Lifetime-based Garbage Collector for LISP Systems on General-Purp ose Computers atric G. Sobalv arro Submitted in artial ul�llmen of the Requiremen ts of the Degree of Bac helor of Science in Electrical Engineering and Computer Science at the Massac usetts Institute of ec hnology Septem er 1988 Cop yrigh 1988 atric G. Sobalv arro The author hereb gran ts to M.I.T. ermission to repro duce and to distribute copies of this thesis in whole or in part. Author Departmen of Electrical Engineering and Computer Science ebruary 1, 1988 Certi�ed Rob ert H. Halstead, Jr. Asso ciate Professor Departmen of Electrical Engineering and Computer Science Thesis Sup ervisor Accepted Leonard A. Gould Chairman, Departmen Committee on Undergraduate Theses

Lifetime-based Garbage Collector for LISP Systems on General-Purp ose Computers atric G. Sobalv arro Submitted in artial ul�llmen of the Requiremen ts of the Degree of Bac helor of Science in Electrical Engineering and Computer Science at the Massac usetts Institute of ec hnology Abstract Garbage collector erformance in LISP systems on custom hardw are has een substan tially impro ed the adoption of lifetime-based garbage col- lection tec hniques. date, ho ev er, successful lifetime-based garbage col- lectors ha required sp ecial-purp ose hardw are, or at least privileged access to data structures main tained the virtual memory system. presen here lifetime-based garbage collector requiring no sp ecial-purp ose hardw are or virtual memory system supp ort, and discuss its erformance. Thesis Sup ervisor: Rob ert H. Halstead, Jr. Title: Asso ciate Professor Departmen of Electrical Engineering and Computer Science

CONTENTS Con ten ts In tro duction ii Note on erminology iii Ac kno wledgemen ts iv Motiv ation and Prior ork Garbage Collection in Mo dern LISP Systems 1.1 Cop ying Garbage Collection 1.2 Lifetime-Based Garbage Collection 1.2.1 Lieb erman and Hewitt’s Garbage Collector 1.2.2 Address Space Utilization and Ph ysical Memory Uti- lization in Lifetime-based Garbage Collection Previous Implemen tations 2.1 Ungar’s Generation-Sca enging Garbage Collector 2.1.1 Description 2.1.2 Address Space Utilization 2.1.3 Suitabilit 2.2 The ektronix Large Ob ject Space Smalltalk Garbage Collector 2.2.1 Description 2.2.2 Address Space Utilization 2.2.3 Suitabilit 2.3 The Sym olics Ephemeral Garbage Collector 2.3.1 Description 2.3.2 Implemen ting the Sym olics Ephemeral Garbage Col- lector Without Sp ecial-Purp ose Hardw are 11 2.3.3 Address Space Utilization 15 2.3.4 Suitabilit 15 Lifetime-based Garbage Collector for LISP Systems on General-Purp ose Computers 16 Desiderata 16

CONTENTS ii Early Decisions 18 4.1 Optimizing the ask of Keeping rac of Ephemeral Ob jects 18 4.2 Set-Asso ciativ oin ter-Recording 19 4.3 Av oiding the Ov erhead of Determining Spaces When Storing oin ters 21 4.4 The Organization of Ephemeral Spaces in Memory 23 4.4.1 oin ters Bac kw ards in Time 23 4.4.2 Implications for Memory Organization 24 4.5 Allo cation of ery Large Ob jects 26 4.6 Dynamic Garbage Collection in the Presence of Ephemeral Ob jects 27 Card-Marking 30 5.1 Division of Memory; Determination of the Ro ot Set 30 5.2 erforming Garbage Collection 31 5.3 The Problem with Card-Marking 35 ord-Marking 36 6.1 Recording the Ro ot Set 36 6.1.1 Mo di�cation Bit ables 36 6.1.2 En try Bac kp oin ter Lists 39 6.2 erforming Garbage Collection 39 erformance Measuremen ts and Analysis 44 7.1 erformance on the Gabriel Benc hmarks 44 7.2 erformance of the Compiler Under Ephemeral Garbage Col- lection 48 Conclusions and uture ork 52 8.1 Conclusions 52 8.2 uture ork 52 App endices 55 Notes 55 A.1 erformance of incremen tal garbage collection 55 A.2 Sha w’s suggested extension to virtual memory systems 55 A.3 Time required to garbage-collect all lev els 56 A.4 Scanning order and virtual memory erformance 56

LIST OF FIGURES iii A.5 Up dating EBPLs et een garbage collections 57 Bibliograph 58 Source Co de for Benc hmarks 60 C.1 The BO YER enc hmark 60 C.2 The DESTR UCTIVE Benc hmark 73 C.3 The DERIV Benc hmark 74 List of Figures age-scanning on the MC68020. 13 MC68020 co de to record ephemeral reference lo cations in set-asso ciativ table. 20 La out of ephemeral spaces and er o segmen ols in Lucid Common LISP 25 Marking card on the MC68020. 32 The card-marking garbage collection algorithm. 33 Scanning and sca enging card. 34 MC68020 co de to up date an MBT and the segmen mo di�- cation cac he in ord-marking sc heme. 38 The ord-marking garbage collection algorithm. 40 Sca enging the ords in segmen that oin in to ephemeral space examining its mo di�cation bit table. 41 List of ables BO YER enc hmark timings. Times are in seconds. 45 DERIV enc hmark timings. Times are in seconds. 46 DESTR UCTIVE enc hmark timings. Times are in seconds. 47 Global recompilation erformance measuremen ts on Ap ollo orkstations. Times are in seconds. 49

LIST OF ABLES iv In tro duction The oin ter-orien ted seman tics of LISP and the nature of heap allo cation, often result in or virtual memory erformance on general-purp ose com- puters. Garbage collection, in particular, has traditionally required exami- nation of at least all liv data created user programs (in cop ying garbage collectors) and sometimes of storage reco ered as ell (in mark-sw eep gar- bage collectors). Lieb erman and Hewitt in tro duced in 1981 garbage collection algorithm based on the lifetimes of ob jects ]. By grouping ob jects according to their ages, the prop osed garbage collector oided examination of relativ ely old ob jects when garbage collecting relativ ely oung ob jects. LISP imple- men tations on mac hines with sp ecial-purp ose hardw are or instruction sets micro co ded to supp ort this algorithm ha realized signi�can erformance impro emen ts, as noted Mo on 10 ]. Mo on’s con ten tion as that the erhead of okk eeping required to eep trac of references to newly-created ob jects in lifetime-based garbage collec- tors on general-purp ose computers ould result in prohibitiv erformance degradation. Sha 12 has recen tly describ ed sc heme in whic the vir- tual memory hardw are presen on mo dern general-purp ose computers can used to eep trac of newly-stored oin ters, pro vided one has access to the data structures used the virtual memory system. describ here the ortable lifetime-based garbage collector used in Lucid Common LISP on the Ap ollo and Sun orkstations. As Lucid Common LISP is ortable, this garbage collector do es not ha the co op eration of the virtual memory systems on the computers it runs on. Nor do es it mak use of sp ecial-purp ose hardw are; still, the tec hniques of lifetime-based garbage collection are su�cien tly erful that erall system erformance is often enhanced, and dela ys for garbage collection are unnoticeable, resulting in etter in teractiv eha vior.

LIST OF ABLES Note on erminology The opularit of lifetime-based garbage collectors since the publication of Lieb erman and Hewitt’s pap er has led to um er of implemen tations, man of whose designers ha in en ted their wn terms to describ their ork. In what follo ws, usually use Mo on’s terminology where it is appli- cable, as this ork as in uenced most directly his. In discussing the tec hniques of cop ying garbage collectors, use the terminology of enic hel and helson ]: memory in cop ying garbage collector is divided in to semisp ac es only one of whic is in use at an time (the curr ent semispace), except during garbage collection, when oth are used. The names of LISP data yp es are used in discussions where they ertain; in particular, list cells are referred to as ons cells. An understanding of traditional garbage collection tec hniques is assumed; in particular, the reader is assumed to understand the eha vior of mark-sw eep garbage collectors, and of Cheney’s cop ying, compacting garbage collection algorithm ]. This last will referred to as cop ying garbage collection, or sometimes as stop-and-c opy garbage collection. The term ot set will used to refer to the set of ob jects explicitly sp eci�ed to the garbage collector for preserv ation; all ob jects preserv ed through garbage collection are either in the ro ot set or are encoun tered in some directed alk eginning at an ob ject in the ro ot set. During cop ying garbage collection, the space copied from is called fr om- sp ac e; the space copied to is called tosp ac e, or opysp ac e. Sc avenging is the op eration that copies ob jects referenced set of ro ots from fromspace to tospace, and up dates in the ro ot set the references to the copied ob jects. It ma used as transitiv erb; th us ‘sca enging the stac k’ ould mean �nding the ob jects in fromspace oin ted to oin ters in the stac k, cop ying them and their descendan ts to tospace, and up dating the oin ters in the stac to oin to the newly relo cated ob jects. romspace and tospace together are called dynamic sp ac as the ob jects in them are mo ed dynamically In systems with lifetime-based garbage collectors, if there is space where long-liv ed ob jects are main tained and are garbage-collected with cop ying garbage collector that is not the lifetime- based garbage collector, this space is also called dynamic space, and the

LIST OF ABLES vi garbage collector is referred to as the dynamic garb age ol le ctor. This pap er assumes some kno wledge of the eha vior of virtual memory sys- tems; in particular, an understanding of terms lik age main memory and acking stor The term dirty bit is sometimes used; this refers to the infor- mation main tained on er-page basis virtual memory systems, stating whether the page in question has een mo di�ed (made \dirt y") while it has een in main memory The sections of main memory that hold individual virtual memory pages are called age fr ames. In discussions where it is adv an tageous to consider particular arc hitectures, use as an example the Motorola MC68020, using the assem bler syn tax in 11 ]. My terminology di�ers from theirs only in that, when refer to wor d, mean 32-bit quan tit y; Motorola refer to these as longwor ds. Where sp eci�c LISP tagging sc hemes are considered, use that emplo ed Lucid Common LISP on the MC68020. Ac kno wledgemen ts The ork describ ed in this pap er as erformed at Lucid, Inc., of Menlo ark, California, in 1986 and 1987. It as strongly in uenced Mo on’s Ephemeral Garbage Collector for the Sym olics 3600 10 ], but as inde- enden of Sha w’s ork 12 ]. The author es debt of gratitude to the follo wing eople, all of Lucid, Inc.: Eric Benson, Dic Gabriel, Harlan Sex- ton, and Jon L. White, for man illuminating discussions during the design of the program; James Bo yce, for his ork in in tegrating the garbage col- lector in to the LISP system and in ferreting out obscure bugs; and Leonard Zubk o�, for erformance measuremen ts on the Ap ollo.

art Motiv ation and Prior ork Garbage Collection in Mo dern LISP Systems 1.1 Cop ying Garbage Collection enic hel and helson ha describ ed ho erformance will degrade er time in LISP systems utilizing virtual memory Their solution, cop ying garbage collection, as further mo di�ed Cheney ], as widely adopted in mo dern LISP systems; but its erformance as limited the need to scan oten tially large ro ot set, and to mo from one area to the other, on eac garbage collection, all the structures main tained through computation. In large LISP system running on mac hine with virtual memory garbage collections could result in quite length pauses; enough so that White pre- scrib es sc heme in whic garbage collection is oided altogether in virtual memory systems 14 ]. Certainly re�nemen ts are ossible. One opular re�nemen used in man LISP systems is to create in \static" space those ob jects one kno ws will relativ ely ermanen t, and to scan these along with the ro ot set; then, while oin ters in static ob jects to ob jects in dynamic space are still up dated during garbage collection, static ob jects (as their name implies) are not relo cated, and the ork of cop ying them is sa ed. Another re�nemen uses an \unscanned" space, in whic ermanen im- utable ob jects that con tain only oin ters to the static or unscanned spaces are stored; ecause static ob jects are not copied the garbage collector, the oin ters to them need not hange, and so unscanned space need not scanned the garbage collector; and, of course, the ob jects con tained in it will not relo cated, so that, again, the ork of cop ying them is sa ed. Bro oks et al. refer to this as \read-only" space; ho ev er, to oid confusion with, for example, pure shared pages, and concen trate exclusiv ely on the garbage collection issue, refer to it as unscanned.

GARBA GE COLLECTION IN MODERN LISP SYSTEMS There is something unsatisfactory ab out this sort of re�nemen t, ho ev er. The garbage collector do es not needlessly transp ort ob jects placed in static or unscanned spaces, or ev en examine those in unscanned space. But the storage they ccup can nev er reco ered, either, as these spaces are not, their nature, garbage-collected. Th us, in order to decide whether to place an ob ject in static space, that is, space whose con ten ts are nev er relo cated, the programmer ust think ab out its lifetime; and this egins to smac of the sort of storage managemen details from whic LISP purp orts to free programmers. Similarly when deciding whether to place an ob ject in unscanned space, whose con ten ts will not scanned the garbage collector, the programmer ust decide whether it con tains oin ters to dy- namic ob jects, and this, again, is the sort of task from whic ould lik to free the programmer. Although are unsatis�ed with the additional tasks these re�nemen ts force on the programmer, can see that they are motiv ated desire to erform aluable optimizations: reduction of the size of the ro ot set, and reduction of the um er of times that relativ ely ermanen ob jects are copied. ma understand lifetime-based garbage collection as an automation of these optimizations. 1.2 Lifetime-Based Garbage Collection 1.2.1 Lieb erman and Hewitt’s Garbage Collector Bak er in tro duced in 1978 cop ying garbage collection algorithm that op erated in an incremen tal fashion: the ork of transp orting ob jects from one semispace to the other as in terlea ed with the normal ob ject creation and manipulation functions of the LISP system. In practice, as implemen ted on the Sym olics 3600, Bak er’s garbage collector Incremen tal garbage collection has the adv an tage that there are no long pauses for garbage collection; ho ev er, ho ose not to discuss it in an detail here, as its practical implemen tation requires the use of an arc hitectural feature called the invisible ointer ], whic is not usually presen on general-purp ose mac hines. As will ob vious, ho ev er, Lieb erman and Hewitt’s metho ds ha immediate application to stop-and-cop garbage collection, despite the fact that, as originally presen ted, they mak et another use of in visible oin ters. This use, ho ev er, ma circum en ted on general-purp ose computers.

