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leaves is negligible, results from the LOOM simulation may be transtormed into the results of a 32-

bit, object-oriented virtual memory by multiplying the core size by 1.5 and removing the number of 

page faults due to lambda resolution. Comparison of the derived results for this hypothetical virtual 

memory indicate that pointer compression does not substantially affect the paging performance for 

LOOM. The validity of these results. which are based upon the estimate of the disk buffer hit rate 

for resolving lambdas derived from the no-leaf simulations, depend on the accuracy of two 

simplifications. First, the LOOM simulation did not explicitly maintain the contents of the fields of 

objects. [t used a simple algorithm to decide whether a pointer was a lambda. The accuracy of this 

model is not known. Second, a naive lambda resolution scheme was employed in the simulator. 

Other algorithms that can substantially reduce the number of lambdas encountered by the virtual 

machine may exist. While our judgment of pointer compression remains inconclusive, these results 

indicate the need for serious study of the tradeoffs involved. 

Let the span of a computation be the set of both existing and dynamically created objects used in a 

computation. Two important factors concerning spans need to be addressed before these empirical 

results can be applied to lengthy user sessions involving computations that use large portions of the 

set of objects comprising the programming environment. First, the distributions of span size, 

turnover rate, and degree of commonality must be determined. The effects of system evolution on 

these distributions must also be considered. 

Rough estimates of the span size may be obtained from the initial set of monitored computations 

that provided data for the detailed analysis of reference behavior presented in Chapter 4. 

Neglecting the display bitmap and the run-time stack, the computations involved sets of objects that 

would fit into 20K words of object space. Rough estimates of similarities between computational 

spans may be garnered from comparisons between warm and cold-start LOOM simulations. Very 

small core sizes (20K) initially contained some or all of the span that was in core at the end of the 

warming phase. During the actual simulation following the warming process, some of the in-core 

objects were used before being purged. Other irrelevant objects were purged without being 

referenced. The ratio of the sizes of these two sets of objects, as well as the relative costs of 

fetching and purging objects, dctermined the differential in page faults between a wann and a cold 

start. Since warm starts caused both increases and decreases in the number of page faults, one 

immediate conclusion is that the degree of commonality between two spans depends upon the 

corresponding computations. Some context shifts will cause little purging and faulting while others 

will cause moderate amounts of both. Except for the compressed traces, which attempted to change 

contexts with unnatural haste, no infonnation is currently available regarding span turnover rates in 

such interactive, display-oriented programming environments. Work needs to be done in this area 

before an informed evaluation of LOOM can be made. 

Two modes of system evolution will also impact the reference behavior of such an object-oriented 

environment. First of all. Smalltalk is a programming environment that has undergone substantial 

modification since its inception as Smal1talk-72 [SHOe]. Changes will undoubtedly occur for the 

forcseeable future, not only by the implementors. but also by the users. Except for the virtual 



CHAPTER 9. LOOM VERSUS A PAGED VIRTUAL MEMORY 115 

machine, the entire Smalltalk programming environment is under the immediate control of the user. 

Both ofticial releases and private systems will evolve with time, meaning that typical user sessions 

and computations will vary. 

The reference behavior of any such system is also dictated by the performance constraints imposed 

by the hardware, microcode, and software implementing the underlying virtual machine and the 

top-level system. Perfonnance considerations typically affect the data structures and algorithms 

chosen to implement a desired feature. Users of the system are constrained not only by the set of 

existing and constructible tools and properties but also by the feasibility of implementing and 

running new applications. While larger sizes of primary memory may initially favor a paging 

scheme by moving the operating region to the right beyond the crossover point, span sizes may 

drastically increase as larger and more ambitious subsystems evolve. Computations requiring a 

profusion of intermediate data structures, heavily-accessed personal databases, and large-scale, 

detailed simulations may become feasible and thus arise in such a memory-rich computing 

environment. Such applications would shift the operating point to the left and favor a LOOM-like 

system. Other computations, which were feasible in smaller memory configurations, will continue to 

be used and will restrict this movement. What is important is the composite effect of system 

evolution, new applications, and core memory enlargements. Knowledge concerning the 

dependence of span size on total system size and/or core memory size is required before this net 

effect can be estimated and the appropriate type of virtual memory ascertained. 

9.7 An Evaluation of LOOM 

Long-term changes in the size of the entire system and individual spans, as well as the short-term 

fluctuations in computation size and span turnover, will tend to shift the crossover size ratio of the 

programming environment. The "better" virtual memory depends upon the location and movement 

of this ratio in addition to the particular cost function of the client. 

There are costs to a LOOM system besides paging perfonnance that must be considered. LOOM is 

a complex system that is much more difficult to fully design, implement, debug, maintain, and 

modify than a conventional paging scheme. Secondly, much of the computational overhead of a 

paged virtual memory can be eliminated via hardware assists and/or caching techniques that are 

readily supported by current machine architectures. Many facets of l.OOM, such as lambda 

resolution. the maintenance of up to three reference counts for each object, and the fact that 

variable-length sequences of information instead of fixed-length blocks are the units of swapping, 

require nontrivial algorithms. This complexity will be evident in the additional time, hardware, 

and/or software required to satisfy requests made to the virtual memory manager. Finally, the 

assumption that all leaves were clean is not true. Only experience with LOOM will provide the 

pertinent statistics. 

Balancing these cost<; are the obvious LOOM benefits of a high core utilization, pointer 

compression, and a relative invariance to the degradation of spatial locality. There are also a 

number of possible improvements to LOOM and the static grouping algorithm in usc. 
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Grouping strategies may be enhanced by treating code objects in a special manner. The current 

grouping schemes did not special-case CompilcdMethods and were probably penalized. Once a 

Smalltalk type system become~ reality. such grouping methods will be feasible and should yield 

substantial improvements in paging performance for LOOM. Packing together code objects without 

large literals intervening (as was naively done in the OOZE and breadth-first initial placements) 

should realize gains. lntensive code-grouping efforts will also improve the performance of the 

paged virtual memory. However. incomplete utilization of CompiledMethods, in addition to 

primitives handled by the microcode, will limit the reduction in page faults for the paged virtual 

memory. Open questions include the worth of cleanliness grouping as well as hybrid graph­

theoretic schemes that traverse the subtree corresponding to a node in a manner depending on the 

state of the node and its class. 

There are a number of possible improvements to LOOM. For example, empirical results in section 

8.3.6 have shown that an LRU ordering in the disk buffer outperformed a FIFO purging scheme. 

Various lambda-resolution and even object-prefetching schemes need to be implemented and 

evaluated. Purging policies. such as those that distinguish clean from dirty or young from old 

objects. also require investigation. Finally, a virtual memory environment such as LOOM, which 

maintains a strict disk-core separation, may also be used to explore dynamic grouping schemes that 

place and purge objects related by creation time and/or connectivity. 

