as map, may invoke a non-trustworthy user function that requires de-

bugging support, and it is not clear how much contextual information from the invoking

library routine may be needed to understand the user function’s behavior.

Developing a mechanism for programmers to specify the net side-e�ects of trustworthy

units is a harder problem, but it represents the key to making the debugger genuinely

extensible. One interesting application of extensibility would be to add support for other

concurrent extensions to ML, such as CML [99], by implementing debugger versions of the

209 primitive concurrency operations (callcc, processor control, spin-lock operations, etc.) and

using them to build debugging support for user-level concurrency operators.

The techniques applied to ML in this dissertation should also work for other languages.

Instrumentation is a suitable debugging method for any type-safe language, particularly

when the compiler makes signi�cant transformations of the source code. Time travel can

be implemented in any language, with an appropriate choice of checkpointing mechanism.

210 CHAPTER 11. CONCLUSIONS AND FUTURE WORK

BIBLIOGRAPHY 213

[26] J. Choi. Paral lel Program Debugging with Flowback Analysis. PhD thesis, University of

Wisconsin{Madison, Aug. 1989. Also Univ. of Wisconsin{Madison Computer Sciences

Tech. Report 871.

[27] J.-D. Choi, B. P. Miller, and R. H. B. Netzer. Techniques for debugging parallel

programs with owback analysis. ACM Transactions on Programming Languages

and Systems, 13(4):491{530, Oct. 1991.

[28] J.-D. Choi and J. M. Stone. Balancing runtime and replay costs in a trace-and-replay

system. In Proc. ACM/ONR Workshop on Paral lel and Distributed Debugging, pages

26{35, May 1991. Published as SIGPLAN Notices 26(12), Dec. 1991.

[29] W. Clinger and J. Rees. Revised4 report on the algorithmic language Scheme. LISP

Pointers, IV(3):1{55, July-Sep. 1991.

[30] Computer Science Division, Department of Electrical Engineering and Computer Sci-

ence, University of California, Berkeley, CA. dbx{ debugger(UNI

X User’s Manual ). [31] E. C. Cooper and R. P. Draves. C threads. Technical Report CMU-CS-88-154, School

of Computer Science, Carnegie Mellon University, Pittsburgh, PA, June 1988.

[32] E. C. Cooper and J. G. Morrisett. Adding threads to Standard ML. Technical

Report CMU-CS-90-186, School of Computer Science, Carnegie Mellon University,

Pittsburgh, PA, Dec. 1990.

[33] D. S. Coutant, S. Meloy, and M. Ruscetta. DOC: A practical approach to source-level

debugging of globally optimized code. In Proc. SIGPLAN ’88 Conference on Program-

ming Language Design and Implementation, pages 125{134, June 1988. Published as

SIGPLAN Notices, 23(7), July 1988.

[34] W. P. Crowley, C. P. Hendrickson, and T. E. Rudy. The SIMPLE code. Technical

Report UCID 17715, Lawrence Livermore Laboratory, Livermore, CA, Feb. 1978.

[35] R. Curtis and L. Wittie. BugNet: a debugging system for parallel programming envi-

ronments. In Proc.3rd International Conference on Distributed Computing Systems,

pages 394{399, Oct. 1982.

[36] L. Damas and R. Milner. Principal type-schemes for functional languages. In Proc.

Ninth Annual ACM Symposium on Principles of Programming Languages, pages 207{

212, Jan. 1982.

[37] A. Di Maio, S. Ceri, and S. C. Reghizzi. Execution monitoring and debugging tool

for Ada using relational algebra. In J. G. P. Barnes and J. Gerald A. Fisher, editors,

Ada in Use: Proceeding of the Ada International Conference 1985, pages 109{123.

Cambridge University Press, Cambridge, 1985.

[38] A. Dinning. Detecting Nondeterminism in Shared Memory Paral lel Programs. PhD

thesis, New York University, Nov. 1990. Also N.Y.U. Dept. of Computer Science Tech.

Report 526.