GARBA GE COLLECTION IN MODERN LISP SYSTEMS su�ered from or virtual memory erformance (see note A.1). Lieb erman and Hewitt describ ed mo di�cation to Bak er’s algorithm, in whic h, rather than eing divided in to semispaces, memory as divided in to man small sections called gions an time there is curr ent cr ation gion in whic new ob jects are allo cated. When the curren creation region is �lled, new, empt region is allo cated to the curren creation region, and ob jects are created there, rather than in the old region. Eac region has um er, called gener ation numb er. Generation um- ers increase monotonically with time. Occasionally the garbage collector will run on the con ten ts of region. When this happ ens, new region is allo cated; the liv con ten ts of the old region are copied in to it, and the old region’s storage is recycled. The old region’s generation um er is retained for the new region. Th us this sc heme distinguishes et een the um er of garbage collections that an ob ject ma surviv e, and the ob ject’s hronolog- ical age; this is motiv ated ecause the garbage collector is run on regions individually and th us there is not necessarily relation et een the um ers. In traditional cop ying garbage collection sc heme, the garbage collection of an of these regions ould require scanning all others, oth to disco er whic ob jects in the region ere eing referenced ob jects outside the region, and th us needed to preserv ed, and also to up date the oin ters from other regions to ob jects within the garbage-collected region, as these ob jects will relo cated during the garbage collection. oid the necessit of scanning all other regions, Lieb erman and Hewitt’s garbage collector main tains for eac region an entry table. The en try table is table of oin ters to ob jects in the region. oin ters from outside the region to ob jects inside it are made to oin to en tries in the en try table. Along with the stac and registers, the table is used as the ro ot set when the region is garbage-collected; th us other regions need not scanned. As prop osed for implemen tation on the MIT LISP Mac hine ], the en try ta- ble as implemen ted using invisible ointers, an arc hitectural feature whic causes references to lo cation in memory to transparen tly forw arded to another lo cation. Th us no soft are erhead as incurred to hec whether

GARBA GE COLLECTION IN MODERN LISP SYSTEMS oin ter to an ob ject actually oin ted to an en try in an en try table. In prac- tice, ho ev er, the lifetime-based garbage collectors discussed in the presen text do not main tain en try tables; rather, they use structures that instead someho record the lo cations of oin ters outside region to ob jects inside the region. Lieb erman and Hewitt’s sc heme called for making en try table en tries only for ob jects oin ted to from regions older than the region eing garbage- collected; these ere referred to as \p oin ters forw ards in time." Ob jects oin ted to only from regions ounger than the region eing garbage-collected, called \p oin ters bac kw ards in time," ere not en tered in the en try table; and suc regions ere to scanned as part of the ro ot set during garbage collection. This optimization as motiv ated the consideration that the ma jorit of oin ters ould oin ters bac kw ards in time, and that the re- gions most often garbage-collected ould the oungest; and th us there ould few regions ounger than them to scanned. But what is it that mak es this garbage collector lifetime-based? Lieb erman and Hewitt observ ed that the mortalit rate of older ob jects is uc lo er than that of ounger ob jects. Th us garbage collections spaced at set in terv als will lik ely reclaim less space from regions con taining older ob jects than from regions con taining ounger ob jects, so that more storage will reclaimed er unit of garbage collector ork garbage-collecting ounger regions more often than older regions. It should noted, then, that lifetime-based garbage collection a�ords separate optimizations. By dividing memory in to regions with recording structures sp ecifying the ob jects that oin to them, they limit the size of the ro ot set. By allo wing ob jects to segregated according to age, and garbage-collecting areas those con taining relativ ely ermanen ob jects less often, they limit the amoun of cop ying that ust done in garbage collection. 1.2.2 Address Space Utilization and Ph ysical Memory Utiliza- tion in Lifetime-based Garbage Collection Lieb erman and Hewitt’s sc heme allo ws for utilization during user compu- tations of higher ercen tage of the ailable address space than do es

GARBA GE COLLECTION IN MODERN LISP SYSTEMS simple stop-and-cop garbage collection. This is ecause not all regions are garbage-collected sim ultaneously and only as uc storage as will needed to hold the data in the region or regions actually curren tly eing garbage-collected ust main tained free. In simple stop-and-cop gar- bage collection (or in Bak er’s incremen tal garbage collection), ho ev er, semispace’s orth of free storage ust main tained at all times; otherwise ip ma fail. The traditional wisdom ab out cop ying garbage collectors, as �rst adv anced enic hel and helson in ], is that address space utilization is of no great imp ortance; garbage collections are erformed to impro lo cal- it of reference, and address space recycling is only secondary concern. In lifetime-based garbage collectors, ho ev er, the frequency of garbage collec- tions of ounger lev els is suc that oth the space eing copied from and the space eing copied to ust considered part of the orking set. exp ect, then, that the est results will attained memory la outs that mak the most e�cien ossible use of the address space ccupied the most frequen tly garbage-collected lev els. Lieb erman and Hewitt’s garbage collector do es allo for utilization of greater ortion of the address space during user computations than ould sc heme that statically main tained semispaces for eac generation, ecause the space ccupied region just copied from ma re-utilized in the cop ying of another region. Ho ev er, ecause the space ccupied the oungest ob jects hanges with eac garbage collection of the oungest gen- eration, the virtual memory erformance of this system will not all migh hop for.

PREVIOUS IMPLEMENT TIONS Previous Implemen tations Lieb erman and Hewitt’s ork has pro vided basis for sev eral lifetime-based garbage collectors. discuss here three garbage collectors examined during the design of Lucid’s lifetime-based garbage collector; these are: Ungar’s generation-sca enging garbage collector 13 ], the ektronix Large Ob ject Space Smalltalk garbage collector ], and Mo on’s ephemeral garbage col- lector for the Sym olics 3600 10 ]. The oin ts considered in eac case are: division of memory determination of the ro ot set, and adv ancemen olicy 2.1 Ungar’s Generation-Sca enging Garbage Collector 2.1.1 Description Ungar’s Berk eley Smalltalk system divides ob jects in to classes: new and old. The space that old ob jects liv in is called OldSpace. These old ob jects are garbage-collected o�ine; whic is to sa not at all during Smalltalk session. There are three spaces for new ob jects: NewSpace, where new ob jects are created, astSurviv orSpace, where new ob jects are also stored, but are nev er created, and utureSurviv orSpace, whic is the space in to whic astSurviv orSpace and NewSpace are copied. New ob jects are alw ys created in NewSpace. Ev ery time oin ter is set, if it is oin ter from Oldspace to NewSpace or astSurviv orSpace, the lo- cation in whic the oin ter as set, that is, the referring ob ject, is recorded in table, called the ememb er set. When NewSpace is full, cop y- ing garbage collection is erformed from NewSpace and astSurviv orSpace to utureSurviv orSpace, using as the ro ot set the references to NewSpace and astSurviv orSpace from the ob jects in the remem ered set. utureSur- viv orSpace and astSurviv orSpace are then exc hanged. Eac ob ject has asso ciated with it generation coun t; when an ob ject has surviv ed certain um er of garbage collections, it is copied in to OldSpace, rather than astSurviv orSpace.

PREVIOUS IMPLEMENT TIONS 2.1.2 Address Space Utilization Ungar’s generation-sca enging garbage collector, lik that of Ballard and Shirron ], on whic it is based, is capable of utilizing more than half of its address space at an time, as only utureSurviv orSpace remains un used during computation. Because the surviv or spaces are uc smaller than either NewSpace or OldSpace, large ercen tage of the address space is in use during user computations. 2.1.3 Suitabilit There is an ob vious problem with the use of an approac that requires the storage of generation coun ts. LISP systems on general-purp ose computers usually ha highly-optimized storage formats; th us cons, for example, will consist of exactly oin ters, with no space for generation coun t. This is not nearly suc problem in Smalltalk systems, where dynamic ob jects are usually ector-structured, with ob ject references to the ob ject’s class, instance ariables, etc.; but in high-p erformance LISP systems ould probably ha to store ob ject generation coun ts externally Supp ose ere to store four bits of age information for eac ob ject. In order to memory-map these, ould need to allo cate four bits of storage for ev ery sixt y-four bits stored in the ephemeral spaces, as this is the greatest common denominator of LISP ob ject sizes on thirt y-t bit mac hines. This giv es some 25% additional storage required, in addition to that required for structures used to record the remem ered set. should lik to oid this erhead if at all ossible. 2.2 The ektronix Large Ob ject Space Smalltalk Garbage Collector 2.2.1 Description The ektronix Large Ob ject Space Smalltalk implemen tation includes generation-sca enging garbage collector that di�ers from Ungar’s mainly in the organization of memory Memory is divided in to sev en regions, eac of

PREVIOUS IMPLEMENT TIONS whic consists of semispaces. Ob jects still include generation coun ts; during garbage collection, they are copied from one semispace to the other, and their generation coun ts are incremen ted. When an ob ject’s generation coun reac hes some preset alue, it is adv anced to the next region. Garbage collection is stop-and-cop motiv ated the �lling of region. Stores to the stac are not recorded; rather, the stac is scanned on eac garbage collection. Remem ered set tables, as used in Ungar’s Berk eley Smalltalk garbage collector, are main tained for eac region, in order to limit the size of the ro ot set. These tables con tain only oin ters forw ards in time; that is, oin ters from older ob jects to new er ob jects. As in Lieb erman and Hewitt’s garbage collector, the en tiret of eac ounger region is used as part of the ro ot set whenev er an older region is garbage-collected. 2.2.2 Address Space Utilization As in Cheney or Bak er’s garbage collectors, during user computations the ektronix garbage collector uses half of its address space for empt semi- spaces. 2.2.3 Suitabilit an ticipate problems with using in LISP systems garbage collection sc heme lik that used in ektronix’s Large Ob ject Space Smalltalk. One problem is that of recording generation coun ts; discussed this in con- sidering Ungar’s generation-sca enging garbage collector, in section 2.1.3, ab e. urthermore, as discussed in section 1.2.2 ab e, the organization of memory in to semispaces should result in orer virtual memory erformance than migh hop for.

PREVIOUS IMPLEMENT TIONS 2.3 The Sym olics Ephemeral Garbage Collector 2.3.1 Description The Sym olics ephemeral garbage collector uses an allo cation sc heme dif- feren from that of either the Berk eley Smalltalk or the ektronix Smalltalk garbage collectors. Memory is divided in to areas. The user ma sp ecify for eac area the um er of ephemeral lev els, the capacit of the oungest lev el, and the ratio of the capacit of eac succeeding lev el to that of the oungest lev el. Ephemeral lev els are not divided in to semispaces; rather, when lev el is garbage-collected, liv ob jects within it are copied in to the next older lev el. As in Lieb erman and Hewitt’s garbage collection algorithm ], ephemeral garbage collection is incremen tal, and pro ceeds in parallel with user compu- tation. Ephemeral lev els are garbage-collected indep enden tly of eac other; oin ters ‘bac kw ards in time’ (see section 1.2.1) are recorded the same means as are other oin ters. The capacit of an ephemeral lev el is the um er of ords that ma allo cated in it efore garbage collection is initiated. garbage collection is motiv ated when the oungest lev el’s capacit is exceeded; this causes its con ten ts to garbage-collected in to the next oldest lev el. If that lev el’s capacit is exceeded, its con ten ts are copied in to the follo wing lev el; ob jects that surviv through all the lev els are adv anced to dynamic space. Storage in dynamic space is reco ered with separate Bak er-st yle incremen tal garbage collector. The sc heme used for recording the ro ot set is di�eren from those of either of the Smalltalk implemen tations; instead of main taining remem ered sets (or en try tables in the sense of Lieb ermann and Hewitt’s original pap er, whic the 3600 could implemen ecause of its in visible oin ter hardw are), the Sym olics sc heme instead main tains one mark bit er page for eac ephemeral lev el. It detects when oin ter in to an ephemeral lev el is eing stored, and marks the page in whic the reference ccurred. When an ephemeral lev el is sca enged, mark ed pages are scanned for references to that lev el, and suc references, if found, are used as ro ots. Note that the mark bits resem ble the dirt bits main tained virtual mem-

PREVIOUS IMPLEMENT TIONS 10 ory systems; but, unlik dirt bits, they are only set when the ord stored is actually oin ter to an ephemeral lev el. No great harm is done if the ord stored as not oin ter to an ephemeral lev el, though, and sometimes at sca enging time the mark bit will set for page that con tains no refer- ences to ephemeral ob jects, as ord that is not oin ter to an ephemeral ob ject ma erwrite all oin ters to ephemeral ob jects on page without causing the mark bit to reset. Sha 12 has exploited this similarit to table of dirt bits in his lifetime-based garbage collector. Scanning the en tiret of eac mark ed page ma sound asteful, but the 3600 has hardw are to assist in the detection of references to ephemeral lev els, and so 256-w ord page with no suc references is scanned in 85 microseconds 10 page 242]. The sc heme used in the Sym olics ephemeral garbage collector for recording oin ters in to ephemeral spaces is in fact more complex than is implied the short description ab e. Tw tables are actually main tained; one, called the Garbage Collector age ags (GCPT), holds bit for eac of the pages presen in ph ysical memory Only one bit is stored, and th us no informa- tion ab out whic ephemeral lev el the oin ters in the page ma oin to is recorded; the bit sa ys only that oin ter to an ephemeral lev el ma still presen on the page. Another table, called the Ephemeral Space Reference able (ESR T), is stored sparsely and con tains for eac sw app ed-out page bit for eac ephe- meral lev el; the bit is set to indicate that the page con tains reference to the lev el in question. The table is main tained en tirely in ph ysical memory and allo ws the garbage collector to determine as it garbage-collects lev el whether to scan page; ecause scanning page requires fetc hing it from bac king store, the main tenance of er-lev el information sa es page faults. Clearly the ESR ust up dated whenev er page is ejected from ph ysi- cal memory Giv en that the in ten tion is to oid an needless scanning of pages residing on bac king store, ho ust the ESR up dated when pages are ejected from ph ysical memory? If the page has not een written at all, its ESR en try (if extan t) need not up dated. If the page has een written, and already has an ESR en try then the ESR en try ust up dated regardless of the setting of the page’s GCPT bit, ecause it is ossible that data written

PREVIOUS IMPLEMENT TIONS 11 in to it erwrote all the page’s oin ters to ephemeral ob jects. If the page has no ESR en try then it need only scanned if its GCPT en try is set; only then migh one ha to create an ESR en try for it. 2.3.2 Implemen ting the Sym olics Ephemeral Garbage Collector Without Sp ecial-Purp ose Hardw are Supp ose one wished to implemen garbage collector similar to the Sym ol- ics Ephmeral Garbage Collector on general-purp ose computer in whic one had the co op eration of the virtual memory system. It will immediately apparen that the tec hnique of scanning pages mak es use of the 3600’s fully tagged arc hitecture. Because eac ord has tag that tells whether it is oin ter, one ma egin scanning memory in the midst of an ob ject, without risk of in terpreting non-p oin ter data (suc as, sa collections of haracters in string) as oin ters. On general-purp ose mac hine, one ould need to use some other metho of determining whether ords examined ere oin ters. One ossibilit is to divide all data in to yp es: those con taining oin ters and those not con taining oin ters. This is certainly ossible using the data formats in (for example) Lucid Common LISP but there is price to paid. Storage managemen is complicated the addition of parallel set of storage spaces. Lo calit of reference is degraded. Another ossibilit is to main tain in table an en try for eac page giving the o�set from the base of the page to its �rst tagged ord. sligh amoun of erhead at ob ject creation time su�ces to main tain the table en tries. In the data formats used Lucid Common LISP and um er of other mo dern LISP implemen tations for general-purp ose computers, un tagged ords nev er follo tagged ords without ob ject headers app earing in et een, ecause otherwise the linear scan of space used as the ro ot set in cop ying garbage collection ould imp ossible. The erhead for main taining memory- mapp ed table of suc o�sets on 32-bit computer with 256-w ord pages is bits er 256 ords, or ab out 1%; this is certainly not deleterious amoun of storage. ha surmoun ted, then, the problems for garbage collection asso ciated with main taining un tagged ords in the system; what ab out main taining