There is no doubt that LOOM will be an excellent testbed for virtual memory research. Empirical 

evidence has shown that LOOM will substantially outperform a conventional paged virtual memory 

for poorly organized initial placements and for memory sizes well below the knee of the page fault 

function. Small reference counts and similar object usage pa~terns in wildly different computations 

have indicated that useful static groupings are efficiently constructed by simple algorithms. [n 

addition, the possibility of dynamic grouping, either by real-time copying [BA KE) or swapping 

mini-pages [BAER76], the relative ease of implementing a paged virtual memory, and the absence 

of huge performance gains for moderate and large memory sizes dictate against LOOM. 

In addition to primary memory sizes that are small relative to the expected computations and 

unstable initial placement'), two other scenarios strongly favor LOOM. First, some machine 

architectures "require" short pointers for acceptable performance. Memory and cache word size, 

register length, and bus and data path widths all constrain the maximum pointer size that the virtual 

machine can efficiently handle on every object reference. LOOM guarantees that all references seen 

by the virtual machine are short regardless of the total number of objects in the system. The 

problem of maintaining a compact representation for the set of name-location pairs for recently used 

objects is solved by LOOM's two separate name spaces. Short of paging an object table (OT) that 

encompasses the entire system, the corresponding requirement for the paged virtual memory has not 

been adequately addressed nor analyzed. The time and space overhead of any such scheme will 

enhance the relative performance of LOOM. This enhancement could be substantial if references to 

the OT show little spatial locality. Secondly, in relational data base systems and other applications 

where relationships are indirect and not by pointers, reference counts and pointers are meaningless 
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because objects can never become inaccessible and the boolean connectivity of the data docs not 

constrain the motion of queries in data space. If high quality initial placements that are 

independent of queries cannot be found, then any static arrangement will be comparable with the 

random initial placement lIsed in the simulations and a LOOM-like system will be preferable. 
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10. Dynamic Characteristics and Degradation of Initial Placements 

t 0.1 Introduction 

A tinal set of measurements were made using the Smalltalk-80 emulator in order to determine the 

relative amount of time computations spend updating the structure of objects grouped into some 

initial placement. Besides indicating the level of degradation of the initial placement in a short 

computation, this data may be used to evaluate and design memory management policies for 

dynamically created objects, since temporary structures cause most of the memory management 

workload. These studies concentrated on memory allocation and reclamation, object lifetimes, and 

dynamic pointer distances. Data from which the following discussion draws may be found in 

Appendix D. 

Unlike all preceding monitored simulations, the nm-time stack was included in this analysis. The 

contexts comprising the stack are ordinary Smalltalk objects whose behavior accounts for much of 

the dynamic characteristics of the system. Requests for new objects were explicitly caught and 

processed, while object destructions were noticed by checking the reference count of an object 

whenever a pointer to it was clobbered. Except for initializing the pointer fields of a new object to 

nil, all pointer field updates were tallied and processed. On the other hand, the act of reading and 

following a pointer value was neglected by the statistical package. 

Five distinct computations were monitored, including sending an error message, displaying text in a 

window on the screen, determining the set of classes prepared to accept a specific message selector. 

compiling a method, and opening a browser. Since opening a browser required an enormous 

number of bytecodes, that sequence was arbitrarily halted. All other computations were run to 

completion. 

Simple counts of events indicate that most of the effects of the computation were transient and did 

not substantially restructure the graph of existing objects. This fact highlights the futility of 

investigating initial placement stability via detailed simulations. [n order to have even a small effect 

on the set of objects in secondary storage, an actual running system or a high-level simulator must 

be employed. Nevertheless, a number of interesting observations were made concerning detailed 

aspects of object lifetimes and characteristics of new pointers. 

The total number of store operations was slightly ·larger than the number of bytecodes executed~ 

On the average. one pointer was updated for every bytecode interpreted by the virtual machine. 

Although thousands of object instances were created. few remained at the end of the computation. 

A small number of old objects that had existed before the computation began also perished. 
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10.2 Stack-like Allocation and Oeallocation 

One view of the behavior of dynamically created objects is that their existence is stack-like. 

According to this model. given a set of objects used by some computation, the object in that set that 

is the most likely to perish is. the youngest. While this view was not entirely validated, the lifetime 

behavior of most objects seemed to follow a stack-like discipline. !\ related question suggested by 

the analysis is the correlation between the deallocation of a stack frame and the deallocation of 

objects created in that stack frame. 

!\ stack of existing dynamically created objects was maintained to determine the validity of this 

model. Newly created objects were pushed onto this stack while freed objects were removed. If the 

destroyed object was not at the top of the stack, then nothing else occurred. Otherwise. the stack 

was repeatedly popped until its top again referred to an' existing object. 

[n general, . the maximum stack length for a trace was only slightly longer than the stack size at the 

end of the computation. Most of the stack was empty, since the number of existing objects was 

much less than the stack length. A small number of objects violated the assumption of stack-like 

lifetimes and caused these conditions. Without compaction, the stack size grew as the computation 

proceeded and would tend to grow without bound for arbitrarily long computations. 

To remedy this situation, compaction was assumed to be performed continuously. When an object 

was deallocated, its distance from the top of the stack was recorded. Call this offset the long 

deallocalion distance. This object was removed from the stack and all younger objects were moved 

one slot to fill the gap. !\ perfect stack-like behavior would cause only zeros to be recorded and no 

movement of younger objects. Although some empirical distances were nonzero, the third quartiles 

and means of the long deallocation distance distribution were either zero or one. The durations of 

most objects followed a stack discipline. 

All objects involved in the computation that were not created dynamically were assumed to be 

pennanent or old. Whenever a permanent object is given a reference to a new object, there is a 

high probability that the death of the new object and all its descendants will seriously violate the 

stack ordering. To account for this likelihood, whenever a reference to a new object was given to 

an old object, the new object and any of its' descendants that were new were removed from the 

stack and became old. Again, younger objects moved as many stack slots as necessary in 'order to 

eliminate the resulting empty spaces. The obvious parallel in an actual implementation would be 

the copying of the entire new structure from new space to old space. [n this scenario. the stack only 

contains references to new objects that are not referenced directly nor indirectly by old objects. 

Pointers are unconstrained in either space and pointers may go from new space to old space but not 

vice versa. When an object in new space perishes. call Its offset from the top of the stack its short 

deallocation distance. For each trace. the long and short deallocation distance distributions were 

quite similar. Removing these objects from the stack had only a negligible effect on the quartiles. 

means, and medians of the deallocation distance functions. In two cases, however, the maximum 

deallocation distance was drastically reduced. 
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At the end of each computation, less than 2% of all dynamically created objects still existed. 

However, at least 75% of the words copied from new space to old space still belonged to existing 

objects. Most of the copying was not done in vain. Except for the fifth trace, which represented an 

uncompleted computation, at least 90% of the remaining new objects were automatically transferred 

to old space by the aforementioned algorithm. This simple predictive mechanism had a high degree 

of accuracy and may thus be profitably used in memory management schemes that distinguish 

between new space and old space. 