[39] A. Dinning and E. Schonberg. An empirical comparison of monitoring algorithms for

access anomaly detection. In Proc. 2nd ACM SIGPLAN Symposium on Principles& Practice of Paral lel Programming, pages 1{10, Mar. 1990. Published as SIGPLAN

Notices, 25(3), Mar. 1990.

[40] A. Dinning and E. Schonberg. Detecting access anomalies in programs with critical

sections. In Proc. ACM/ONR Workshop on Paral lel and Distributed Debugging, pages

85{96, May 1991. Published as SIGPLAN Notices 26(12), Dec. 1991.

[41] J. R. Driscoll, N. Sarnak, D. D. Sleator, and R. E. Tarjan. Making data structures

persistent. In Proc. 18th ACM Symposium on Theory of Computing, pages 109{121,

May 1986.

[42] B. Duba, R. Harper, and D. MacQueen. Typing �rst-class continuations in ML.

In Eighteenth Annual ACM Symp. on Principles of Programming Languages, pages

163{173, Jan. 1991.

[43] R. K. Dybvig, D. P. Friedman, and C. T. Haynes. Expansion-passing style: A general

macro mechanism. Lisp and Symbolic Computation, 1(1):53{75, June 1988.

[44] K. Ekanadham and Arvind. SIMPLE: An exercise in future scienti�c programming.

Technical Report Computation Structures Group Memo 273, MIT, Cambridge, MA,

July 1987. Also IBM/T.J. Watson Research Center Research Report 12686, Yorktown

Heights, NY.

[45] B. Ezzell. Using Turbo Debugger and Tools 2.0. Addison-Wesley, Reading, MA, 1991.

[46] S. I. Feldman and C. B. Brown. IGOR: A system for program debugging via reversible

execution. In Proc. ACM SIGPLAN/SIGOPS Workshop on Paral lel and Distributed

Debugging, pages 112{123, May 1988. Published as SIGPLAN Notices, 24(1), Jan.

1989.

[47] H. E. Ferguson and E. Berner. Debugging systems at the source language level.

Communications of the ACM, 6(8):430{432, Aug. 1963.

[48] C. J. Fidge. Partial orders for parallel debugging. In Proc. ACM SIGPLAN/SIGOPS

Workshop on Paral lel and Distributed Debugging, pages 183{194, May 1988. Published

as SIGPLAN Notices, 24(1), Jan. 1989.

[49] D. P. Friedman and M. Wand. Rei�cation: Re ection without metaphysics. In Proc.

1984 ACM Conference on Lisp and Functional Programming, pages 348{355, Aug.

1984.

[50] R. M. Fujimoto. Parallel discrete event simulation. Communications of the ACM,

33(10):30{53, Oct. 1990.

[51] R. S. Gaines. The Debugging of Computer Programs. PhD thesis, Princeton University,

Aug. 1969.

[52] J. Gait. A debugger for concurrent programs. Software|Practice and Experience,

15(6):539{554, June 1985.

[53] K. Gharachorloo, D. Lenoski, J. Laudon, P. Gibbons, A. Gupta, and J. Hennessy.

Memory consistency and event ordering in scalable shared-memory multiprocessors.

In Proc. 17th Annual International Symposium on Computer Architecture, pages 15{

26, May 1990.

[54] A. Goldberg and D. Robson. Smal ltalk-80: The Language and Its Implementation.

Addison{Wesley, Reading, MA, 1983.

[55] A. P. Goldberg, A. Gopal, A. Lowry, and R. Strom. Restoring consistent global

states of distributed computations. In Proc. ACM/ONR Workshop on Paral lel and

Distributed Debugging, pages 144{154, May 1991. Published as SIGPLAN Notices

26(12), Dec. 1991.

[56] B. Goldberg. Tag-free garbage collection for strongly typed programming languages.

In Proc. SIGPLAN ’91 Conference on Programming Language Design and Implemen-

tation, pages 165{176, June 1991. Published as SIGPLAN Notices 26(6), June 1991.