PREVIOUS IMPLEMENT TIONS 12 the GCPT? As the discussion ab suggests, rather than main taining GCPT, ma simply use the table of dirt bits in the virtual memory system. When it is time to erform garbage collection, scan all the pages whose dirt bits are set; ecause these pages are necessarily all in ph ysical memory this op eration should not tak long compared to the time required to fetc pages from bac king store. Exactly ho long migh it tak to scan page? Figure 1, on page 13, giv es the MC68020 co de and timing to scan 256-w ord page. The common path through the lo op, in the cac he case, is some 51 cycles; on an MC68020 clo ed at 16 megahertz, this corresp onds to some 816 mi- croseconds for 256-w ord page. The immediate tagged case is not included; it ould in olv hec king the high �v bits of the lo yte to determine the ob ject yp e. The immediate tagged case will often (in the case of ectors of un tagged data, for example) lead to the skipping of some um er of ords of un tagged data. This, and the fact that it is reasonable to exp ect that the lo op will reside en tirely in the MC68020’s 256-b yte on-c hip instruction cac he, giv us some con�dence that 816 microseconds is conserv ativ estimate. Here is where sp ecial-purp ose hardw are comes in to its wn, then; the MC68020 tak es nearly ten times as long to erform page scan as do es the 3600. Ho signi�can is this page-scanning time? The di�erence et een the is some 731 microseconds, but this do es not tell nearly the whole story as the 3600’s GCPT bits are unlik dirt bits in that they are only set when the ord stored is actually oin ter to an ephemeral lev el. general-purp ose computer do es not erform tag or oundary hec ks, so man pages in the LISP pro cess’s address space will ha their dirt bits set without oin t- ers to ephemeral lev els actually ha ving een stored in them. These pages will scanned needlessly at ev ery garbage collection (see note A.2 for comparison with the sc heme describ ed Sha 12 ]). Metering ould allo us to determine ho man pages ould actually found needlessly dirt in ypical LISP applications; ho ev er, ev en without suc measuremen ts, can en vision orst case. Let us consider the er- formance of the Sym olics ephemeral garbage collector on 3600 with mega ord of ph ysical memory 10 table 2, page 244]. When running the BO YER enc hmark, an erage of 11.5 seconds ere tak en for eac ip; when running the compiler enc hmark, the �gure as 1.6 seconds.

PREVIOUS IMPLEMENT TIONS 13 ;;; First tagged word is in a0; segment table in a1, word ;;; after last on page in a2. Parenthesized numbers after ;;; instructions give best case, cache case, and worst case ;;; timings, as per MC68020 User’s Manual. scanlp: cmp.l a0, a2 ;done yet? (1 4) ;; branch when done scanning. ge because untagged ;; structure may cross page boundary. bge scandn ;(1 5) (branch not taken) move.l (a0)+, d0 ;d0 holds pointer (4 7) ;; fetch tag bits; bashes low byte andi.b #$07, d0 ;(0 3) (0 3) ;; see if this might be header cmpi.b #dtp-other-immediate, d0 ;(0 3) (0 3) ;; handle if so; this is also the case for tagged ;; characters and small floats (i.e., not in strings ;; or vectors) beq check-header ;(1 5) (branch not taken) ;; now want only low two bits of tag andi.b #$03, d0 ;(0 3) (0 3) ;; low bits are if fixnum beq scanlp ;(1 5) (branch not taken) ;; if we got this far, this is pointer. Fetch ;; segment index. Note high part still valid. swap d0 ;(1 4) ;; does the pointer point into an ephemeral segment? cmpi.b #ephemeral-segment, (d0, a1) ;(0 3) (3 6) ;; no, continue bne scanlp ;(3 9) (branch taken) Best Case Cache Case Worst Case Totals: 15 51 66 Figure 1: age-scanning on the MC68020.

PREVIOUS IMPLEMENT TIONS 14 On our general-purp ose computer, if ev ery one of 1024 pages ere found dirt at garbage collection time, but con tained no ephemeral references, then there migh some 2.9 seconds of erhead er garbage collection. This is 25 2% of the BO YER enc hmark time, and 153% of the compiler enc hmark time. stress that this is the orst ossible case, with ev ery page in ph ysical memory found dirt at garbage collection time. exp ect that in real applications uc smaller prop ortion of the pages ould found dirt (man of them, for example, migh con tain pure co de), and, of those found dirt man ould not need to scanned (for example, those in the oungest ephemeral lev el, or in the unscanned spaces). Consider no the time required to up date the ESR T. On our general-purp ose computer, use the virtual memory system’s table of dirt bits for the GCPT, so that, if wish to ensure that ESR en tries are alw ys correct for pages on bac king store, ust scan the page and oten tially up date or create an ESR en try whenev er the ejected page’s dirt bit is set. The case where the 3600’s sp ecial-purp ose hardw are will help it is that where ord as written in to page, but the ord as not oin ter to an ob ject in an ephemeral space. But here assume that the virtual memory system on our mac hine has giv en the garbage collector trap after initiating seek on the disk; the scan time is easily en tirely subsumed in the erage seek time of an mo dern disk driv e, just as on the 3600. Th us the 3600’s sp ecial-purp ose hardw are do es indeed help it, but not nearly so uc as one migh think. Giv en our elief that the erage erhead for page-scanning on sto hardw are will not accoun for most of the time sp en in garbage collection, eliev that with sligh tly faster pro cessor, suc as an MC68020 clo ed at 25 megahertz, the 3600’s sp eed adv an tage will disapp ear. Note that the time estimates giv en are for time sp en in the garbage collector; the erhead required at user program run time to eep trac of ephemeral ob jects, estimated Mo on as ‘at least 10% and ossibly factor of or more,’ 10 page 243] is actually limited to the nearly insigni�can time added to ob ject creation in order to up date the table of o�sets to the �rst tagged ob ject in eac page pro vided one has the collusion of the virtual memory system.

PREVIOUS IMPLEMENT TIONS 15 2.3.3 Address Space Utilization Both the Sym olics Ephemeral Garbage Collector and the sto k-hardw are deriv ativ prop ose here cop ob jects from one ephemeral lev el to the next; th us the pages used for the creation of new ob jects are the same efore and after garbage collection. exp ect go virtual memory erformance from this sc heme. 2.3.4 Suitabilit Mo on’s ephemeral garbage collector do es not lend itself to easy criticism. While his pap er do es not an ticipate the implemen tation of his sc heme on general-purp ose computers, and, indeed, discoun ts the idea, the author feels that, giv en the co op eration of the virtual memory system, Mo on’s garbage collection sc heme ould erform quite ell on general-purp ose computer. General-purp ose computers are at disadv an tage in the task of page-scanning, but ev en ine�cien scanning of pages is small price to pa to escap the need to explicitly record using additional soft are the storage of oin ters in to ephemeral lev els.

16 art Lifetime-based Garbage Collector for LISP Systems on General-Purp ose Computers In what follo ws, use Mo on’s terminology call ob jects that ha not et een mo ed to spaces in tended to hold relativ ely ermanen ob jects ephemer al ob jects. Mo ving an ob ject from space that holds new er ob jects to space that holds older ob jects is called advanc ement The sev eral spaces that hold ephemeral ob jects, organized so that the ages of the ob jects within them ary monotonically are referred to as ephemer al levels. The ephemeral lev el holding the oungest ob jects is called either the oungest ephemeral lev el or the �rst ephemeral lev el; that holding the oldest ob jects is called either the oldest ephemeral lev el or the last ephemeral lev el. Desiderata um er of constrain ts are forced the use of general-purp ose computers, and the desire to write ortable garbage collector; that is, one that do es not require the co op eration of the virtual memory system. summary of the design goals follo ws: erformance. an ted eac garbage collection to fast; that is, an ted to minimize the amoun of computation required for garbage collection, so that the ephemeral garbage collector ould suitable for use in in teractiv systems. also hop ed not to unduly slo do wn user co de. Because do not ha the co op eration of the virtual memory system, oin ter-settings ust recorded explicitly so that some slo wdo wn is inevitable in execution time of co de that do es not allo cate storage, and th us do es not cause garbage collections. wished to minimize this slo wdo wn.

DESIDERA 17 In co de that creates and discards man ob jects, lik the BO YER enc hmark ], wished to realize erall erformance impro emen ts. ortabilit The design as not to require co op eration from the virtual memory system, nor as it to tied to particular arc hitecture. It also had to easy to retro�t in to existing LISP implemen tations for arious mac hines. Predictabilit Man users of LISP carefully co de their programs to oid an ob ject creation, so that no unexp ected dela ys will ccur; for example, rob ot con trol program cannot a�ord ev en 20-millisecond dela Programs that do not create ob jects should not cause garbage collections, or sub jected to unexp ected dela ys, as for reorganization of in ternal tables. Flexibilit an ted the ephemeral garbage collector to tunable; the um er of lev els and their sizes ere to easily mo di�able, e- cause the parameter settings for est erformance ere lik ely to ary et een applications. Robustness. The sc heme selected as not to prone to fail- ure during garbage collection. wished to oid sc hemes that could conceiv ably run out of memory when adv ancing ob jects from one ephe- meral lev el to the next.

EARL DECISIONS 18 Early Decisions With the goals discussed in the previous section in mind, it as ossible to mak man design decisions efore committing to sp eci�c sc heme for recording oin ters. These decisions are discussed elo w. 4.1 Optimizing the ask of Keeping rac of Ephemeral Ob- jects Without sp ecial supp ort from the virtual memory system, the greatest source of ine�ciency in lifetime-based garbage collection systems on general- purp ose computers is the recording of oin ters in to ephemeral spaces. This recording ust erformed in soft are, replacing what as formerly one instruction; this increases the size of the compiled co de image, ev en if an out-of-line call is erformed, and has arying, but alw ys negativ e, e�ect up on erformance, dep enden up on the dynamic frequency of oin ter stores. This e�ect is manifested most strongly in high-p erformance systems with nativ co de compilation; it is not nearly so uc problem in, for example, Ungar’s Berk eley Smalltalk system (discussed in section 2.1, ab e), ecause this system utilizes yte-co de in terpreter that executes only some 9,000 instructions er second. In 10 page 246], Mo on mak es the oin that the erformance of Ungar’s generation-sca enging lo ok ed go ecause Berk eley Smalltalk tak es ab out 50 mac hine instructions to do store; the erhead of adding an ob ject to the remem ered set is not erwhelming comparison. One somewhat ameliorating factor is the ossibilit of erforming certain compile-time optimizations; as noted elo w, the Lucid Common LISP com- piler do es in fact erform these optimizations for the ene�t of the lifetime- based garbage collection sc heme implemen ted. The compiler optimizes out oin ter-recording when the oin ter eing stored is constan immediate quan tit suc as haracter or small in teger, or oin ts to constan static en tit suc as sym ol. One more signi�can optimization is erformed; when the curren ob ject creation area is the oungest ephemeral lev el, the ob ject-creation subroutines used do not record storage of initial alues in newly-created ob jects, as these

EARL DECISIONS 19 will ha een created in the oungest ephemeral lev el, and an oin ters from them will oin ters ‘bac kw ards in time,’ to use Lieb erman and Hewitt’s terminology 4.2 Set-Asso ciativ oin ter-Recording One ossible oin ter-recording sc heme ould use set-asso ciativ table of lo cations holding oin ters to ephemeral spaces. Supp ose main tained set-asso ciativ table of 256 lines, with 16 one-w ord en tries er line, for eac ephemeral lev el; this giv es some 16 kilob ytes of table er ephemeral lev el. Assume further that orried only ab out up dating the table for oin ter settings; that did not orry ab out remo ving en tries in the table for oin ters that ere written er. When an line in the table as completely full, could use one of sev eral (exp ensiv e) strategies to reduce the problem; ossibly could egin allo cating in the ephemeral lev el in question list of oin ters in to it, or erform sca enge of the lev el in question in to the next older lev el, in whic case ould need to add to that lev el’s table only the references that ere not in that lev el, and ould lik ely ha enough space for them; etc. But lea ving aside the question of dealing with en tirely full lines, depict in �gure an MC68020 instruction sequence that erforms oin ter-setting when using set-asso ciativ table for recording oin ters in to ephemeral lev els. The common case (set oin ter from the curren ephemeral lev el to the curren ephemeral lev el) requires nine instructions, not coun ting the oin ter setting. Making the table en try requires ten instructions in the case where the �rst en try examined is empt and �v more instructions er time around the lo op. This sequence of instructions is so large as to mandate an out-of- line subroutine call; this ould en tail further erhead at run time. Note also that are making free use of address registers ey ond those holding the oin ter and the destination, and three data registers; th us the compiler will ha few er registers at its disp osal, with the attendan negativ impact on e�ciency of surrounding co de. do not mo using the MC68020 memory indirect ost-indexed addressing mo de (although it ould sa one instruction), as it is slo er than the com binations of instruc- tions do use.

EARL DECISIONS 20 ;; on entry, a0 holds the destination, and a1 the ;; pointer. Fetch byte table of ephemeral levels ;; from systemic quantities vector (SQ), which is ;; held in an address register. move.l (elevel, SQ), a2 ;; prepare to fetch segment index of destination move.l a0, d0 swap d0 ;get segment index in low 16 ;; store in d1 ephemeral level of destination move.b (0, a2, d0.w), d1 move.l a1, d0 swap d0 ;; d2 gets ephemeral level of pointer move.b (0, a2, d0.w), d2 ;; now we compare ephemeral levels to see if we need ;; to make recording table entry. cmp.b d1, d2 bne hktabl ;different levels, make entry ;; same, just set pointer (most common case) (set pointer and exit) ... ;; fetch table of tables from SQ hktabl: move.l (extbls, SQ), a2 ;; index by ephemeral level of pointer move.l (0, a2, d2.w), a2 move.l a0, d0 ;get dest in data register again ;; lines are at 64-byte intervals; want bits 14-0 ;; with low cleared for index of our line. Get ;; line index in d0. ori.l #$00003FC0, d0 add.l d0, a2 ;line address in a2 ;; 16 entries per line, but testing at bottom move.l #15, d1 ;; find entry that’s empty or same loop: move.l (a2)+, a3 beq found ;0 is empty entry cmp.l a0, a3 ;if same, done, go to setit beq setit dbra d1, loop ;; no empty entry in this line (deal with the problem, possibly by creating an extension to the line) ... found: move.l a0, -(a2) ;make entry bra setit ;go set pointer Figure 2: MC68020 co de to record ephemeral reference lo cations in set- asso ciativ table.