10.3 Object Lifetime 

Consider a clock associated with the Smalltalk virtual machine that ticks once for each (extended) 

bytecode executed. Assume a new object A is created at time tc and becomes inaccessible at time 

td' Define the lifetime of A to be td-tc If a computation c spans at least the period from tc to td' 

then A is a transient object in computation c. Logging allocation requests and carefully monitoring 

reference counts allowed lifetimes for all transient objects to be detennined. Lifetime distributions 

for the computation sequences were highly skewed and had medians in the range from 13 to 30 and 

means in the interval from 264 to 696 (Figure 10-1). tv1cans much larger than even the third 

quartile were the result of both long-lived stack frames and objects, as well as local objects passed 

by result up the can stack. These results are not surprising since a majority of objects had stack-like 

lifetimes. Batson and Brundage [BATS77] reported similar findings of skewed lifetime distributions 

for arrays and contours (stack frames) in an empirical study of Algol programs. 

10.4 Dynamic Pointer Distance 

Associated with each new object is its time of creation. Let the creation time for all pennanent 

objects be minus infinity. For two objects A and B with respective creation times ta and tb' assume 

A contains a non-immediate reference to B. Hence B is not a SmallInteger nor the "nil" object. 

Let the dynamic distance of this pointer from A to B be ta -tb' Note that positive distances point 

backward in time while negative distances point forward in time. If B is old and A is not, then the 

distance is plus infinity. If A is old and 13 is not, the distance is minus infinity. If both are new, 

the distance is detennined by ordinary subtraction. Otherwise, both objects are old and the distance 

is undefined. 

Based upon the nature of the CONS operation and the infrequent use of RPLACA and RPLACD 

operators, researchers in Lisp systems have predicted that most dynamic pointer distances will be 

positive [LlEB]. That is, most references will be from a list cell to an older list cell. These 

assumptions are not directly applicable to Smalltalk because of the high use of primitives and 

CompiledMethods that update old pointer fields and the fact that stack frames are ordinary objects. 

The dynamic distance of the new reference in each store operation was recorded for the five 

monitored computation sequences. Not surprisingly, the bulk of the store operations updated new 

objects. However, slightly more than half of these pointers that were non-immediate referred to 

permanent objects. Call these operations new-old stores. Every MethodContext frame on the stack 
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referred to an existing CompiledMethod and hence code references contributed a substantial 

number of new-old stores. All global variables, method literals. and classes were old and caused 

additional new-old references. These pointers were primarily used in a read-only mode, since very 

few old objects were ever updated or destroyed. The small number of store operations that created 

links from permanent objects to new structures severely limited the required amount of copying 

from new space to old space. 

Self-reference, which arose when a pointer to the current stack frame was pushed on the stack. 

caused a few references to have a dynamic distance of zero. Since stack frames were necessarily 

created before local objects were defined, creating a new object and pushing it on the stack usually 

resulted in a reference with a small but negative dynamic distance. On the other hand, all message 

arguments were necessarily created before the corresponding stack frame was activated. Pushing an 

argument onto the stack usually resulted in a small but positive dynamic distance. This positive 

distance would tend to balance the small negative distance recorded when the same argument was 

first pushed on the stack in the calling environment. Unlike a Lisp-like system, where one exper~~ 

almost all references to point backwards in time, references in new Smalltalk objects pointed 

forward in time quite often. For example, the ratio of tinite positive pointers to finite negative 

pointers ranged from l.59 to 6.85. Pointers from new space to old space have a positive infinite 

distance. When these infinite pointers are also considered, the interval ranged from 4.40 to 17.47. 

These ratios indicate that pointers forward in time may be common but in general are exceptions 

rather than the rule. 

While most statistics for negative pointer distances were smaller than their positive counterparts, all 

pointer distance distributions were skewed (Figures 10-2. and 10-3). In 9 of 10 cases, for example. 

the mean distance was far larger than the median. Mean positive pointer distances were in the 

interval from 1832 to 10,417, while negative pointers had mean distances from -599 to -3897. 

Median pointer distances were much smaller in magnitude and fell into the ranges from 8 to 375 

and from -2 to -12. 

10.5 Degradation of an Initial Placement 

The preceding analysis indicates that efforts at improving algorithms that manage primary memory 

ought to concentrate on the set of newly created objects and operations contained within this set. A: 

simple transport rule, which copies objects from new space to old space, filters out a significant 

portion of the long-lived objects. A conventional mark and sweep garbage collector in new space 

would perform well at the end of a computation, because few accessible objects would remain in 

new space. One penalty, however, is the initial requirement of enough free space to allow the." 

computation to run to completion without reclaiming core. A second consideration is the overhead 

of checking for old-new pointers. 

White emphasizing the asymmetry in the update frequency of new and old objects, the speed 

limitations of the Smalltalk emulator prohibited a full investigation into the rate at which an initia~, 

placement degrades with usage. There are two key methods by which an initial placement will 
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evolve over time. First. old objects arc updated and destroyed at a relatively slow ratc. This 

process corresponds to a gradual modification of the underlying graph structure and the elimination 

of unconnectcd components. A second aspcct of this modification is the introduction of new 

permanent objects that were dynamically created, matured, and f()rced to the disk. 

Snapshots of an in-core version of Smalltalk were made once evcry four hours over a twelve-hour 

usage span. Sessions involving the implementation, debugging, and usage of the software package 

that tallied and processed the dynamic events reported in this chapter comprised the bulk of the 

usage. A depth-first initial placement was computed for the objects of the first snapshot. This 

placement was used to calculate static pointer distances and the fraction of these distances that were 

less than 256 words in all four snapshots. The four distance distributions were quite similar, while 

the on-page pointer ratio slowly declined from 16.9% to 16 . .1%. As measured by static pointer 

distance distributions, this initial placement degraded only slightly after a moderate amount of use. 

Needless to say, these measures only considered objects that occurred in both the initial placement 

and the specific snapshot. Objects present in a snapshot but not in the initial placement were not 

included in the analysis. This single sequence of snapshots is not indicative of a user modifying 

more than a small collection of classes. Most of the computation was concentrated in a small part 

of the system. which mayor may not be typical. Work is needed to detennine the net effect of 

new objects matured to the disk and to design, implement, and test a variety of dynamic grouping 

algorithms that handle the transfer. placement, and movement of ncw pClmanent objects. Only 

then will the true degradation rates of initial placements and the need for periodic static rcgroupings 

be known. 
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II. Conclusions 

The key finding of this thesis arose from a direct empirical comparison between object-oriented and 

page-swapping virtual memories. [n terms of the number of page fault';, LOOM outperformed a 

conventional virtual memory for a range of small memory sizes that depended on the quality of the 

initial placement generated by the grouping strategy. The better virtual memory design depends on 

the existence of quality initial placements and the rate at which they become obsolete. 

[n order to review the remaining major conclusions of this thesis. I have included a recapitulation of 

each chapter as well as warnings for areas not addressed. After discussing LOOM, this chapter 

provides suggestions for future research. 

1l.1 A Review 

Chapter 2 provided a quick introduction to the LOOM virtual memory and the Smalltalk system. 

While LOOM logically swaps objects between memory levels, it always transfers physical pages 

between core and disk. Under certain circumstances. objects are the appropriate entities to be 

grouped when restructuring information in the secondary memory to enhance paging performance. 

On the average. objects should be smaller than a single disk page but not much more than an order 

of magnitude smaller. 