[57] G. S. Goldszmidt, S. Katz, and S. Yemini. Interactive blackbox debugging for con-

current languages. In Proc. ACM SIGPLAN/SIGOPS Workshop on Paral lel and

Distributed Debugging, pages 271{282, May 1988. Published as SIGPLAN Notices,

24(1), Jan. 1989.

[58] R. Grishman. The debugging system AIDS. In Proceedings AFIPS 1970 Spring Joint

Computer Conference, volume 36, pages 59{64, Montvale, NJ, May 1970. AFIPS

Press.

[59] R. E. Griswold. A portable diagnostic facility for SNOBOL4. Software|Practice and

Experience, 5(1):93{104, Jan.{Mar. 1975.

[60] R. H. Halstead, Jr. Multilisp: A language for concurrent symbolic computation. ACM

Transactions on Programming Languages and Systems, 7(4):501{538, Oct. 1985.

[61] R. H. Halstead, Jr. and D. A. Kranz. A replay mechanism for mostly functional

parallel programs. Technical Report CRL 90/6, DEC Cambridge Research Lab, Nov.

1990.

[62] D. R. Hanson. Event associations in SNOBOL4 for program debugging. Software|

Practice and Experience, 8(2):115{129, Mar. 1978.

[63] C. T. Haynes and D. P. Friedman. Engines build process abstractions. In Proc. 1984

ACM Conference on Lisp and Functional Programming, pages 18{24, Aug. 1984.

[64] J. L. Hennessy. Symbolic debugging of optimized code. ACM Transactions on Pro-

gramming Languages and Systems, 4(3):323{344, July 1982.

[65] C. A. R. Hoare. Monitors: An operating system structuring concept. Comm. ACM,

17(10):549{557, Oct. 1974.

[66] P. Hudak and P. Wadler. Report on the programming language Haskell: A non-strict,

purely functional language, Version 1.0. Technical Report YALEU/DCS/RR-777,

Yale University, Dept. of Computer Science, Apr. 1990.

[67] D. R. Je�erson. Virtual time. ACM Transactions on Programming Languages and

Systems, 7(3):404{425, July 1985.

[68] G. F. Johnson and D. Duggan. Stores and partial continuations as �rst-class ob jects

in a language and environment. In Proc. 15th ACM SIGACT-SIGPLAN Symposium

on Principles of Programming Languages, pages 158{168, Jan. 1988.

[69] M. S. Johnson, editor. Proc. ACM SIGSOFT/SIGPLAN Software Engineering Sym-

posium on High-Level Debugging, Paci�c Grove, CA, Mar. 1983. Published as SIG-

PLAN Notices, 18(8), Aug. 1983.

[70] S. N. Kamin. Programming Languages: An Interpreter-Based Approach. Addison-

Wesley, Reading, MA, 1990.

[71] S. Kaufer, R. Lopez, and S. Pratap. Saber-C: An interpreter-based programming

environment for the C language. In Proc. Summer ’88 USENIX Conference, pages

161{172, June 1988.

[72] A. Kishon, P. Hudak, and C. Consel. Monitoring semantics: A formal framework

for specifying, implementing, and reasoning about execution monitors. In Proc. SIG-

PLAN ’91 Conference on Programming Language Design and Implementation, pages

338{352, June 1991. Published as SIGPLAN Notices, 26(6), June 1991.

[73] D. A. Kranz, R. H. Halstead, Jr., and E. Mohr. Mul-T: a high-performance parallel

Lisp. In Proc. SIGPLAN ’89 Conference on Programming Language Design and Im-

plementation, pages 81{90, June 1989. Published as SIGPLAN Notices, 24(7), July

1989.

[74] L. Lamport. Time, clocks, and the ordering of events in a distributed system. Com-

munications of the ACM, 21(7):558{565, July 1978.

[75] L. Lamport. How to make a multiprocessor computer that correctly executes multi-

process programs. IEEE Transactions on Computers, C-28(9):690{691, Sept. 1979.

[76] B. W. Lampson and D. D. Redell. Experience with processes and monitors in Mesa.