EARL DECISIONS 21 This sc heme do es ha the adv an tage of compactness of represen tation of the recorded information, but has ma jor disadv an tages. The �rst is that the um er of instructions executed to set, for example, sp ecial ariable, is at least nineteen, and lik ely more. The second disadv an tage is that it is not clear ho to pro ceed when line is �lled; the dela ys necessary for compaction or garbage collection migh to large. Tw design goals, erformance and predictabilit are violated; the sc heme as not considered further. 4.3 Av oiding the Ov erhead of Determining Spaces When Storing oin ters noted that set-asso ciativ oin ter-recording had distinct disadv an- tages; the second had to do exclusiv ely with the structures used for recording the storage of oin ters in to ephemeral lev els, but the �rst disadv an tage la partly in the exp ense of that recording, and partly in the exp ense of deter- mining the spaces for oin ter eing stored and the lo cation it is stored in. On the 3600, when ord is stored in to memory it is examined (in parallel with the memory access) to see if it is reference to an ephemeral area eing stored in to either another ephemeral area, or in to non-ephemeral area; if it is, the fact is recorded setting bit in the GCPT. Mo on states that the reason custom hardw are is required to implemen lifetime-based garbage collector is that this examination ould ha to erformed in soft are on general-purp ose mac hine, and ould tak et een 2.5 and 25 microsec- onds. As sa in �gure 2, whic sho ed MC68020 co de for main taining set-asso ciativ tables of oin ters in to ephemeral spaces (the determination of spaces ould the same), it ould also require the use of sev eral reg- isters, th us slo wing do wn execution of the surrounding co de. Finally the nine instructions required simply to determine the ephemeral lev els of the oin ter and the lo cation in whic it is stored, efore ev er recording its stor- age, ould ha serious impact up on erformance of co de that did not garbage collect. What wish to do is mo some of the erhead of this op eration from oin ter-setting time to garbage collection time. The critical ortions of the garbage collector can co ded in assem bly language, and can use as man

EARL DECISIONS 22 registers as necessary; there will only one cop of this co de, so the um er of instructions used will not critical to the image size, as it ould if the op eration ere eing co ded in-line at ev ery oin ter storage. Tw other imp ortan oin ts are: Man of the oin ters stored during the execution of program will stored in lo cations in the oungest ephemeral lev el. The garbage collector will nev er ha to determine the ephemeral lev el to whic these oin ters oin t, ecause all oin ters stored in the oungest lev el are oin ters bac kw ards in time, in the terminology of Lieb erman and Hewitt. In man programs, single set of lo cations is rep eatedly written. If there are sev eral oin ter stores to single lo cation et een garbage collections, the ephemeral lev el of only the last oin ter stored matters; th us the ork done to determine ephemeral lev els in the other oin ter stores is asted. These considerations suggest that, rather than determining the spaces of the oin ter and the lo cation it is stored in at oin ter-storage time, should adopt some sort of sc heme whereb record only that lo cation has een mo di�ed, and ostp one un til garbage-collection time the determination of the space the oin ter as stored in and the space it oin ted in to. do not ev en attempt to determine at run time whether the oin ter is actually an immediate constan t, suc as haracter or �xn um. In using this sc heme, will often ha to examine at garbage-collection time lo cations that do not con tain ephemeral references at all. This examination will cost ery little if the page con taining the lo cation in question is in main memory; if it is on bac king store, the cost will uc greater. Our hop is that the tec hnique of lifetime-based garbage collection so impro es lo calit of reference as to decrease substan tially the um er of cases where the orking set exceeds the ailable ph ysical memory Although, as men tioned in section 4.1 ab e, compile-time optimizations ma exploited. Measuremen ts of the um er of oin ter stores recorded, but not con taining epheme- ral references, during the execution of arious sym olic pro cessing tasks ould useful in ev aluating this sc heme, as ould measuremen of the um er of pages con taining

EARL DECISIONS 23 4.4 The Organization of Ephemeral Spaces in Memory concluded that the main tenance of generation coun ts as undesirable in LISP systems. Without generation coun ts, ha alternativ es when erforming lifetime-based garbage collection: can organize eac ephemeral lev el in to semispaces, and cop ob- jects from one semispace to another un til certain um er of garbage collections ha een completed. This giv es address space utilization uc lik that of ektronix’s Large Ob ject Space Smalltalk garbage collector. can garbage-collect eac ephemeral lev el in to the next older lev el, as in the Sym olics ephemeral garbage collector. concluded that the �rst alternativ is more lik ely to result in or virtual memory erformance than the second; th us hose to use division of memory in to successiv ephemeral lev els, eac of whic is garbage-collected in to the next older lev el. 4.4.1 oin ters Bac kw ards in Time Lieb erman and Hewitt’s garbage collector (discussed in section 1.2.1) recorded only ‘p oin ters forw ards in time,’ that is, those from either non-ephemeral spaces to ephemeral spaces or from older ephemeral lev els to ounger ephe- meral lev els. Th us the garbage collection of lev el required scanning all ounger lev els as mem ers of the ro ot set; otherwise oin ters ‘bac kw ards in time,’ from ounger lev els to older lev els, ould not up dated to oin to the newly copied referen ts, and migh ossibly lose their referen ts altogether. Mo on’s ephemeral garbage collector is also incremen tal, and can sca enge sev eral lev els at once while running user co de. His solution is to record recorded lo cations ejected to bac king store et een ephemeral garbage collections on sys- tems with arying amoun ts of memory These and other recommendations for future analysis are describ ed in section 8. See section 2.1.3. See sections 1.2.2 and 2.2.2.

EARL DECISIONS 24 oin ters bac kw ards in time the same means as oin ters forw ards in time; ecause his represen tation of recording information is ery compact, this is inexp ensiv e. In stop-and-cop sc heme, user co de ma not run un til garbage collection has completed. When ha �nished cop ying from ounger lev el to an older lev el, the ounger lev el will empt If the older lev el is no full, ma sca enge it without scanning ounger lev els, as these will empt 4.4.2 Implications for Memory Organization This ordering of ev en ts allo ws us to organize our ephemeral spaces in con enien fashion. Man op erating systems on general-purp ose computers require con tiguous memory allo cation; th us, if garbage-collecting an ephe- meral lev el ould require �lling the next lev el ey ond its capacit space ust set aside for the er o w. Supp ose order our ephemeral spaces as depicted in �gure 3. The size of the dd-lev el er o segmen ol (OSP) is the sum of the sizes of all the ev en lev els except for the last ephe- meral lev el, if it is an ev en lev el; similarly the size of the ev en lev el OSP is the sum of the sizes of all the dd lev els except for the last ephemeral lev el, if it is an dd lev el. Th us the total space ccupied er o segmen ts is less than the space ccupied ephemeral data. Supp ose erform cop ying garbage collection from lev el to lev el 1, and lev el is full, and all data in lev el are retained; ma allo data to er o from lev el in to the dd-lev el er o segmen ol. Because the size of the dd-lev el OSP is at least that of the lev el 0, are guaran teed that there will ro om to cop the data from lev el in to lev el and the dd-lev el OSP so our cop ying garbage collector ma simply con tin ue cop ying past the end of lev el in to the OSP When garbage-collect lev el in to lev el 2, lev el ma con tain as uc data as lev el and lev el put together. If lev el ere also en tirely �lled, are guaran teed ro om to complete the garbage collection, ecause lev el 1’s size as included in the size of the ev en-lev el OSP and lev el is no empt so simply con tin ue cop ying past the end of lev el in to lev el 0. am indebted to James Bo yce, of Lucid, Inc., for this suggestion.

EARL DECISIONS 25 +-------------+-------+-------+-----------------------+ other even- even-level overflow numbered level level segment pool ephemeral Size sum of sizes levels of all odd levels except last, if odd. +-------------+-------+-------+-----------------------+ low addresses high addresses +-------------+-------+-------+-----------------------+ other odd- odd-level overflow numbered level level segment pool ephemeral Size sum of sizes levels of all even levels except last, if even. +-------------+-------+-------+-----------------------+ low addresses high addresses Figure 3: La out of ephemeral spaces and er o segmen ols in Lucid Common LISP

EARL DECISIONS 26 Note that this strategy has go implications for virtual memory usage. The pages er o ed in to are pages that recen tly held other ephemeral data; th us ha go hance that they will still presen in ph ysical memory The garbage collection strategy describ ed ab e, in whic no ephemeral lev el is garbage-collected un til all ounger lev els ha een emptied, has um er of implications. First, note that, ccasionally garbage collection will require garbage-collecting all the ephemeral lev els. The defaults on the 3600 are to use semispaces that decrease in size factor of o; this ma or ma not re ect something lik the \a erage" ersistence of ob jects, but with this progression of sizes, the maxim um amoun of ork required to garbage collect lev els ould no more than times the amoun of ork to garbage-collect lev el (for lev els the factor is actually ab out 6). or �v lev els, approac an order of magnitude; one risk in empt ying ounger lev els efore garbage-collecting older lev els, then, is that the pauses for garbage collection ma ecome noticeable. In practice, this has not een problem. more serious risk lies in the that garbage collection that causes the ob jects in ephemeral space to adv anced all the to dynamic space (as some garbage collections inevitably do) cannot help but adv ance, at the same time, all the liv ob jects that ere in the oungest ephemeral lev el at the time of the garbage collection. These ob jects ma in fact ecome garbage ery so on after their adv ancemen t; they ha had less than one garbage-collection erio in whic to mature efore eing adv anced to dynamic space. Ho ev er, garbage collections that pro ceed all the to dynamic space are uc more rare than those that do not; do not exp ect this \premature ten uring" (to use Ungar’s term) to problem. 4.5 Allo cation of ery Large Ob jects Most ery large ob jects ha long lifetimes. These ob jects ma e, for example, bitmaps eing pro cessed image understanding programs, or arra ys of cellular automata, or data collection bu�ers for input devices. Sometimes these ob jects are so large that they exceed the capacit of the oungest ephemeral lev el, whic is ypically small fraction of the space See note A.3 for precise form ulation.

EARL DECISIONS 27 allo cated to the pro cess; then they cannot created in ephemeral space at all. Some other ery large ob jects will �t in the oungest ephemeral lev el, but, ecause they are ermanen t, will simply copied on succeeding garbage collections through all the ephemeral lev els un til they are �nally adv anced to dynamic space. This sort of successiv cop ying is ine�cien t; ould lik to pro vide the user with means of causing ob jects larger than giv en size to created in dynamic space. This is easily accomplished with user-mo di�able parameter that is hec ed the ob ject creation routines. Allo cating ob jects in dynamic space when the normal allo cation space is ephemeral space will ev en tually result in the �lling of dynamic space, and the attendan dynamic garbage collection; and there will ob jects in ephe- meral space at this oin t. In fact, this situation is not unique to the allo- cation of ery large ob jects; whenev er are ab out to sca enge the oldest ephemeral lev el in to dynamic space, ust insure that there is enough ro om in dynamic space to hold its con ten ts. The allo cation of this space ma result in dynamic garbage collection, and there will liv data in ephemeral space during the dynamic garbage collection. 4.6 Dynamic Garbage Collection in the Presence of Ephe- meral Ob jects When garbage-collecting dynamic space, if ephemeral space holds liv ob- jects, ust someho arrange for these ob jects to ha their references to ob jects in dynamic space up dated; ossibly this could done garbage- collecting the ephemeral spaces as ell. Clearly can not pro ceed as usual, and simply not mo ephemeral data when encoun tered it while alking the tree from the ro ots; the Cheney algorithm uses cop ying and reordering in order to record ending branc hes, in the same that other algorithms use stac k, or oin ter rev ersal. also do not an to use these other algorithms; the use of stac has the ell-kno wn problem of deep nesting causing er o w, and Deutsc h-Sc horr-W aite oin ter rev ersal requires visit- ing wice eac no de encoun tered. One of approac hing the problem is to sub divide it in to cases: one ma either lea the ephemeral data in ephemeral space, or mo them all

EARL DECISIONS 28 in to dynamic space. 1. The ob vious to pro ceed if wish to lea the data in ephemeral space is to treat ephemeral space as ro ots for the dynamic garbage collection. This has the disadv an tage of quite ossibly causing preser- ation of structures that are only oin ted to garbage in ephemeral space, but exp ect that these will rare. The algorithm is sligh tly complicated the necessit of up dating oin ter storage recording structures. do this �rst clearing the structures recording oin ters for the lo cations in dynamic from- space. As sca enging is erformed, when oin ter is stored in dynamic tospace, if it oin ts in to ephemeral space, it is recorded in the prop er structure. 2. The other ossibilit that of mo ving all the data in to dynamic space, causes premature ten uring, to use Ungar’s term, but has the adv an tage of eing simpler. simply treat data in ephemeral space in the same treat data in oldspace; cop them all in to newspace. the end of the garbage collection, ephemeral space is empt and all recording structures are cleared. The problem with sc heme is that, although it is indeed simpler than sc heme 1, there is no ob vious to pro ceed if one exceeds the capacit of tospace during the garbage collection and virtual memory is exhausted. Exceeding the capacit of tospace is indeed ossible, as the en tire liv con ten ts of ephemeral space are eing added at once to dynamic space. If instead treat the ephemeral spaces as ro ots, ma erform the dy- namic garbage collection without adv ancing ephemeral data. If ere in the midst of erforming an ephemeral garbage collection, and the dynamic garbage collection freed enough space to allo the adv ancemen of ephe- meral ob jects in to dynamic space, ould simply con tin ue. If found that an amoun of space insu�cien to allo adv ancemen of ephemeral data as freed, migh disable dynamic garbage collection, cop the ephemeral data in to the un used semispace, and signal an error to the user, who could resp ond for example, susp ending the LISP pro cess un til more virtual memory is ailable.

EARL DECISIONS 29 The abilit to con tin ue in this fashion requires that the sum of the sizes of the ephemeral lev els no larger than dynamic semispace. cannot use the same sequence of op erations with sc heme 2, ecause cannot erform the dynamic garbage collection without also eginning to cop in the ephemeral data, and, at that oin t, no longer ha the option of using the other semispace if should run out of space; are already using oth semispaces. Th us hose to use sc heme in our garbage collector. 10 10 or simplicit the oin ter storage recording algorithms giv en in sections and do not sho the cases in whic cop ying in to dynamic space requires dynamic garbage collection, and th us do not depict the necessit of examining recording structures that the dynamic garbage collector ma ha up dated during during garbage collection. These extensions are, ho ev er, straigh tforw ard.