The emulator for the Smalltalk~80 virtual machine that was constructed to produce actual execution 

traces was described in Chapter 3. While the emulator did not generate all references made by the 

virtual machine. the missing fraction was negligible. The traces discussed in this thesis are therefore 

representative and complete. 

Chapter 4 investigated the basic reference tendencies of Smalltalk by examining event traces for five 

diverse operations that frequently occur in typical user sessions. Some statistics highlighted the 

differences between the access patterns of code objects from those of data objects. However. these 

distinctions did not warrant special treatment by cache management schemes. main memory 

managers, or grouping strategies. Object size distributions supported the claim that objects are the 

appropriate entity to group on disk pages. The observed locality of reference predicted a substanti~l 

reduction in the size of event traces by simple compression schemes. 

The next chapter presented nine static grouping schemes. A static analysis of the initial placements 

generated by these grouping algorithms partitioned them into five categories. Under two static 

measures of similarity. initial placements within a category were remarkably alike. while those in 

different categories were not alike. This partitioning extended somewhat to the dynamic domain. 

Initial placement<; in the same category had similar paging perfonnanc~s. The converse of this 

statement. however, did not always hold. 
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Chapter 6 described a one-pass compression algorithm that reduced the length of event traces 

intended to be used as input to virtual memory simulations. If a few simple requirement') are met 

by the simulation, this algorithm guarantees a weak equivalence between the initial and compressed 

reference traces. A reduction ratio of 100: 1 was attained. 

The effects of static grouping on the dynamic perfomlance of a page-swapping virtual memory were 

presented in Chapter 7. Any of the realizable grouping strategies substantially reduced the number 

of page faults caused by an ungrouped initial placement. Performance differences between the 

grouping schemes were not relatively significant. The average utilization of main memory, as 

opposed to the particular grouping strategy, was the dominant factor. 

Chapter 8 described the effects of static grouping on the object-oriented virtual memory LOOM. 

These grouping schemes realized limited performance gains,· since LOOM was able to perform 

rather well in the face of an ungrouped initial placement. Other virtual memory policies and 

parameters played a secondary role in determining the number of page faults and were essentially 

independent of the initial placement. 

The following chapter reported the direct empirical comparison between the object-oriented and 

page-swapping virtual memories. In tenus of the number of page faults, LOOM outperformed the 

conventional virtual memory for a range of small memory sizes. Similar intervals were obtained for 

warm starts, cold starts, simulations that did reference counting, and those that did not. However, 

the length of this interval varied inversely with the quality of the initial placement. 

Chapter 10 briefly examined the memory management problems of Smalltalk and pointed out the 

need to efficiently handle dynamically created objetts, since most have extremely short lifetimes. 

Although most updated references in newly created objects pointed backwards in time, object 

lifetimes were not governed by a strict stack discipline. 

While the Smalltalk-80 emulator provided these novel results, its nature prohibited the investigation 

of other related areas. Computation size, turnover rate, and composition could not be easily 

measured. The empirical comparisons between the two types of virtual memories could not be 

directly used to answer hard questions concerning real or imagined systems. Issues of initial 

placement stability were not thoroughly addressed, and the entire domain of dynamic grouping was 

avoided. 

1l.2 Recommendations 

Inherent difficulties in implementing an object-swapping scheme must be considered before the 

choice of a virtual memory type is finalized. Potential performance benefits provided by LOOM 

must be carefully weighed against the costs. Such an analysis considers the interactions between the 

physical and virtual environments. Primary memory size is the one important physical parameter. 

The size and nature of the current and future computations, the existence of good grouping 

algorithms, and the stability of quality initial placements are the remaining inputs. These three 
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factors detennine the nominal position of the crossover point. the short term fluctuations about this 

point. and the long-term trends that translate this point. A comparison between the distribution of 

the crossover point locations and the physical memory size will indicate the relative paging 

performance an object-oriented virtual memory would be expected to provide. 

LOOM should not be viewed as a quick virtual memory implementation that will function as a 

panacea. Instead, such a scheme must be considered as part of a long-tenn research project whose 

success cannot be evaluated without a running prototype. An actual implementation of LOOM can 

be used to validate or invalidate the results presented in this thesis and e,~plore the issues side­

stepped by simplifications. Of critical importance to a page-swapping virtual memory are the 

questions of initial placement stability and the existence of efficient dynamic grouping schemes. A 

rapid degradation of the initial placement in the direction of a random grouping will substantially 

shift the crossover point. A real system will not be burdened by the speed constraints encountered 

in emulations and simulations and can measure this degradation rate. Experimentation can easily go 

beyond the bounds established by this study in attempting to solve these problems. If good 

arrangements are inherently stable or effective dynamic algorithms can be found. then the 

advantages of LOOM will be more than offset by the costs for memory sizes comparable to the 

expected span of computations. 

11.3 Directions for Future Research 

Simulations of LOOM have identified a number of important considerations that can substantially 

affect the paging perfOlmance of object-swapping virtual memories. I,ambda resolution schemes. 

object-prefetching policies, and. purging algorithms need to be closely examined in isolation. with 

respect to each·" other, and in conjunction with different types of initial placements. 

The static grouping algorithms employed in this study emphasized the object-fetching behavior of 

the virtual machine using either a priori or a posteriori knowledge. Just as important is the 

minimization of disk accesses for purging policies and lambda resolution schemes. New 

restructuring techniques that are cognizant of these characteristics should be designed. evaluated, 

and compared with the set of simple algorithms used here. 

The nature and extent of dynamic modification to the initial placement needs to be investigated. 

New objects are constantly matured and added to the set of permanent objects. Fields are 

continuously updated and old objects eventually perish. Dynamic grouping [BAER76]. copying 

[BAKE, SVOB]. and maturing techniques deserve an examination for both object-oriented and 

page-swapping virtual memories. 

The effects of memory reclamation algorithms, such as reference counting, [rcal-time] garbage 

collection, and hybrid schemes. will certainly depend on the initial placement and virtual memory 

type. [t may be the case that both static and dynamic grouping schemes should be tuned to the 

anticipated memory management policies. 
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Finally, the experiments and measurements performed on Smalltalk-80 ought to be duplicated on 

other object-oriented, interactive programming environments in order to determine whether the 

reported results apply to only one system or characterize general computational tendencies. 
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Appendix A 

A-O. Basic Data 

Trace All Code Data All Primitives Primitive 
Number References References References Primitives Caught Percentage 

#1 144K 81,157 66,299 7543 6327 83.9% 
#2 144K 93,358 54,098 6242 5829 93.4% 
#3 144K t02,161 45,295 6791 5688 83.8% 
#4 144K 95,256 52,200 8446 7544 89.3% 
#5 144K 36,456 111,000 2139 1883 88.0% 

Trace ByteCodes All Size of All New Size of New 
Number Executed Objects Objects Objects Objects 

#1 39,527 705 49,214* 89 1442 
#2 32,556 1240 52,427* 393 2381 
#3 37,042 878 18,079 186 1542 
#4 40,000 723 51,099* 85 2625 
#5 14,044 422 46,761 * 100 899 