Communications of the ACM, 23(2):105{117, Feb. 1980.

[77] T. LeBlanc and J. Mellor-Crummey. Debugging parallel programs with Instant Re-

play. IEEE Transactions on Computers, 36(4):471{482, Apr. 1987.

[78] C. H. LeDoux and J. D. Stott Parker. Saving traces for Ada debugging. In J. G. P.

Barnes and J. Gerald A. Fisher, editors, Ada in Use: Proceeding of the Ada Inter-

national Conference 1985, pages 97{108. Cambridge University Press, Cambridge,

1985.

[79] G. B. Leeman, Jr. A formal approach to undo operations in programming languages.

ACM Transactions on Programming Languages and Systems, 8(1):50{87, Jan. 1986.

[80] P. Maes. Concepts and experiments in computational re ection. In Proc. 1987 Conf.

on Object-Oriented Programming Systems, Languages, and Applications, pages 147{

155, Oct. 1987.

[81] A. D. Malony and D. A. Reed. Models for performance perturbation analysis. In Proc.

ACM/ONR Workshop on Paral lel and Distributed Debugging, pages 15{25, May 1991.

Published as SIGPLAN Notices 26(12), Dec. 1991.

[82] C. E. McDowell and D. P. Helmbold. Debugging concurrent programs. ACM Com-

puting Surveys, 21(4):593{622, Dec. 1989.

[83] J. Mellor-Crummey and T. LeBlanc. A software instruction counter. In Proceedings

Third International Conference on Architectural Support for Programming Languages

and Operating Systems, pages 78{86, Apr. 1989. Published as Computer Architecture

News 17(2), Apr. 1989.

[84] J. M. Mellor-Crummey. Debugging and Analysis of Large-Scale Paral lel Programs.

PhD thesis, University of Rochester, Sept. 1989. Also Univ. of Rochester Computer

Science Tech. Report 312.

[85] B. P. Miller and T. J. Leblanc, editors. Proc. ACM SIGPLAN/SIGOPS Workshop

on Paral lel and Distributed Debugging, May 1988. Published as SIGPLAN Notices,

24(1), Jan. 1989.

[86] B. P. Miller and C. McDowell, editors. Proc. ACM/ONR Workshop on Paral lel and

Distributed Computing, May 1991. Published as SIGPLAN Notices 26(12), Dec. 1991.

[87] R. Milner and M. Tofte. Commentary on Standard ML. MIT Press, Cambridge, MA,

1990.

[88] R. Milner, M. Tofte, and R. Harper. The De�nition of Standard ML. MIT Press,

Cambridge, MA, 1990.

[89] E. Mohr. Dynamic Partitioning of Paral lel Lisp Programs. PhD thesis, Yale Univer-

sity, Aug. 1991.

[90] G. Nelson, editor. Systems Programming with Modula-3. Prentice Hall, Englewood

Cli�s, NJ, 1991.

[91] R. H. B. Netzer. Race Condition Detection for Debugging Shared-Memory Paral lel

Programs. PhD thesis, University of Wisconsin{Madison, Aug. 1991. Also Univ. of

Wisconsin{Madison Computer Sciences Dept. Tech. Report 1039.

[92] J. T. O’Donnell and C. V. Hall. Debugging in applicative languages. Lisp and Symbolic

Computation, 1(2):113{145, Sept. 1988.

[93] J. L. Ophel. AIMLESS: A Programming Environment for ML. PhD thesis, The

Australian National University, Jan. 1991.

[94] D.Z. Pan and M. A. Linton. Supporting reverse execution of parallel debuggers.

In Proc. ACM SIGPLAN/SIGOPS Workshop on Paral lel and Distributed Debugging,

pages 124{129, May 1988. Published as SIGPLAN Notices, 24(1), Jan. 1989.

[95] L. C. Paulson. ML for the Working Programmer. Cambridge University Press, Cam-

bridge, 1991.

[96] Pro jet Formel, INRIA-ENS. CAML Reference Manual (Version 2.3), June 1987.