CARD-MARKING 30 Card-Marking Tw sc hemes for recording oin ter stores ere explored at length; only one of these as implemen ted. The sc heme that as discarded as called ar d- marking. It as similar to the Mo on’s ephemeral garbage collector, as one migh implemen it without virtual memory system co op eration; the signif- ican di�erences had mostly to do with desire to eep the oin ter-setting time lo w. 5.1 Division of Memory; Determination of the Ro ot Set The ro ot set is recorded through sc heme uc lik Mo on’s. Memory is divided at �ne lev el in to pieces called ar ds these corresp ond to the 3600’s pages, but do not call them pages in order to oid confusion with virtual memory pages on the mac hine in question. There are tables used in determining the ro ot set; these are called the primary card mark table and the secondary card mark table. The primary card mark table is table of bits directly mapp ed to all the cards in the address space. There is one bit er card; the bit is set whenev er oin ter is stored in the card. Th us the bit is sort of dirt bit for the card; it indicates that the card has een mo di�ed and ust scanned to determine whether it con tains reference to some ephemeral lev el. The secondary card mark table is implemen ted sparsely as collection of tables; ev ery segmen that can con tain oin ters has asso ciated with it ortion of the secondary card mark table. The secondary card mark table con tains one yte er card; eac of these card en tries con tains one bit for eac ephemeral lev el (th us ha maxim um of eigh ephemeral lev els). An ephemeral lev el’s bit is set to indicate that the card con tains reference to that particular ephemeral lev el. The secondary card mark table is up dated at garbage collection scan time. The size of cards is compromise et een desire to eep the card mark tables small (whic argues for large card size) and desire to minimize the amoun of time sp en in scanning card already in main memory for ossibly nonexisten reference to an ephemeral ob ject (whic argues for

CARD-MARKING 31 small card size). 256 ords is probably go card size on mac hines with, sa 28 bits of address space, lik the Sun-3; this ould giv primary card mark table size of 32 kilob ytes, and the er-segmen secondary card mark table ortions ould 64 ytes eac h. Mac hines with 32 bits of address space ma motiv ate larger card sizes, but in no case should the card size larger than virtual memory page frame, ecause of the uc increased lik eliho of unnecessary page faults at scan time. As in the prop osed sto hardw are implemen tation of Mo on’s ephemeral garbage collector (section 2.3.2), card-marking requires that the ob ject cre- ation routines mo di�ed to record in table the lo cation of the �rst tagged ord on eac card; this allo ws scanning of cards con taining un tagged data. Card-marking allo ws compact represen tation of recorded oin ter stores. What are the dynamic haracteristics of this tec hnique; i.e., what do es it sa us at oin ter storage time? Assuming ha 256-w ord cards and 28- bit address space, card’s yte in the primary card mark table is determined the high 15 bits (13-27) of the 28-bit address; the bit in question is giv en bits 10-12 of the address. If place the primary card mark table in register, or at some constan o�set from register, can mark card in six instructions on the MC68020, with temp orary data registers; the MC68020 co de for this is sho wn in �gure 4. Here is the adv an tage of card-marking, then: with only six instructions required to mak an en try in the primary card mark table, oin ter storage can probably con tin ue to co ded in-line, so that the exp ense of an out- of-line subroutine call is sa ed; erformance on oin ter-storage-in tensiv enc hmarks that do not discard uc storage is lik ely to quite go d. 5.2 erforming Garbage Collection Garbage collection in card-marking sc heme is similar to, although simpler than, Mo on’s ephemeral garbage collection; �rst in eing stop-and-cop as opp osed to incremen tal, and second in not eing directly concerned with the virtual memory system. Pidgin ALGOL description of card-marking garbage collection is giv en in �gures and 6. ollo wing is description of ho card-marking garbage collection pro ceeds.

CARD-MARKING 32 ;; Assume that the location to be stored in is in ;; a0, and that the primary card mark table is at ;; constant offset crdtbl from the systemic ;; quantities vector (SQ), held in an address ;; register. ;; Store the reference location in temporary that ;; will get byte pointer. move.l a0, d0 ;; 68K can only immediate shift places; we need 10 lsr.l #8, d0 move.l d0, d1 ;other temporary for bit field lsr.l #5, d0 ;now we have the byte index in d0 lsr.l #2, d1 ;and the bit index in d1 ;; note bset will mask all but the low three bits of ;; the bit index bset.b d1, (crdtbl, sq, d0.w) ;set the bit Figure 4: Marking card on the MC68020. When garbage-collect an ephemeral lev el, �rst sca enge the stac and mark registers, just as with dynamic GC. Then consult the secondary card mark table, and scan all cards whose secondary marks state that they con tain oin ters to this lev el, except those within the lev el itself; these need not scanned, ecause they cannot con tain ro ots for this lev el. The scan pro ceeds as follo ws: eac ord in the card is fetc hed. If the ord is oin ter to the ephemeral lev el eing garbage-collected, it is treated as ro ot, and sca enge is erformed on the ob ject it oin ts to; but, in an case, if after the oten tial sca enge the ord con tains oin ter to an ephemeral lev el at all, ag for that lev el is set (note that the placemen of this op eration after the sca enge guaran tees that the appropriate lev el’s ag is set the datum has hanged lev els in the sca enge). When the scan of the card is �nished, the secondary card mark table en tries for this card are reset from these ags, and the primary mark for this card is cleared, so that can oid scanning the card wice. 11 11 Note A.4 giv es comparison with the Sym olics approac h.

CARD-MARKING 33 procedure card_marking_gc (); begin push marked registers on stack; from_level := 0; done := false; while (not(done)) begin to_level := from_level 1, or dynamic space, if from_level is the last ephemeral level; scavenge_stack(from_level, to_level); for each card number if card_ephemeral_level[c] from_level then begin for each level secondary_card_mark_table[c, level] := false; primary_card_mark[c] := false end else if secondary_card_mark_table[c, from_level] true then begin scan_and_scavenge_card(c, from_level, to_level); primary_card_mark[c] := false end if from_level then for each card number if primary_card_mark[c] true then begin scan_and_scavenge_card(c, from_level, to_level); primary_card_mark[c] := false end if to_level is not full, or is dynamic space then done := true else from_level := from_level end end Figure 5: The card-marking garbage collection algorithm.

CARD-MARKING 34 procedure scan_and_scavenge_card (card_number, from_level, to_level); boolean vector level_flags[number_of_ephemeral_levels]; begin for from until number_of_ephemeral_levels do level_flags[i] := false; for each word in the card, beginning at the first tagged word begin if the word is an immediate constant then continue at the next word; if the word is the header of vector of untagged data then continue at the first word after the vector; if the word points into from_level then scavenge_word(word, from_level, to_level); if word points to an ephemeral level then begin := the level pointed to; level_flags[i] := true end end for from until number_of_ephemeral_levels do secondary_card_mark_table[card_number, i] := level_flags[i] end Figure 6: Scanning and sca enging card.

CARD-MARKING 35 When ha �nished scanning all the cards whose secondary marks state that they con tain references to the ephemeral lev el eing garbage-collected, scan all the cards whose primary marks are still set, except those within the ephemeral lev el eing garbage-collected. 12 The scan is exactly lik that erformed for cards found through the secondary card mark table; note that this means that secondary card marks are up dated and primary card marks are cleared. When ha �nished scanning all the cards whose primary marks ere set, ha sca enged all the data in the ephemeral lev el that as eing garbage-collected, and can clear its primary and secondary card mark tables. Note that this means that the en tire primary card mark table is no clear. 5.3 The Problem with Card-Marking The inner lo op of the piece of co de that scans card on the MC68020 as presen ted in �gure 1, on page 13. The time required to scan 256-w ord card on the MC68020 as estimated at 816 microseconds. The gain in oin ter- storage sp eed a�orded card-marking is substan tial, but it as estimated at less than the loss due to card-scanning. 13 urthermore, the gain in oin ter-storage sp eed as lik ely to lost on ma- hines with thirt y-t bit address spaces, esp ecially those in whic the LISP address space as to organized sparsely Here con tiguous primary card mark table ould prohibitiv ely large, and so o-lev el map ould necessary; but this ould nearly as exp ensiv at oin ter-storage time as the sc heme actually implemen ted, whic shall call, for an of etter name, wor d-marking. 12 Note A.4 discusses the virtual memory eha vior that will result from this scanning order. 13 This as only an estimate, ho ev er, and ha come to onder whether it as cor- rect. protot yp card-marking implemen tation ould certainly answ er these questions; see section 8, ho ev er, for other ossibilities.

ORD-MARKING 36 ord-Marking 6.1 Recording the Ro ot Set The sc heme used to record the ro ot set in the Lucid Common LISP Ephe- meral Garbage Collector is called wor d-marking. ord-marking uses di�eren data structures to record the ro ot set. The �rst is table of mo di- �cation bits; the second is set of explicitly-managed lists. 6.1.1 Mo di�cation Bit ables divide the address space in to large pieces called se gments; on the MC68020, these are 64 kilob ytes in length. Their exact size is not critical; making them 64 kilob ytes in length allo ws simple instruction sequence to extract seg- men um er from oin ter. There is for eac allo cated segmen table of bits, called mo di�c ation bit table (MBT). The MBT con tains one bit for eac longw ord in the segmen t; th us, on the MC68020, MBTs will kilob ytes in length. Ev ery segmen has asso ciated with it an MBT, but the MBTs are sparsely allo cated, in that there will single MBT shared all the segmen ts for whic do not need to record oin ters in to ephemeral space; these include the segmen ts in the oungest ephemeral lev el, the unscanned segmen ts, and segmen ts holding non-p oin ter data. This MBT is called the non-r or ding MBT, and is sp ecially recognized the garbage collector. The MBTs reside in static space, and are explicitly managed the memory manager. They are allo cated in groups, and stored con tiguously for sligh tly etter lo calit on systems with page frames larger than kilob ytes. The MBT stores the same sort of information that the primary card mark table as to hold in the card-marking sc heme, but the information is stored on er-w ord basis. That is: in card-marking, when one mo di�es lo cation, the bit for the card in whic the lo cation resides is set. In ord-marking, when one mo di�es lo cation, the MBT for the segmen in whic the lo cation resides is fetc hed, and the bit within it corresp onding to the lo cation is set.

ORD-MARKING 37 So that the garbage collector need not examine the MBT for eac segmen that migh ha een mo di�ed, there is table, called the segmen mo d- i�cation cac he, whic con tains one yte for eac segmen t; the yte for segmen is set nonzero whenev er an en try is made in its mo di�cation table. yte is used for eac segmen ecause the table ust mo di�ed quic kly when oin ter is stored. The segmen mo di�cation cac he ust also read quic kly at garbage collec- tion time. On mac hine with 28-bit address space, the segmen mo di�ca- tion cac he is kilob ytes in length. 14 With longw ord test, the en tries for segmen ts can hec ed at once. table of bits ould ha allo ed quic er examination, but ould mak oin ter-setting slo er sev eral instructions. Note that the segmen mo di�cation cac he cannot practically spread among the mo di�cation bit tables, through some tec hnique where des- ignated lo cation in the MBT held alue indicating whether the MBT had een mo di�ed since the last garbage collection. This ould allo us to sa an instruction at oin ter storage time, but ould degrade virtual memory erformance at garbage collection time, as ev ery allo cated MBT ould ha to examined. The MBTs ma ccup some 3% of allo cated storage; examining eac one could signi�can tly increase virtual memory tra�c. Up dating oth the mo di�cation bit and the segmen mo di�cation cac he re- quires some ten instructions, 15 temp orary address register, and tem- orary data registers on the MC68020; the co de is sho wn in �gure 7. The length of this instruction sequence is su�cien tly great that it ust co ded as an out-of-line call, or signi�can tly increase the amoun of co de in the LISP image. 14 Of course, in most applications, only fraction of the address space of the pro cessor is allo cated; the table is only searc hed as far as the last allo cated segmen t. 15 By using the MC68020’s memory indirect ost-indexed addressing mo de, can shorten this to nine instructions, and this ould faster on the MC68030; ho ev er, it will considerably slo er in most cases on the MC68020.

ORD-MARKING 38 ;; SQ is an address register holding the base ;; address of vector of systemic quantities. ;; SMCACHE is the constant offset from the base of ;; the SQ vector to the base of the segment ;; modification cache. MBTTBLS is the constant ;; offset from the base of the SQ vector to the slot ;; holding pointer to the base of the ;; segment-number indexed table of MBTs. move.l a0, d0 ;location being modified is in a0 move.l a0, d1 ;d0 and d1 are temporaries swap d1 ;low 16 bits of d1 now hold segment ;; the segment modification cache lies directly ;; after the SQ vector. Set location to indicate ;; segment modified. move.b #-1, (smcach, SQ, d1.w) ;; For compactness, the next two instructions ;; may be replaced by the single instruction ;; move.l ([mbttbls, SQ], d1.w*4, 0), a1, ;; but this would be slower on the 68020. ;; Get address of table of modification tables in a1 move.l (mbttbls, SQ), a1 ;; get address of this segment’s MBT in a1 move.l (0, a1, d1.w*4), a1 ;; get bit field in d0 (low are bit to set) lsr.w #2, d0 move.l d0, d1 ;d1 will be byte in table ;; make 11 bits in low half be byte in table lsr.w #3, d1 bset.b d0, 0(a1,d2.w) ;set the bit Figure 7: MC68020 co de to up date an MBT and the segmen mo di�cation cac he in ord-marking sc heme.

ORD-MARKING 39 6.1.2 En try Bac kp oin ter Lists The mo di�cation bit tables hold ery little information; ust examine the lo cations that ere mo di�ed to determine whether they con tain oin ters to an ephemeral lev el. do this at garbage collection time. The garbage collector examines mo di�ed lo cations and adds the addresses of lo cations that oin in to an ephemeral lev el to that ephemeral lev el’s en try bac k- oin ter list, or EBPL. The EBPLs are explicitly-managed lists main tained in blo of static space the garbage collector. The EBPLs are managed in suc fashion that their en tries are unique; there is no duplication of en tries. They are lists, rather than queues, ecause those for di�eren lev els gro and shrink dynamically They are gro wn only when the oungest ephemeral lev el is garbage-collected and mo di�cation bit tables are examined. They will also shrink at this time; mo di�cation ma mean that oin ter to an ephemeral lev el as replaced oin ter to some other ephemeral lev el, or to lo cation outside of ephemeral space. The managemen of the EBPLs is explicit: when an en try is remo ed, its cons cell is returned to freelist. When the oldest ephemeral lev el is garbage- collected in to dynamic space, its en tire EBPL is link ed in to the freelist. Because the EBPLs are up dated at garbage collection time, if program do es not create ob jects, it will not pause. Also ecause the EBPLs are up dated at garbage collection time, it is ossible in linear pass through them to main tain unique en tries; suc linear pass ould not ossible at oin ter-setting time. Note that the use of EBPLs for lev el-sp eci�c information means that ord- marking imp oses no limitation on the um er of ephemeral lev els allo ed. 6.2 erforming Garbage Collection Pidgin ALGOL routine that erforms ord-marking garbage collection is sho wn in �gures and 9. An explanation of its orking follo ws. Initially scan the stac and mark registers, just as with dynamic GC. Then mak pass er the EBPLs. An EBPL en try corresp onding to lo cation whose MBT en try is set is elided; the sca enge from MBTs

ORD-MARKING 40 procedure word_marking_gc (); begin push marked registers on stack; from_level := 0; done := false; mbts_not_empty := true; failed_to_clear_mbt := false; while (not(done)) begin to_level := from_level 1, or dynamic space, if from_level is the last ephemeral level; scavenge_stack(from_level, to_level); for each location in each EBPL if mbt_entry_set(location) then remove the location from the EBPL; for each location in the EBPL for from_level begin if location is in from_level or to_level then remove the location from the EBPL; if location is not in from_level then scavenge_word(location, from_level, to_level) end if mbts_not_empty then begin for each segment whose segment modification cache entry is set if segment_mbt(segment) non_recording_mbt then clear_segment_mod_cache_entry(segment) else if scavenge_segment_from_mbt (segment, from_level, to_level); then clear_segment_mod_cache_entry(segment) else failed_to_clear_mbt := true; mbts_not_empty := failed_to_clear_mbt end if to_level is dynamic space then link from_level’s EBPL to the EBPL freelist else link from_level’s EBPL to to_level’s EBPL; set from_level’s EBPL to nil; if to_level is not full, or is dynamic space then done := true else from_level := from_level end end Figure 8: The ord-marking garbage collection algorithm.