*Includes the 32K bitmap 
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A-I. Size Distribution 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 2 32K 10 5 17 25 354 
All <2K 2 1593 lO 5 17 19 48 
All Code 4 1201 17 12 34 31 47 
All Code <2 K 4 1201 17 12 34 31 47 
All Data 2 32K 8 4 14 22 414 
All Data <2K 2 1593 8 4 13 14 47 

Static Size Distribution 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All<2K 2 502 10 4 20 24 50 
All Code (2K 4 502 18 10 36 34 53 
All Data <2K 2 485 5 4 10 14 45 

Quasi-Static Size Distribution # 1 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All <2K 2 502 9 4 17 16 30 
All C.-de <2 K 4 502 18 10 36 32 47 
All Data <2K 2 258 5 4 10 9 15 

Quasi-Static Size Distribution #2 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All (2K 2 515 13 5 20 21 36 
All Code (2K 4 260 20 11 36 33 40 
All Data <2K 2 515 10 5 20 15 33 

Quasi-Static Size Distribution # 3 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All (2K 2 530 12 -5 24 26 52 
All Code (2K 4 473 19 12 36 33 43 
All Data (2K 2 530 5 4 10 18 59 

Quasi-Static Size Distribution #4 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All (2K 2 502 10 4 21 25 48 
All Code (2K 4 502 16 7 36 40 63 
All Data <2K 2 258 4 4 10 11 21 

Quasi-Static Size Distribution # 5 
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MIN MAX MEl) Ql Q3 MEAN ST. DEV. 

All 2 32K 41 14 182 5864 12,370 
All (2K 2 502 27 II 68 67 98 
All Code 4 502 41 25 116 74 89 
All Code (2K 4 502 41 25 116 74 89 
All Data 2 32K 41 10 32K 12,953 15,780 
All Data (2K 2 485 LO 5 34 52 113 

Dynamic Size Distribution # 1 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 2 32K 34 10 68 2615 8711 
All(2K 2 502 27 10 43 54 80 
All Code 4 502 36 22 68 66 85 
All Code (2K 4 502 36 22 68 66 85 
All Data 2 32K 10 10 258 7013 13,277 
A 11 Data (2 K 2 260 10 10 10 29 60 

Dynamic Size Distribution #2 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 2 515 27 to 65 51 66 
All (2K 2 515 27 10 65 51 66 
All Code 4 260 36 25 68 65 68 
All Code (2K 4 260 36 25 68 65 68 
All Data 2 515 10 10 10 19 46 
All Data (2K 2 515 10 10 10 19 46 

Dynamic Size Distribution # 3 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 2 32K 33 14 70 3175 9513 
All (2K 2 530 27 12 68 64 99 
All Code 4 473 34 25 68 64 80 
All Code (2K 4 473 34 25 68 64 80 
All Data 2 32K 10 10 32K 8852 14,343 
All Data (2K 2 530 10 10 34 62 134 

Dynamic Size Distribution # 4 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 2 32K 32K 68 32K 21,204 15,278 
All (2K 2 502 30 to 68 80 127 
All Code 4 502 40 20 116 103 141 
All Code (2K 4 502 40 20 116 103 141 
All Data 2 32K 32K 32K 32K 28,134 10,761 
All Data (2K 2 258 10 10 20 19 32 

Dynamic Size Distribution # 5 
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A-2. Fractional Utilization 

M[N MAX MEl) Ql Q3 MEAN ST. DEV. 

All 0 lOO 50 20 68 45 28 
All Code 3 92 54 25 68 48 24 
All Data 0 lOO 33 20 71 43 30 

Fractional Utilization # 1 

MIN MAX MED Q1 Q3 MEAN ST. DEV. 

All 2 100 50 10 75 45 33 
All Code 3 93 51 15 68 48 25 
All Data 2 100 33 10 75 45 34 

Fractional Utilization #2 

MIN MAX MED Q1 Q3 MEAN ST. DEV. 

All 0 100 29 7 70 39 32 
All Code 3 91 57 40 73 53 25 
All Data 0 100 25 5 67 35 32 

Fractional Utilization # 3 

MIN MAX MED Ql Q3 MEAN ST.DEV. 

All 0 100 40 20 74 44 29 
All Code 3 89 54 35 67 49 23 
All Data 0 100 30 10 75 41 32 

Fractional Utilization #4 

MIN MAX MED Q1 Q3 MEAN ST. DEV. 

All 1 100 59 20 75 51 30 
All Code 3 94 45 14 60 42 26 
All Data 1 100 75 25 75 56 31 

Fractional Utilization # 5 
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T race Length MIN MAX MED Ql Q3 MEAN ST. DEY. 

IK 5 77 24 14 57 33 24 
2K 5 100 25 13 57 36 26 
4K 5 1O0 37 15 68 40 26 
8K 5 100 37 15 68 40 26 
16K 5 100 40 20 74 42 27 
32K 0 100 40 20 75 44 27 
64K 0 100 47 20 75 45 28 
144K 0 100 50 20 68 45 28 

Incremental Fractional Utilization # 1 (All) 

Trace Length MIN MAX MED Q1 Q3 MEAN ST. DEV. 

lK 0 100 20 14 45 31 23 
2K 0 100 25 20 55 34 24 
4K 0 100 30 20 64 38 25 
8K 0 100 30 20 73 41 27 
16K 0 100 40 17 73 42 27 
32K 2 100 44 20 75 45 28 
64K 2 100 40 13 75 45 33 
144K 2 100 50 10 75 45 33 

Incremental Fractional Utilization #2 (All) 

Trace Length MIN MAX MED Ql Q3 MEAN ST. DEV. 

1K 0 80 25 14 45 31 20 
2K 2 80 25 14 50 33 21 
4K 2 86 25 14 60 36 25 
8K 3 100 30 14 67 39 28 
16K 0 100 37 14 68 42 31 
32K 0 100 39 14 76 43 32 
64K 0 100 40 13 75 44 31 
144K 0 100 29 7 70 39 32 

Incremental Fractional Utilization # 3 (All) 

Trace Length MIN MAX MEl) Q1 Q3 MEAN ST. DEY. 

lK 0 75 20 14 43 29 20 
2K 5 77 30 15 60 37 24 
4K 5 86 30 15 65 38 25 
8K 5 89 33 15 68 41 26 
16K 5 95 46 20 7S 44 27 
32K 3 100 50 20 7S 45 27 
64K 0 100 48 20 75 46 30 
144K 0 100 40 20 74 44 29 

Incremental Fractional Utilization #4 (All) 

Trace Length MIN MAX MED QI Q3 MEAN ST. DEV. 

IK 0 77 20 10 29 23 20 
2K 1 77 20 10 29 23 20 
4K 1 86 20 10 40 29 22 
8K 1 100 25 14 57 36 26 
16K 1 100 30 14 74 41 29 
32K 1 100 50 17 75 47 30 
64K 1 100 54 20 75 49 30 
144K 1 100 59 20 7S 51 30 

Incremental Fractional Utilization #5 (All) 
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Trace Length M.IN . MAX MEl) Q1 Q3 MEAN ST. DEY . 