ORD-MARKING 41 procedure scavenge_segment_from_mbt(segment, from_level, to_level); begin mbt := segment_mbt(segment); entries_not_cleared := false; for each location corresponding to set entry in mbt if the location contains immediate constant data, or does not point into an ephemeral level then clear_mbt_entry(location) else begin level := the ephemeral level into which location points; if level from_level then scavenge_word(location, from_level, to_level); if location itself is in to_level then clear_entry := true comment add_to_ebpl returns true if successful else clear_entry := add_to_ebpl(level, location); if clear_entry then clear_mbt_entry(location) else entries_not_cleared := true; end return(not(entries_not_cleared)); end Figure 9: Sca enging the ords in segmen that oin in to ephemeral space examining its mo di�cation bit table.

ORD-MARKING 42 erformed later will examine the con ten ts of the lo cation and determine whic EBPL it should no placed on, if an This op eration guaran tees uniqueness of en tries on EBPLs, and also guaran tees that for the rest of the garbage collection, the lo cations listed in EBPLs will kno wn to con tain oin ters in to the corresp onding ephemeral lev el. Then fetc the EBPL for this lev el. 16 or eac lo cation listed in the EBPL, determine whether the lo cation is in the space eing garbage- collected or the space eing garbage-collected in to; in either case reclaim the EBPL cons. can do so ecause oin ters stored within an ephemeral lev el are not considered part of the ro ot set for that ephemeral lev el; th us they should not on the lev el’s EBPL. If the lo cation is not in fromspace, 17 sca enge it. No scan the segmen mo di�cation cac he en tries for the segmen ts that ma con tain oin ters to this ephemeral lev el. When �nd segmen that has een mo di�ed, fetc and examine its MBT. If the MBT is the unique non-recording MBT, need not examine it further, as it is asso ciated only with segmen ts that cannot con tain ephemeral references. Otherwise, the MBT is examined ord at time for nonzero en tries; ecause this is simply hec for nonzero en tries, it is o-instruction dbne lo op on the MC68020, erformed for 512 ords. The scan could optimized recording the least and greatest lo cations mo di�ed in the segmen t, but this ould mak oin ter storage still slo er. When mo di�ed lo cation is found, its con ten ts are examined; if these do not oin in to an ephemeral lev el or are constan immediate data, the MBT en try for the lo cation is cleared, and the searc con tin ues at the next ord. If the lo cation con tains oin ter to an ephemeral ob ject, then, if the ob ject is in the lev el eing garbage-collected, that is, fromspace, the lo cation is 16 Note that, if this is garbage collection of the oungest ephemeral lev el, the EBPL will empt ecause the mo di�cation table is scanned only when garbage collection happ ens (but see note A.5). 17 This hec is redundan if the algorithm is implemen ted exactly as sho wn, as re- claim EBPL en tries for lo cations in tospace efore linking fromspace’s EBPL in to tospace’s EBPL, to reduce the hance of running out of EBPL conses. If the ob vious simpli�cation is made, ho ev er, this step ould necessary to allo the reclamation of EBPL conses and ephemeral ob jects oin ted to only dead ephemeral ob jects at later lev els; for ex- ample, the ephemeral garbage collector could not otherwise reclaim circular structures spread across more than one ephemeral lev el.

ORD-MARKING 43 sca enged. If the lo cation itself as in tospace, simply clear its MBT en try; this guaran tees that MBTs for empt lev els are cleared. Otherwise attempt to add it to the appropriate EBPL. If ere not out of EBPL conses and th us succeeded in adding the lo cation to the appropriate EBPL, ma clear the lo cation’s MBT en try but otherwise ust lea it set, so that examine the lo cation at the next garbage-collection, as it is kno wn to con tain an ephemeral reference. This state, in whic the EBPL freelist is empt will not ersist, ecause ev en tually garbage collection of the oldest ephemeral lev el will happ en; when it completes, all EBPLs will again ull. When ha �nished sca enging ephemeral references recorded in the mo d- i�cation tables, ha copied all the liv data out of the ephemeral lev el eing garbage-collected. If succeeded in clearing all MBTs, note the fact, so that need not examine the segmen mo di�cation cac he on the next garbage collection. Note that ha necessarily cleared the segmen mo di�cation cac he en tries and MBTs for the segmen ts in fromspace; ha also elided from the EBPL for fromspace all en tries whose lo cations ere in tospace. ust no up date the EBPL for tospace to include en tries for lo cations that oin to the data just copied in to it; this do linking to its end the EBPL for fromspace, and setting the EBPL for fromspace to nil.

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 44 erformance Measuremen ts and Analysis describ sets of erformance measuremen ts. The �rst as collected in Jan uary of 1988, on preliminary release of the ephemeral garbage col- lector running on arious Sun orkstations, and measures erformance on sev eral of the Gabriel enc hmarks ]. The second set of measuremen ts mea- sures erformance of protot yp ersion of the system, running the Lucid Common LISP pro duction compiler on Ap ollo orkstations; these measure- men ts ere collected in the summer of 1987. 7.1 erformance on the Gabriel Benc hmarks The Sun enc hmarks are summarized in tables 1, 2, and 3. Timings ere measured on single-user mac hines with net ork paging er 10-megabaud Ethernet to Sun-3/180 �le serv er; the paging devices on the �le serv er ere fast disks op erating through SMD in terfaces. There as essen tially no net ork con ten tion when the timings data ere collected. All three mac hines used in enc hmark timings used MC68020 pro cessors clo ed at 16 megahertz. The Sun-3/75 as con�gured with megab ytes of ph ysical memory; the Sun-3/110, with megab ytes of ph ysical memory and the Sun-3/180 with 16 megab ytes of ph ysical memory The enc hmarks ere run with the op erating system in single-user mo de to oid an anomalies from running daemons. They ere compiled with the Lucid Common LISP/Sun 3.0 pro duction compiler, with sp eed and safet settings of and 0, resp ectiv ely The ersion of LISP used as eta-test ersion of Lucid Common LISP/Sun Release 3.0. It as con�gured with 82-segmen dynamic semispaces (5.4 megab ytes eac h), and three ephemeral lev els; lev el as segmen ts (512 kilob ytes) in length, and lev els and ere eac 10 segmen ts (640 kilob ytes) in length. In eac case the est timing from sev eral runs is giv en. source listing of the enc hmarks used ma found in app endix C. In most cases, ephemeral garbage collection reduced the elapsed real time for execution of these enc hmarks; this is esp ecially so in cases where sev eral dynamic garbage collections had to erformed. The di�erence is most

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 45 (dotimes (i 10) (boyer-setup) (boyer-test)) Pro cessor arameter Garbage Collector Measured Dynamic only Ephemeral Sun-3/75 Elapsed Real Time 235.5 206.7 16mhz MC68020 CPU Time 162.7 190.46 4m main memory Dynamic Bytes 18,139,280 1,665,216 Consed Dynamic Garbage Collections Sun-3/110 Elapsed Real Time 244.2 176.5 16mhz MC68020 CPU Time 166.4 174.4 8m main memory Dynamic Bytes 18,139,280 1,665,216 Consed Dynamic Garbage Collections Sun-3/180 Elapsed Real Time 148.6 171.9 16mhz MC68020 CPU Time 144.0 171.9 16m main memory Dynamic Bytes 18,139,576 1,533,040 Consed Dynamic Garbage Collections able 1: BO YER enc hmark timings. Times are in seconds.

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 46 (dotimes (i 20) (deriv-run)) Pro cessor arameter Garbage Collector Measured Dynamic only Ephemeral Sun-3/75 Elapsed Real Time 389.0 98.4 16mhz MC68020 CPU Time 172.9 89.0 4m main memory Dynamic Bytes 39,205,320 Consed Dynamic Garbage Collections Sun-3/110 Elapsed Real Time 387.8 89.8 16mhz MC68020 CPU Time 177.0 89.2 8m main memory Dynamic Bytes 39,205,320 Consed Dynamic Garbage Collections Sun-3/180 Elapsed Real Time 103.8 89.3 16mhz MC68020 CPU Time 101.2 89.3 16m main memory Dynamic Bytes 39,205,320 Consed Dynamic Garbage Collections able 2: DERIV enc hmark timings. Times are in seconds.

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 47 (dotimes (i 100) (destructive 600 50)) Pro cessor arameter Garbage Collector Measured Dynamic only Ephemeral Sun-3/75 Elapsed Real Time 415.8 196.3 16mhz MC68020 CPU Time 249.0 178.1 4m main memory Dynamic Bytes 34,489,080 Consed Dynamic Garbage Collections Sun-3/110 Elapsed Real Time 437.2 176.9 16mhz MC68020 CPU Time 259.6 176.9 8m main memory Dynamic Bytes 34,489,080 Consed Dynamic Garbage Collections Sun-3/180 Elapsed Real Time 194.5 177.5 16mhz MC68020 CPU Time 191.5 177.5 16m main memory Dynamic Bytes 34,489,080 Consed Dynamic Garbage Collections able 3: DESTR UCTIVE enc hmark timings. Times are in seconds.

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 48 dramatic on the mac hines con�gured with less memory; this is ecause ephe- meral garbage collection drastically reduces the size of the orking set. Note that the di�erences et een cen tral pro cessing unit time and real time on these mac hines is large under dynamic garbage collection, and uc smaller under ephemeral garbage collection; as the mac hines ere running in single- user mo de, the discrepancy et een real and cen tral pro cessing unit times will due almost totally to virtual memory system erhead. It is in teresting to note that, in some cases, ephemeral garbage collection reduced the amoun of cen tral pro cessing unit time required for the execution of enc hmark. exp ect that the reduced size of the ro ot set accoun ts for uc of the erformance impro emen t, as, among these enc hmarks, only BO YER retains for long the large structures created. Th us it seems unlik ely that uc transp orting ccurred in dynamic garbage collection. The DESTR UCTIVE enc hmark timings (table 3) sho particularly go erformance under ephemeral garbage collection. Reference to the source co de (section C.2) rev eals one reason: only of the six destructiv op era- tions used will result in in cation of the out-of-line subroutine that records oin ter stores. The others are stores either of declared �xn ums or constan sym ols; as noted in section 4.1, the compiler can optimize out oin ter- recording in these cases. In the BO YER timings (table 1), see pattern haracteristic of the Lucid ephemeral garbage collector: enhanced virtual memory erformance is gained at the exp ense of increased cen tral pro cessing unit load. The size of the orking set has een decreased; the impro ed virtual memory erformance has resulted in reduced elapsed times to erform task, but at cost of more ork for the cen tral pro cessing unit. On mac hines with etter virtual memory erformance, use of the ephemeral garbage collector is less attractiv e. 7.2 erformance of the Compiler Under Ephemeral Garbage Collection The Ap ollo erformance measuremen ts are summarized in table 4. These measuremen ts ere tak en on single-user mac hines with lo cal paging and �le disks; net ork tra�c as virtually nil. The Ap ollo DN4000 pro cessor is an

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 49 Pro cessor arameter Garbage Collector Measured Dynamic only Ephemeral DN570-T Elapsed Real Time 32,171.5 28,554.7 20mhz MC68020 CPU Time 16,429.0 20,275.1 8m main memory Pro cess Disk I/O 499,881 285,034 154m disk, ST506 Dynamic Bytes 722,183,608 87,741,088 Consed DN3000 Elapsed Real Time 30,269.8 31,535.6 12mhz MC68020 CPU Time 19,768.3 26,316.8 8m main memory Pro cess Disk I/O 485,096 256,155 348m disk, ESDI Dynamic Bytes 722,163,960 90,460,272 Consed DN4000 Elapsed Real Time 12,358.1 15,693.7 25mhz MC68020 CPU Time 11,680.3 15,012.1 32m main memory Pro cess Disk I/O 8,226 6,484 348m disk, ESDI Dynamic Bytes 722,121,048 92,014,816 Consed able 4: Global recompilation erformance measuremen ts on Ap ollo ork- stations. Times are in seconds. MC68020 clo ed at 25 megahertz; the DN4000 in question as con�gured with 32 megab ytes of ph ysical memory and fast 348 megab yte disk driv op erating through an ESDI in terface. The DN3000 pro cessor is an MC68020 clo ed at 12 megahertz; the DN3000 used as con�gured with megab ytes of ph ysical memory and fast 348 megab yte disk driv with the same ESDI in terface as on the DN4000. Finally the DN570-T pro cessor is an MC68020 clo ed at 20 megahertz; the DN570-T used for erformance measuremen ts as con�gured with megab ytes of ph ysical memory and relativ ely slo 154 megab yte disk driv op erating through an ST506 in terface. The task executed as recompilation of all the �les in the LISP system; it also serv ed as testb ed for debugging the ephemeral garbage collector protot yp e. 18 18 In its default con�guration, the Ap ollo ersion of the Lucid Common LISP compiler mak es use of facilit that allo ws blo allo cation and deallo cation of temp orary storage. In the results sho wn here, this facilit has een disabled, as suc blo allo cation and deallo cation is not ailable to user programs, and our in ten tion is to pro vide an analysis of the eha vior under ephemeral garbage collection of large programs utilizing the usual storage allo cation facilities.