1K 5 77 37 14 57 35 23 
2K 5 77 37 14 57 35 23 
4K 5 85 46 14 60 42 25 
8K 5 85 46 14 60 42 25 
16K 5 89 50 15 67 46 25 
32K 2 89 54 33 65 47 24 
64K 2 92 54 36 67 50 23 
144K 3 92 54 25 68 48 24 

Incremental Fractional Utilization # 1 (Code) 

Trace Length MIN MAX MED Q1 Q3 MEAN ST. DEV. 

1K 3 85 45 14 59 39 25 
2K 3 85 45 14 60 42 24 
4K 3 85 50 14 65 43 25 
8K 3 85 50 14 65 45 25 
16K 3 88 50 14 65 46 25 
32K 3 89 51 14 68 47 25 
64K 3 89 50 15 68 47 25 
144K 3 93 51 15 68 48 25 

Incremental Fractional Utilization #2 (Code) 

Trace Length MIN MAX MED Ql Q3 MEAN ST. DEY. 

lK 5 71 39 14 57 37 21 
2K 5 71 45 14 56 37 21 
4K 5 86 50 14 64 44 24 
8K 3 91 54 14 68 48 26 
16K 3 91 52 19 65 47 26 
32K 3 91 54 25 70 49 26 
64K 3 91 54 39 73 51 25 
144K 3 91 57 40 73 53 25 

Incremental Fractional Utilization #3 (Code) 

Trace Length MIN MAX MED QI Q3 MEAN ST. DEY. 

IK 5 68 38 14 57 33 22 
2K 5 77 46 15 60 40 23 
4K 5 79 45 14 62 40 24 
8K 5 89 50 . 14 63 43 25 
16K 5 89 54 15 66 47 25 
32K 3 89 53 15 63 46 24 
64K 3 89 54 35 67 49 23 
144K 3 89 54 35 67 49 23 

Incremcntal Fractional Utilization #4 (Code) 

Trace I.cngth MIN MAX MEl) Ql Q3 MEAN ST. DEY. 

lK 11 77 44 13 56 39 22 
2K 11 77 44 13 56 39 22 
4K 5 86 40 14 63 41 25 
8K 3 88 40 14 59 40 25 
16K 3 88 40 14 59 40 25 
32K 3 89 43 14 60 41 26 
64K 3 94 45 14 63 42 26 
144K 3 94 45 14 60 42 26 

Incremental Fractional Utilization # 5 (Code) 
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Trace Length MIN MAX MEO Q1 Q3 MEAN ST.OEV. 

lK 5 75 20 13 50 32 25 
2K 5 100 25 13 75 36 27 
4K 5 100 25 20 75 39 27 
8K 5 100 25 20 75 39 27 
16K 5 100 25 20 75 40 28 
32K 0 100 30 20 75 41 29 
64K 0 100 30 20 75 42 31 
144K 0 100 33 20 71 43 30 

Incremental Fractional Utilization # 1 (Data) 

Trace Length MIN MAX MED Ql Q3 MEAN ST. DEV. 

lK 0 100 20 20 25 26 20 
2K 0 100 25 20 30 30 22 
4K 0 100 25 20 64 35 25 
8K 0 100 25 20 75 38 28 
16K 0 100 25 20 75 39 29 
32K 2 100 29 20 75 42 30 
64K 2 100 25 10 75 43 35 
144K 2 100 33 10 75 45 34 

Incremental Fractional Utilization #2 (Data) 

Trace Length M[N MAX MEO Q1 Q3 MEAN ST.DEV. 

lK 0 80 20 11 30 26 19 
2K 2 80 25 20 33 30 21 
4K 2 86 20 11 40 31 "24 
8K 4 100 25 11 67 35 28 
16K 0 100 25 10 80 40 33 
32K 0 100 25 10 80 41 34 
64K 0 100 28 10 80 41 33 
144K 0 100 25 5 67 35 32 

Incremental Fractional Utilization # 3 (Data) 

Trace Length M[N MAX MED Ql Q3 MEAN ST. DEV. 

lK 0 75 20 20 30 27 19 
2K 5 75 25 20 75 35 25 
4K 5 86 25 20 75 38 26 
8K 5 86 30 20 75 40 27 
16K 5 95 30 20 75 43 28 
32K 5 100 30 20 75 44 29 
64K 0 100 30 10 75 44 34 
144K 0 100 30 10 75 41 32 

Incremental Fractional Utilization #4 (Data) 

Trace Length MIN MAX MEl) Ql Q3 MEAN ST. DEV. 

lK 0 67 10 8 20 15 14 
2K 1 67 10 8 20 16 14 
4K 1 83 20 10 25 22 17 
8K 1 100 25 10 50 33 27 
16K 1 100 25 20 75 41 31 
32K 1 100 67 20 75 51 31 
64K 1 100 67 20 75 53 31 
144K 1 100 75 25 75 56 31 

Incremental Fractional Utilization # 5 (Data) 
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1\-3. Access Frequency 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 1 26K 16 5 59 209 1221 
All Code 1 8K 31 8 116 236 915 
A\1 I )ata 1 26K lO 3 24 183 1454 

Access Frequency # 1 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 1 12K 6 1 24 118 554 
All Code 1 7K 34 10 152 256 665 
All Data 1 12K 6 1 7 61 473 

Access Frequency #2 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 1 6K 16 4 70 167 538 
All Code 1 6K 74 18 246 355 758 
All Data 1 4978 9 2 28 76 355 

Access Frequency # 3 

MIN MAX MED Ql Q3 MEAN ST. DEY. 

All 1 14K 14 5 64 203 839 
All Code 1 9K 24 8 125 250 832 
All Data 1 14K 10 3 25 150 842 

Access Frequency #4 

MIN MAX MED Q1 Q3 MEAN ST. DEV. 

All 1 95K 32 13 140 349 4706 
All Code 1 3370 94 30 246 181 321 
All Data 1 95K 17 .8 64 502 6491 

Access Frequency # 5 
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1\-4. lntcrrcfercncc Headway 

MIN MAX MEl) Ql Q3 MEAN ST. DEV. 

All 108K 2 1 23 180 2643 
All Code 74K 1 1 18 t34 1960 
An Data 34K 1 1 6 50 778 

Interrefcrcnce Headway # 1 

MIN MAX MEl) Q1 Q3 MEAN ST. DEV. 

All 1 128K 2 1 56 307 4234 
All Code 1 86K 1 1 41 233 3115 
All Data 1 31K 2 1 16 78 1149 

Interreference Headway #2 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 1 97K 7 1 51 239 1876 
All Code 1 65K 1 1 32 139 1055 
All Data 1 30K 8 1 21 100 767 

Interreference Headway # 3 

MIN MAX MED Ql Q3 MEAN ST. DEV. 

All 1 93K 1 1 60 118 1513 
All Code 1 67K 1 1 45 74 1095 
All Data 1 25K 2 1 18 44 520 

lnterreference Headway # 4 

MIN MAX MED Q1 Q3 -MEAN ST. DEV. 