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 50 Use of the ephemeral garbage collector degraded erformance in the global recompilation task on oth the DN4000 and the DN3000. On the DN4000, the task to ok 27% more elapsed real time under ephemeral garbage collection than under dynamic garbage collection; on the DN3000, the �gure as ab out 2%. On the DN570-T, ho ev er, the elapsed real time under ephemeral garbage collection is 11 2% less than under dynamic garbage collection. These results con�rm the conclusion reac hed in examining our timings on Sun orkstations: the Lucid Ephemeral Garbage Collector impro es vir- tual memory erformance at the exp ense of cen tral pro cessing unit time. Examination of the \Disk I/O" �gures sho reduction in virtual memory tra�c on all three systems; on the DN3000 and DN570-T this reduction as in excess of 42% of that observ ed under dynamic garbage collection; on the DN4000, con�gured with times the amoun of ph ysical memory the reduction in disk I/O as only 21%. The DN3000 and DN570-T disk I/O �gures are ery close, as ould exp ected from mac hines with iden tical amoun ts of ph ysical memory; ho ev er, the DN570-T’s faster pro cessor giv es it lo er elapsed time under ephemeral garbage collection. Under dynamic garbage collection, this adv an tage is rev ersed the DN3000’s faster paging device. On the whole, ho ev er, these measuremen ts sho uc orse erformance under ephemeral garbage collection while erforming global recompilation on Ap ollo orkstations than while running enc hmarks on Sun orksta- tions. Lea ving aside momen tarily the fact that the tasks eing erformed are di�eren t, ould still exp ect some discrepancy in erformance, due to the di�eren virtual memory haracteristics of the systems eing compared. The Sun-3 has 8-kilob yte page frames, as compared to the Ap ollo’s 1-kilob yte page frames; the coarser page size urts erformance in oin ter-orien ted language with heap allo cation, lik LISP urthermore, the Ap ollos whose erformance measured had more memory and faster paging devices than did the Suns. But also see wide discrepancies in factors esides virtual memory eha vior; in particular, the cen tral pro cessing unit time exp ense of ephemeral garbage collection is far greater in the Ap ollo erformance measuremen ts. Of course, are comparing apples and oranges; the tasks eing erformed ere di�eren t. What is in teresting is ho they are di�eren t. The compiler

PERF ORMANCE MEASUREMENTS AND ANAL YSIS 51 mak es hea vy use of hash tables, esp ecially when reading input �les, and hash tables are in alidated cop ying garbage collection, as the hash alues of ob jects stored in them are computed from their addresses, whic are assumed to ha hanged. Th us references to hash tables et een garbage collections require recomputing hash alues for all ob jects in the tables. Because ephemeral garbage collections ccur so uc more often than do dynamic garbage collections, this task will ha to erformed man times more often under ephemeral garbage collection; eliev that this accoun ts for lot of the cen tral pro cessing unit time. Other measuremen ts ha led us to eliev that the default con�guration of ephemeral spaces is less than ideal for use of the compiler. The compiler creates large data structures while compiling �le, and retains some of them through the en tire compilation of the �le; th us there is the ossibilit that these large structures will mo ed sev eral times ephemeral garbage collection, and �nally adv anced in to dynamic space, where they are released. ha in fact observ ed this eha vior metering compilation. This is not problem eculiar to the compiler; exp ect that man pro- grams that build large temp orary data structures will exhibit similar e- ha vior. Note that, ecause these structures are built out of small parts, the automatic allo cation of ery large ob jects in dynamic space (see section 4.5) is of no help here. This is called the pig-in-the-snake problem. 19 In general, it can solv ed only tuning the um er and the sizes of ephe- meral lev els for optimal eha vior on the problem at hand. In the case of the compilation enc hmark, can see that greater dela et een garbage col- lection times, as ccurs in dynamic garbage collection (b ecause semispaces are larger), ould result in mo ving these structures less often or ossibly not at all; they migh erish �rst. exp ect that larger �rst ephemeral lev el ould ha uc the same e�ect. Finally the compiler erformance measuremen ts ere made on an earlier ersion of the system; some of the con tin ued dev elopmen in the in terim ma ha led to etter erformance in the later enc hmarks. urther testing is planned to analyze compiler erformance with the curren system. 19 am indebted to Jon L. White for this terminology

CONCLUSIONS AND FUTURE ORK 52 Conclusions and uture ork 8.1 Conclusions The erformance analysis presen ted in section ma summarized broadly and in brief: tasks in whic large amoun ts of data are allo cated and then dis- carded, the Lucid Ephemeral Garbage Collector reduces oth the elapsed real time and the cen tral pro cessing unit time required. tasks in whic large amoun ts of data are allo cated and retained, the ephemeral garbage collector will enhance erformance reducing the size of the orking set, gaining virtual memory erformance (and th us elapsed real time) at the exp ense of cen tral pro cessing unit time. On pro cessors with ery go virtual memory erformance (those con�gured with large amoun ts of ph ysical memory and fast paging devices) the ephemeral garbage collector ma degrade erformance signi�can tly eliev that this is mostly due to the erhead of recording oin ter storage. Ephemeral space con�guration should tuned to individual problems to oid extra transp orting ork. Additionally ephemeral garbage collections do not cause noticeable pauses. This, and the erformance haracteristics describ ed ab e, promise uc for the man ufacturer of in teractiv systems built in LISP and deliv ered on ork- stations. Ephemeral garbage collection allo ws smaller orkstations without lo cal disks to used as sym olic pro cessing deliv ery ehicles without pro- hibitiv e�ects on erformance. 8.2 uture ork did not establish conclusiv ely that our means for recording the ro ot set as sup erior to card-marking. More erformance measuremen ts should made to supp ort or con tro ert this argumen t.

CONCLUSIONS AND FUTURE ORK 53 do not kno for certain that erall erformance is actually enhanced our strategy of dela ying un til garbage collection time the determination of the spaces in whic oin ter is stored and to whic it oin ts. Instrumen ta- tion of the oin ter storage routine and careful metering of paging eha vior will yield an answ er to this question. sc heme whic rep eated scanning of the stac on sca enges of successiv lev els could oided ould useful; the stac often gro ws to consider- able size during the execution of LISP programs, as recursion is encouraged. The ob vious means whic to oid scans after the initial one ould to use the EBPLs to hold bac kp oin ters to ephemeral references on the stac k; ho ev er, this ould mean less e�cien use of EBPL conses, as man EBPL en tries for the stac ould ecome in alid et een in cations of the gar- bage collector. As ould need to scan the stac at the inception of eac in cation of the garbage collector, could mo dify the initial scan of EBPLs (whic elides en tries for lo cations whose MBT en tries are set) to remo en tries for lo cations on the stac k. Ho ev er, ecause most ephemeral garbage collections are only of the �rst ephemeral lev el, the additional okk eeping erhead of this sc heme migh not pa o�. ossibly could in ok it only when the succeeding lev el as �lled nearly to capacit as this ould signify increased lik eliho of sca enge of that lev el. It ould useful to ha means of determining the est con�guration of ephemeral space for giv en problem. The con�guration of ephemeral spaces is compromise et een sev eral con icting constrain ts. Increas- ing the um er of ephemeral lev els causes few er ob jects to adv anced to dynamic space, decreasing the um er of dynamic garbage collections; ho w- ev er, it increases the um er of times relativ ely ermanen ob ject ust copied efore it is adv anced to dynamic space. Increasing the size of the �rst lev el will giv ephemeral ob jects more time to erish efore ev er transp ort them; but it also reduces lo calit of reference. go mo del of these constrain ts ould allo us to build to ol that could analyze the dy- namic eha vior of program and mak con�guration recommendations, or ossibly ev en ary dynamically the con�guration of ephemeral space. Some means of erforming appro ximately depth-�rst cop ying (either that used Mo on 10 page 238], or some other sc heme) ould impro lo calit

CONCLUSIONS AND FUTURE ORK 54 of reference. Of course, the ailabilit of supp ort from virtual memory systems ould mak sc heme lik the one describ ed in section 2.3.2 more attractiv than the one implemen ted.

55 art App endices Notes A.1 erformance of incremen tal garbage collection Bak er page 26] noted that his incremen tal garbage collector ould re- quire larger orking set size than ould simple stop-and-cop garbage collector, as the user computation running ould require certain amoun of orking storage, made larger the necessit of follo wing forw arding oin t- ers through ev acuated ob jects in fromspace, and the sca enger ould also constan tly cycling through memory in tospace and fromspace unrelated to that curren tly in use the user computation. Empirical evidence ears out Bak er’s concern. Mo on 10 page 236] rep orts that the or virtual memory erformance of the Bak er-st yle garbage col- lector on the Sym olics 3600 resulted in users’ oidance of its use whenev er ossible. A.2 Sha w’s suggested extension to virtual memory systems Sha 12 suggests sc heme in whic the virtual memory system allo ws the LISP pro cess to clear the dirt bits actually main tained the hardw are; prior to actually clearing the bits, the virtual memory system sa es their state so that tables are consulted the virtual memory system when page is ejected from ph ysical memory Suc facilit ould allo the LISP pro cess to remem er and clear mark bits just efore garbage collection. During the garbage collection, it ould scan the pages remem ered to ha een mark ed; it ould write them if they had ephemeral references, as these references ould need to up dated. Th us only the pages with ephemeral references ould mark ed dirt immediately after garbage collection; this ould eliminate some useless page-scanning.

NOTES 56 Note, ho ev er, that the facilit Sha suggests, while oten tially aluable, is not essen tial to the success of Mo on’s garbage collection sc heme on general-purp ose computer. Dirt bits alone, main tained in the usual sense, will ork, ecause the asted page scans are of in-core pages; the exp ense of this op eration, ev en on general-purp ose mac hines, is dw arfed an bac king store op erations that garbage collection ma require. It is in teresting to note that Sha w’s sc heme do es not pro vide an means to erify whether ejected dirt pages con tain oin ters to ephemeral lev els efore they are written to bac king store; th us unnecessary bac king store op erations will ccur at garbage collection time when dirt page ejected from ph ysical memory do es not con tain an references to ephemeral spaces. A.3 Time required to garbage-collect all lev els Call the oldest lev el lev el 1, and the oungest lev el lev el If eac succeeding lev el is half the size of the next ounger lev el, and lev el is of size the th lev el is of size The data in the th lev el migh ha to copied times. Sa that the ork required to cop ords is then, if ev ery lev el is en tirely full of liv data, the ork required for lev els is =1 mx or mx =1 In the limit, this is mx where as the ork required to cop the oungest lev el. A.4 Scanning order and virtual memory erformance On the 3600, an ephemeral garbage collection �rst sca enges the pages with GCPT bits set, and then pages whose ESR en tries are set. This probably results in man pages eing scanned wice, but, as Mo on commen ts, it is ery heap to scan page with no ephemeral references on it, and the second scan will encoun ter no references in fromspace. In our card-marking sc heme, scan the cards with set secondary marks �rst, and then the cards whose primary marks are set, but whose secondary marks ere not set; th us oid re-scanning some cards. erform the scanning in this order to optimize the erall paging eha vior of the algorithm. If wished, could �rst scan the cards whose primary marks

NOTES 57 ere set; when ere �nished scanning them, the data ould ha hanged lev els and the secondary card mark table ould re ect that, so ould also not scan an cards wice with this approac h. Scanning the cards with set secondary marks �rst optimizes the paging eha vior in this y: the cards whose primary card marks ere set are those that ere recen tly written, and th us assume that they ma written again so on and should in ph ysical memory after garbage collection; if ere to scan them �rst, the cards whose secondary marks ere set ould left in ph ysical memory after garbage collection; this ould mean that the user program ould �rst ha to page them out. One reason wh Sym olics migh erform the scan in the opp osite order is that, ecause their garbage collector is incremen tal, the user program con tin ues to execute ery early in the garbage collection pro cess, and th us they ould lik to dela disturbing the pages in ph ysical memory as long as ossible. A.5 Up dating EBPLs et een garbage collections It ould ossible to up date the EBPLs from the mo di�cation tables (and clear the mo di�cation tables) et een garbage collections; for example, could cause the ob ject creation routines to scan mo di�cation tables whenev er egan allo cating ob jects in new segmen t. This ould not violate the design goal of predictabilit whic states that programs that do not create ob jects should not cause garbage collections, ecause the scanning ould motiv ated only ob ject creation. This migh lead to etter virtual memory erformance, as the garbage collector ould not then ha to examine suc hronologically distan lo cations. One result of making this mo di�cation to the system ould the ossibilit that lev el 0’s EBPL ould ha en tries at the inception of garbage collection.

BIBLIOGRAPHY 58 Bibliograph References [1] Henry G. Bak er, Jr. List Pr essing in al Time on Serial Computer. Massac usetts Institute of ec hnology Arti�cial In telligence Lab oratory orking ap er 139, Cam bridge, Massac usetts, 1977. [2] Stoney Ballard and Stephen Shirron. The Design and Implemen tation of AX/Smalltalk-80. In Smal ltalk-80: Bits of History, Wor ds of d- vic e, pp. 127{150. G. Krasner (ed.), Addison-W esley Reading, Mas- sac usetts, 1983. [3] Ro dney A. Bro oks, Ric hard Gabriel, and Guy L. Steele. S-1 Common LISP Implemen tation. In Confer enc or of the 1982 CM Sym- osium on LISP and unctional Pr gr amming, 108{113, Pittsburgh, ennsylv ania, August, 1982. [4] atric J. Caudill and Allen Wirfs-Bro k. Third Generation Smalltalk-80 Implemen tation. In Obje ct-Oriente Pr gr amming Sys- tems, anguages and Applic ations Confer enc Pr dings, CM SIG- PLAN Notices 21(11):119{129, ortland, Oregon, 1986. [5] C. J. Cheney Nonrecursiv List Compacting Algorithm. In Commu- nic ations of the CM, 13(11):677{678, No em er, 1970. [6] R. R. enic hel and J. C. helson. LISP Garbage-Collector for Virtual-Memory Computer Systems. In Communic ations of the CM, 12(11):611{612, No em er, 1969. [7] Ric hard Gabriel. Performanc and Evaluation of LISP Systems. MIT Press Series in Computer Systems, MIT Press, Cam bridge, Mas- sac usetts, 1985. [8] Ric hard Green blatt, et al. LISP Machine Pr gr ess ep ort. Mas- sac usetts Institute of ec hnology Arti�cial In telligence Lab oratory Memo 444, Cam bridge, Massac usetts, 1977. [9] Henry Lieb erman and Carl Hewitt. al Time Garb age Col le ctor Base on the Lifetimes of Obje cts. Massac usetts Institute of ec h-

REFERENCES 59 nology Arti�cial In telligence Lab oratory Memo 569, Cam bridge, Mas- sac usetts, 1981. [10] Da vid A. Mo on. Garbage Collection in Large LISP System. In CM Symp osium on LISP and unctional Pr gr amming, 235{246, Austin, exas, 1984. [11] Motorola, Inc. MC68020 32-bit Micr opr essor User’s Manual, Second Edition. Pren tice-Hall, Inc., Englew Cli�s, New Jersey 1985. [12] Bob Sha w. Impr oving Garb age Col le ctor Performanc in Virtual Mem- ory. Hewlett-P ac ard Lab oratories STL-TM-87-05, alo Alto, Califor- nia, 1987. [13] Da vid Ungar. Generation Sca enging: Non-disruptiv High erfor- mance Storage Reclamation Algorithm. In CM SIGSOFT/SIGPLAN Pr actic al Pr gr amming Envir onments Confer enc e, 157-167, April, 1984. [14] Jon L. White. Address/Memory Managemen for Gigan tic LISP En vi- ronmen or, GC Considered Harmful. In Confer enc or of the 1980 LISP Confer enc e, 119{127, Redw Estates, California, July 1980.