All 1 108K 1 1 1 176 1518 
AU Code 1 20K 1 1 24 128 491 
All Data 1 91K 1 1 1 57 950 

Interreference Headway # 5 
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A-S. lnstance to Class Compression 

Trace 

N umber of Classes Above 90% 
Percent of A II Fixed Fields Touched 

1 

II 
11 

2 

11 
11 

3 

13 
6 

A-6. Reference Counts 

MIN MAX MED Q1 Q3 

All 1 127 1 1 2 
All < 127 1 llO 1 1 1 
1 < All < 127 2 110 5 3 7 

Static Reference Count 

MIN MAX MED Ql Q3 

All 1 127 1 1 4 
All < 127 1 112 1 1 4 
1 < All < 127 2 112 5 3 9 

Quasi-Static Reference Count # 1 

MIN MAX MED Ql Q3 

All 1 127 1 1 8 
All < 127 1 112 1 1 6 
1 < All < 127 2 112 7 4 19 

Dynamic Reference Count # 1 

MIN MAX MED Ql Q3 

All 1 127 1 1 5 
All < 127 1 104 1 1 5 
1 < All < 127 2 104 6 4 10 

. Quasi-Static Reference Count #2 

MIN MAX MEl) Ql Q3 

All 1 127 1 1 7 
All < 127 1 104 1 1 5 
1 <All < 127 2 104 7 3 10 

Dynamic Reference Count #2 

4 

7 
8 

MEAN 

3 
2 
7 

MEAN 

9 
5 

10 

MEAN 

18 
9 

22 

MEAN 

9 
5 

12 

MEAN 

16 
6 

15 

5 

9 
9 

ST. DEV. 

8 
5 
9 

ST. DEV. 

24 
11 
16 

ST. DEV. 

38 
21 
30 

ST. DEV. 

24 
11 
15 

ST. DEV. 

36 
16 
23 

141 
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A -7. Selectors as a Percentage of Literals 

Type MIN MAX MED Ql Q3 MEAN ST. DEV. 

Static 0 100 78 50 100 73 
Quasi-Static # 1 0 100 75 58 100 73 
Dynamic # 1 0 100 95 60 100 78 
Quasi-Static #2 0 100 80 50 100 75 
Dynamic #2 0 100 87 50 100 77 

SELECTORS NON - SELECTORS FRACTION 

Static 
Quasi-Static # 1 
Dynamic #1 
Qua~i-Static #2 
Dynamic #2 

ByteCodes executed: 

10,737 
470 

8077 
523 

7454 

96,256 in Trace # 1 
95,901 in Trace #2 

5357 
218 

2048 
202 

2976 

66.7% 
68.3% 
79.8% 
72.1% 
71.5% 

29 
28 
28 
27 
28 
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Appendix B 

H-O. Abbreviations 

DFS -- depth-first search 
BFS -- breadth-first search 
10 -- using identity permutations 
Dyn -- permutations arising from dynamic information 
Refct -- permutations arising from reference counts 
Ooze -- based on the grouping for the Object-Oriented Zoned Environment virtual memory 
Hash -- a random grouping based on permuting the bits in the unique identifier of the object 
OPTi -- the optimal grouping based on the iLh compressed trace 

B-1. Static Pointer Distance* 

CLOSE** MIN MAX MED Q1 Q3 MEAN ST. DEV. 
BFSID 0.19% 0 1538 386 155 854 508 409 
BFSRefct 0.14% . 0 1535 408 149 879 520 424 
BFSDyn 0.20% 0 1539 386 155 854 507 409 
DFSIO 14.8% 0 1541 296 7 864 478 506 
DFSRefct 14.8% 0 1537 298 6 825 472 500 
DFSDyn 15.0% 0 1536 311 7 860 476 501 
Ooze 3.32% 0 1559 569 128 1199 630 513 
Hash 0.35% 0 1576 353 85 840 488 443 
OPT1 13.1% 0 244 69 17 134 80 67 
OPT2 12.4% 1 475 191 36 340 192 155 
OPT3 10.0% 1 352 81 35 167 103 84 

For the realizable groupings: 
Number of Objects: 17,268 
Space requirements: 404,384 (1580 pages) 
Total Pointers: 88,729 
Immediate Pointers: 31,027 
Non- Immediate Pointers: 57.702 

*All distances were rounded up to the nearest 256-word page. Smalllntegers and "nil" were defined to 
be immediate pointers. Only non-immediate pointers were considered in this analysis. 

**CLOSE is the percentage of non-immediate pointers which are within one page of their referent. 
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11-2. Neighbor Relation 

BFSID I3FSRefct BFSDyn DFSID DFSRefct DPSDyn Ooze Hash 

BFSID * 46.3% 73.L% 22.4% 23.1% 22.5% 18.9% 0.5% 
BFSRefct 46.7% * 45.5% 23.3% 23.0% 22.8% 19.0% 0.6% 
BFSDyn 73.5% 45.4% * 21.9% 22.7% 22.5% 19.3% 0.6% 
DFSIO 20.8% 21.5% 20.2% * 60.8% 59.4% 22.7% 0.2% 
DFSRefct 21.5% 21.1% 20.9% 60.8% * 58.9% 21.2% 0.3% 
DFSDyn 21.1% 21.1% 21.0% 59.8% 59.4% * 21.6% 0.3% 
Ooze 20.3% 20.2% 20.7% 26.3% 24.5% 24.8% * 2.2% 
Hash 0.5% 0.6% 0.5% 0.2% 0.3% 0.3% 1.9% * 
OPT1 4.6% 3.5% 4.6% 9.1% 8.6% 8.9% 8.1% 0.2% 
OPT2 14.5% 13.4% 14.4% 21.2% 20.1% 20.3% 36.1% 1.4% 
OPT3 6.3% 3.6% 6.6% 9.3% 8.4% 8.9% 10.5% 0.4% 

BFSfO * 46.2% 75.0% 21.7% 22.7% 21.9% 17.7% 1.0% 
BFSRefct 46.3% * 47.2% 23.7% 22.4% 22.3% 18.1% 1.0% 
BFSDyn 75.1% 47.2% * 22.0% 22.5% 21.9% 18.4% 1.0% 
OFSIO 19.5% 21.2% 19.7% * 59.9% 61.2% 21.5% 0.7% 
DFSRefct 20.5% 20.3% 20.4% 60.4% * 59.1% 20.2% 0.7% 
DFSDyn 19.9% 20.2% 19.9% 62.3% 59.2% * 20.0% 0.7% 
Ooze 19.2% 19.5% 19.9% 25.9% 24.2% 23.8% * 2.9% 
Hash 0.9% 0~9% 0.9% 0.7% 0.7% 0.7% 2.4% * 
OPTl 4.4% 3.8% 4.6% 8.3% 8.0% 8.0% 8.3% 0.3% 
OPT2 11.6% 11.5% 11.8% 18.5% 17.3% 17.6% 40.1% 1.7% 
OPT3 6.9% 4.3% 6.9% 7.9% 7.3% 7.3% 9.6% 0.4% 