SOUR CE CODE OR BENCHMARKS 60 Source Co de for Benc hmarks C.1 The BO YER enc hmark ;;; BOYER -- Logic programming benchmark, originally written by Bob Boyer. ;;; Fairly CONS intensive. ;;; ;;; 22-Oct-87 jlm: added (declare (ignore ans)) in boyer-test (defvar **unify-subst**) (defvar **temp-temp**) (defun add-lemma (term) (cond ((and (not (atom term)) (eq (car term) (quote equal)) (not (atom (cadr term)))) (setf (get (car (cadr term)) (quote lemmas)) (cons term (get (car (cadr term)) (quote lemmas))))) (t (error "~%ADD-LEMMA did not like term: ~a" term)))) (defun add-lemma-lst (lst) (cond ((null lst) t) (t (add-lemma (car lst)) (add-lemma-lst (cdr lst))))) (defun apply-subst (alist term) (cond ((atom term) (cond ((setq **temp-temp** (assq term alist)) (cdr **temp-temp**)) (t term))) (t (cons (car term) (apply-subst-lst alist (cdr term)))))) (defun apply-subst-lst (alist lst) (cond ((null lst) nil) (t (cons (apply-subst alist (car lst)) (apply-subst-lst alist (cdr lst)))))) (defun falsep (x lst) (or (equal (quote (f))) (member lst :test #’equal))) (defun one-way-unify (term1 term2)

SOUR CE CODE OR BENCHMARKS 61 (progn (setq **unify-subst** nil) (one-way-unify1 term1 term2))) (defun one-way-unify1 (term1 term2) (cond ((atom term2) (cond ((setq **temp-temp** (assq term2 **unify-subst**)) (equal term1 (cdr **temp-temp**))) (t (setq **unify-subst** (cons (cons term2 term1) **unify-subst**)) t))) ((atom term1) nil) ((eq (car term1) (car term2)) (one-way-unify1-&lst (cdr term1) (cdr term2))) (t nil))) (defun one-way-unify1-&lst (lst1 lst2) (cond ((null lst1) t) ((one-way-unify1 (car lst1) (car lst2)) (one-way-unify1-&lst (cdr lst1) (cdr lst2))) (t nil))) (defun rewrite (term) (cond ((atom term) term) (t (rewrite-with-lemmas (cons (car term) (rewrite-args (cdr term))) (get (car term) (quote lemmas)))))) (defun rewrite-args (lst) (cond ((null lst) nil) (t (cons (rewrite (car lst)) (rewrite-args (cdr lst)))))) (defun rewrite-with-lemmas (term lst) (cond ((null lst) term) ((one-way-unify term (cadr (car lst))) (rewrite (apply-subst **unify-subst** (caddr (car lst))))) (t (rewrite-with-lemmas term (cdr lst)))))

SOUR CE CODE OR BENCHMARKS 62 (defun boyer-setup () (dolist (item ’(GET FLATTEN CAR ASSIGNMENT LAST SIGMA QUOTIENT DSORT SORT2 GREATEREQPR PRIME-LIST TIMES-LIST NUMBERP SAMEFRINGE LISTP VALUE GCD LESSP REMAINDER POWER-EVAL COUNT-LIST REVERSE-LOOP EXP NTH LENGTH MEMBER MC-FLATTEN EXEC TIMES REVERSE APPEND MEANING DIFFERENCE EQUAL PLUS ZEROP IF FIX IMPLIES NOT OR AND PRIME FALSIFY TAUTOLOGY-CHECKER ASSUME-FALSE ASSUME-TRUE DIVIDES REVERSE- FACT- COUNTPS- EVEN1 IFF BOOLEAN GREATEREQP LESSEQP GREATERP EQP COMPILE)) (setf (symbol-plist item) nil)) (add-lemma-lst (quote ((equal (compile form) (reverse (codegen (optimize form) (nil)))) (equal (eqp y) (equal (fix x) (fix y))) (equal (greaterp y) (lessp x)) (equal (lesseqp y) (not (lessp x))) (equal (greatereqp y) (not (lessp y))) (equal (boolean x) (or (equal (t)) (equal (f)))) (equal (iff y) (and (implies y) (implies x))) (equal (even1 x) (if (zerop x) (t) (odd (1- x)))) (equal (countps- pred) (countps-loop pred (zero))) (equal (fact- i) (fact-loop 1)) (equal (reverse- x) (reverse-loop (nil))) (equal (divides y) (zerop (remainder x))) (equal (assume-true var alist) (cons (cons var (t))

SOUR CE CODE OR BENCHMARKS 63 alist)) (equal (assume-false var alist) (cons (cons var (f)) alist)) (equal (tautology-checker x) (tautologyp (normalize x) (nil))) (equal (falsify x) (falsify1 (normalize x) (nil))) (equal (prime x) (and (not (zerop x)) (not (equal (add1 (zero)))) (prime1 (1- x)))) (equal (and q) (if (if (t) (f)) (f))) (equal (or q) (if (t) (if (t) (f)) (f))) (equal (not p) (if (f) (t))) (equal (implies q) (if (if (t) (f)) (t))) (equal (fix x) (if (numberp x) (zero))) (equal (if (if c) e) (if (if e) (if e))) (equal (zerop x) (or (equal (zero)) (not (numberp x)))) (equal (plus (plus y) z) (plus (plus z))) (equal (equal (plus b) (zero)) (and (zerop a)

SOUR CE CODE OR BENCHMARKS 64 (zerop b))) (equal (difference x) (zero)) (equal (equal (plus b) (plus c)) (equal (fix b) (fix c))) (equal (equal (zero) (difference y)) (not (lessp x))) (equal (equal (difference y)) (and (numberp x) (or (equal (zero)) (zerop y)))) (equal (meaning (plus-tree (append y)) a) (plus (meaning (plus-tree x) a) (meaning (plus-tree y) a))) (equal (meaning (plus-tree (plus-fringe x)) a) (fix (meaning a))) (equal (append (append y) z) (append (append z))) (equal (reverse (append b)) (append (reverse b) (reverse a))) (equal (times (plus z)) (plus (times y) (times z))) (equal (times (times y) z) (times (times z))) (equal (equal (times y) (zero)) (or (zerop x) (zerop y))) (equal (exec (append y) pds envrn) (exec (exec pds envrn) envrn)) (equal (mc-flatten y) (append (flatten x) y)) (equal (member (append b))

SOUR CE CODE OR BENCHMARKS 65 (or (member a) (member b))) (equal (member (reverse y)) (member y)) (equal (length (reverse x)) (length x)) (equal (member (intersect c)) (and (member b) (member c))) (equal (nth (zero) i) (zero)) (equal (exp (plus k)) (times (exp j) (exp k))) (equal (exp (times k)) (exp (exp j) k)) (equal (reverse-loop y) (append (reverse x) y)) (equal (reverse-loop (nil)) (reverse x)) (equal (count-list (sort-lp y)) (plus (count-list x) (count-list y))) (equal (equal (append b) (append c)) (equal c)) (equal (plus (remainder y) (times (quotient y))) (fix x)) (equal (power-eval (big-plus1 base) base) (plus (power-eval base) i)) (equal (power-eval (big-plus base) base) (plus (plus (power-eval base) (power-eval base)))) (equal (remainder 1) (zero)) (equal (lessp (remainder y) y) (not (zerop y))) (equal (remainder x) (zero))

SOUR CE CODE OR BENCHMARKS 66 (equal (lessp (quotient j) i) (and (not (zerop i)) (or (zerop j) (not (equal 1))))) (equal (lessp (remainder y) x) (and (not (zerop y)) (not (zerop x)) (not (lessp y)))) (equal (power-eval (power-rep base) base) (fix i)) (equal (power-eval (big-plus (power-rep base) (power-rep base) (zero) base) base) (plus j)) (equal (gcd y) (gcd x)) (equal (nth (append b) i) (append (nth i) (nth (difference (length a))))) (equal (difference (plus y) x) (fix y)) (equal (difference (plus x) x) (fix y)) (equal (difference (plus y) (plus z)) (difference z)) (equal (times (difference w)) (difference (times x) (times x))) (equal (remainder (times z) z) (zero)) (equal (difference (plus (plus c)) a) (plus c)) (equal (difference (add1 (plus z)) z) (add1 y)) (equal (lessp (plus y)

SOUR CE CODE OR BENCHMARKS 67 (plus z)) (lessp z)) (equal (lessp (times z) (times z)) (and (not (zerop z)) (lessp y))) (equal (lessp (plus y)) (not (zerop x))) (equal (gcd (times z) (times z)) (times (gcd y))) (equal (value (normalize x) a) (value a)) (equal (equal (flatten x) (cons (nil))) (and (nlistp x) (equal y))) (equal (listp (gopher x)) (listp x)) (equal (samefringe y) (equal (flatten x) (flatten y))) (equal (equal (greatest-factor y) (zero)) (and (or (zerop y) (equal 1)) (equal (zero)))) (equal (equal (greatest-factor y) 1) (equal 1)) (equal (numberp (greatest-factor y)) (not (and (or (zerop y) (equal 1)) (not (numberp x))))) (equal (times-list (append y)) (times (times-list x) (times-list y))) (equal (prime-list (append y)) (and (prime-list x) (prime-list y))) (equal (equal (times z)) (and (numberp z) (or (equal (zero)) (equal 1)))) (equal (greatereqpr y) (not (lessp y)))

SOUR CE CODE OR BENCHMARKS 68 (equal (equal (times y)) (or (equal (zero)) (and (numberp x) (equal 1)))) (equal (remainder (times x) y) (zero)) (equal (equal (times b) 1) (and (not (equal (zero))) (not (equal (zero))) (numberp a) (numberp b) (equal (1- a) (zero)) (equal (1- b) (zero)))) (equal (lessp (length (delete l)) (length l)) (member l)) (equal (sort2 (delete l)) (delete (sort2 l))) (equal (dsort x) (sort2 x)) (equal (length (cons x1 (cons x2 (cons x3 (cons x4 (cons x5 (cons x6 x7))))))) (plus (length x7))) (equal (difference (add1 (add1 x)) 2) (fix x)) (equal (quotient (plus (plus y)) 2) (plus (quotient 2))) (equal (sigma (zero) i) (quotient (times (add1 i)) 2)) (equal (plus (add1 y)) (if (numberp y) (add1 (plus y)) (add1 x))) (equal (equal (difference y)

SOUR CE CODE OR BENCHMARKS 69 (difference y)) (if (lessp y) (not (lessp z)) (if (lessp y) (not (lessp x)) (equal (fix x) (fix z))))) (equal (meaning (plus-tree (delete y)) a) (if (member y) (difference (meaning (plus-tree y) a) (meaning a)) (meaning (plus-tree y) a))) (equal (times (add1 y)) (if (numberp y) (plus (times y)) (fix x))) (equal (nth (nil) i) (if (zerop i) (nil) (zero))) (equal (last (append b)) (if (listp b) (last b) (if (listp a) (cons (car (last a)) b) b))) (equal (equal (lessp y) z) (if (lessp y) (equal z) (equal z))) (equal (assignment (append b)) (if (assignedp a) (assignment a) (assignment b))) (equal (car (gopher x)) (if (listp x) (car (flatten x)) (zero))) (equal (flatten (cdr (gopher x))) (if (listp x) (cdr (flatten x))

SOUR CE CODE OR BENCHMARKS 70 (cons (zero) (nil)))) (equal (quotient (times x) y) (if (zerop y) (zero) (fix x))) (equal (get (set val mem)) (if (eqp i) val (get mem))))))) (defun tautologyp (x true-lst false-lst) (cond ((truep true-lst) t) ((falsep false-lst) nil) ((atom x) nil) ((eq (car x) (quote if)) (cond ((truep (cadr x) true-lst) (tautologyp (caddr x) true-lst false-lst)) ((falsep (cadr x) false-lst) (tautologyp (cadddr x) true-lst false-lst)) (t (and (tautologyp (caddr x) (cons (cadr x) true-lst) false-lst) (tautologyp (cadddr x) true-lst (cons (cadr x) false-lst)))))) (t nil))) (defun tautp (x) (tautologyp (rewrite x) nil nil)) (defun test2 () (rewrite

SOUR CE CODE OR BENCHMARKS 71 (apply-subst (quote ((x (plus (plus b) (plus (zero)))))) (quote (implies (and (implies y) (implies z)) (implies z)))))) (defun test3 () (rewrite (quote (implies (and (implies y) (implies z)) (implies z))))) (defun boyer-test () (prog (ans term) ;; set just before exit, and never referenced (declare (ignore ans)) (setq term (apply-subst (quote ((x (plus (plus b) (plus (zero)))) (y (times (times b) (plus d))) (z (reverse (append (append b) (nil)))) (u equal (plus b) (difference y)) (w lessp (remainder b) (member (length b))))) (quote (implies (and (implies y) (and (implies z) (and (implies u) (implies w)))) (implies w))))) (setq ans (tautp term)))) #| (defun trans-of-implies (n) (list (quote implies) (trans-of-implies1 n) (list (quote implies) n))) (defun trans-of-implies1 (n) (cond ((eql 1) (list (quote implies) 1)) (t (list (quote and)

SOUR CE CODE OR BENCHMARKS 72 (list (quote implies) (1- n) n) (trans-of-implies1 (1- n)))))) |# (defun truep (x lst) (or (equal (quote (t))) (member lst :test #’equal))) ;(eval-when (load eval) (boyer-setup)) ;; make sure you’ve run (boyer-setup), then call (boyer-test).

SOUR CE CODE OR BENCHMARKS 73 C.2 The DESTR UCTIVE Benc hmark ;;; DESTRU -- Destructive operation benchmark (defun destructive (n m) (declare (type fixnum m)) (let ((l (do ((i 10. (the fixnum (1- i))) (a () (push () a))) ((= (the fixnum i) 0) a) (declare (type fixnum i))))) (do ((i (the fixnum (1- i)))) ((= (the fixnum i) 0)) (declare (type fixnum i)) (cond ((null (car l)) (do ((l (cdr l))) ((null l)) (or (car l) (rplaca (cons () ()))) (nconc (car l) (do ((j (the fixnum (1- j))) (a () (push () a))) ((= (the fixnum j) 0) a) (declare (type fixnum j)))))) (t (do ((l1 (cdr l1)) (l2 (cdr l) (cdr l2))) ((null l2)) (rplacd (do ((j (floor (the fixnum (length (car l2))) 2) (the fixnum (1- j))) (a (car l2) (cdr a))) ((zerop (the fixnum j)) a) (declare (type fixnum j)) (rplaca i)) (let ((n (floor (the fixnum (length (car l1))) 2))) (cond ((= (the fixnum n) 0) (rplaca l1 ()) (car l1)) (t (do ((j (the fixnum (1- j))) (a (car l1) (cdr a))) ((= (the fixnum j) 1) (prog1 (cdr a) (rplacd ()))) (declare (type fixnum j)) (rplaca i)))))))))))) ;;; call: (destructive 600. 50.)

SOUR CE CODE OR BENCHMARKS 74 C.3 The DERIV Benc hmark ;;; DERIV -- Symbolic derivative benchmark written by Vaughn Pratt. ;;; It uses simple subset of Lisp and does lot of CONSing. (defun deriv-aux (a) (list ’// (deriv a) a)) (defun deriv (a) (cond ((atom a) (cond ((eq ’x) 1) (t 0))) ((eq (car a) ’+) (cons ’+ (mapcar #’deriv (cdr a)))) ((eq (car a) ’-) (cons ’- (mapcar #’deriv (cdr a)))) ((eq (car a) ’*) (list ’* (cons ’+ (mapcar #’deriv-aux (cdr a))))) ((eq (car a) ’//) (list ’- (list ’// (deriv (cadr a)) (caddr a)) (list ’// (cadr a) (list ’* (caddr a) (caddr a) (deriv (caddr a)))))) (t ’error))) (defun deriv-run () (do ((i (the fixnum (1+ i)))) ((= (the fixnum i) 1000.)) ;runs it 5000 times (declare (type fixnum i)) ;improves the code little (deriv ’(+ (* x) (* x) (* x) 5)) (deriv ’(+ (* x) (* x) (* x) 5)) (deriv ’(+ (* x) (* x) (* x) 5)) (deriv ’(+ (* x) (* x) (* x) 5)) (deriv ’(+ (* x) (* x) (* x) 5)))) ;;; call: (deriv-run)