BFSID * 46.9% 80.4% 21.3% 21.4% 19.8% 16.7% 1.3% 
BFSRefct 47.3% * 47.6% 21.3% 21.3% 21.1% 16.0% 1.3% 
BFSDyn 80.7% 47.3% * 20.9% 20.8% 20.3% 16.4% 1.3% 
OFSID 19.0% 18.8% 18.6% * 58.4% 52.7% 19.9% 1.4% 
DFSRefct 19.1% 18.9% 18.6% 58.5% * 59.7% 18.0% 1.4% 
OFSDyn 17.7% 18.7% 18.1% 53.1%' 60.0% * 17.9% 1.4% 
Ooze 18.1% 17.5% 18.0% 24.6% 22.3% 22.0% * 3.3% 
Hash 1.1% 1.1% 1.1% 1.4% 1.3% 1.3% 2.6% * 
OPT1 4.1% 4.0% 4.3% 7.6% 7.9% 7.3% 8.3% 0.4% 
OPT2 9.3% 9.3% 9.4% 15.4% 13.9% 14.6% 37.2% 1.8% 
OPT3 6.9% 4.4% 6.8% 6.9% 6.6% 6.6% 9.3% 0.6% 

Retained fraction of unordered pairs with page sizes of128, 256, and 512 words 

OPTI OPT2 OPT3 OPT1 OPT2 OPT3 OPT1 OPT2 OPT3 
(Page Size) 128 128 128 256 256 256 512 512- 512 

OPTI * 5.66% 8.40% * 5.06% 7.41% * 4.83% 6.52% 
OPT2 14.0% * 7.50% 13.8% * 6.17% 14.2% * 5.66% 
OPT3 17.4% 6.28% * 16.8% 5.23% * 15.0% 4.56% * 

Retained fraction of unordered pairs between optimal initial placements 



Page Sizc Ll(.;'SID 

128 72,970 
256 145,359 
512 283.048 

ApPENDIX B 

BFSRcfct BFSDyn DFS1D DFSRcfct DFSDyn Ooze 

73,582 73,360 67,795 67,765 68J26 78,429 
145,799 1-+5,651 130,596 Ul,809 13 2,153 157,686 
285,659 283,840 252,167 252,751 253,868 311,895 

Pagc Size OPTi OPT2 OPT] 

128 7386 19,513 15,580 
256 14,304 38,547 30,754 
512 27,123 74,612 59,878 

Number of unordered pairs in the specified neighbor relation 

R-3. Neighbor Relation under Continuous Displacement 

OFFSFl'* 
o 
4 
8 

12 
16 
20 
24 
28 
32 . 
36 
40 
44 
48 
52 
56 
60 
64 
68 
72 
76 
80 
84 
88 
92 
96 

100 
104 
108 
i12 
116 
120 
124 

DFSlO 
100% 
94.2% 
88.4% 
83.3% 
78.3% 
73.6% 
69.5% 
65.8% 
62.6% 
59.6% 
56.8% 
54.8% 
53.0% 
51.6% 
50.5% 
49.9% 
49.6% 
49.8% 
50.3% 
51.3% 
52.5% 
54.3% 
56.4% 
58.9% 
61.8% 
65.1% 
68.9% 
73.2% 
77.8% 
82.6% 
8~LO% 
93.6% 

HASH 
100% 
94.1% 
88.1% 
82.4% 
77.4% 
72.7% 
68.8% 
64.9% 
61.7% 
58.7% 
56.3% 
54.2% 
52.4% 
51.0% 
50.0% 
49.4% 
49.2% 
49.4% 
50.0% 
51.0% 
52.4% 
54.1% 
56.2% 
58.8% 
61.6% 
64.9% 
68.4% 
72.7% 
77.3% 
82.2% 
87.8% 
93.6% 

*In 16-bit words with a page size of l28 words 

145 

Hash. 

67.225 
129,983 
241030 
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Appendix C 

CoO. Abbreviations and Trace Data 

DFS -- depth-first search 
BFS -- breadth-first search 
10 -- using identity permutations 
Oyn -- pennutations arising from dynamic infonnation 
Refet -- permutations arising from reference counts 
Ooze -- based on the grouping for the Object-Oriented Zoned Environment -virtual memory 
Hash -- a random grouping based on pClmuting the bits in the unique identifier of the object 
OPTi -- the optimal grouping based on the ilh comprcssed trace 

TRACE 
NUMBER 

#1 
#2 
#3 

TRACE 
NUMBER 

* 
#1 
#2 
#3 

#1 
#2 
#3 

TRACE 

#1 
#2 
#3 

TRACE 

#1 
#2 
#3 

COMPRESSED 
REFERENCES 

41,580 
43,049 
80,443 

BYTECODES 
(ESTIMATE) 

lllOK 
960K 

2280K 

STATISTIC NON-POINTER COMPILED 
TYPE OBJECTS METHODS 

static 47.9% 19.6% 

quasi -static 23.1% 33.9% 
quasi -static 12.3% 16.4% 
quasi -static 35.3% 20.9% 

dynamic 3.9% 34.7% 
dynamic 3.7% 28.2% 
dynamic 6.3% 29.3% 

MIN MAX MED Q1 Q3 

0 41K 0 4 
0 43K 0 2579 
0 79K 1 14 

Thin Spread 

MlN MAX MEl) Ql Q3 

1 4887 1 I 1 
1 ·-6145 1 1. 191 
1 13,313 1 I 2 

TOTAL REFERENCES 
(ESTIMATE) 

3885K 
3360K 
7980K 

POINTER 
OBJECTS 

32.5% 

43.0% 
71.3% 
43.8% 

61.4% 
68.1% 
64.4% 

MEAN ST. DEV. 

2938 9369 
4170 10,127 
7865 18,676 

MEAN ST. DEV. 

350 1109 
469 1203 

1391 3221 

Fat Spread (rounded up to next 256-word pagc) 
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Col. Paged Virtual Memory 

20K 30K 40K 50K 60K 70K 80K 90K 

BFS[D 10,489 8574 7100 5213 3734 2702 2101 1747 
BFSRefct 10,537 8702 7278 5404 3894 2740 2144 1782 
BFSDyn 10,519 8644 7118 5257 3756 2721 2132 1776 
DFSID 8367 6780 5101 3629 2519 1946 1542 1261 
DFSRefct 8208 6794 5131 3749 2584 1997 1591 1299 
DFSDyn 8308 6774 5113 3752 2610 2003 1582 1293 
Ooze 9805 7954 6224 4458 2982 2209 1657 1367 
OPT1 2812 1506 935 694 572 534 492 459 
Hash 14,690 13,379 12,300 11,371 10,305 8363 6439 4518 

lOOK 110K 120K 130K 140K 150K 160K 170K 

BFSID 1461 1258 1195 1148 1102 1066 1022 998 
BFSRefct 1503 1289 1211 1170 1102 1078 1040 1010 
BFSDyn 1494 1278 1216 1166 1114 1084 1040 998 
DFS[D 1106 1039 976 945 903 868 853 811 
DFSRefct 1136 1054 995 960 922 891 873 836 
DFSDyn 1146 1069 1009 974 934 896 879 854 
Ooze 1152 1068 1009 966 917 884 865 831 
OPTI 437 428 * * * * * * 
Hash 3669 3012 2579 2336 1974 1772 1625 1550 

180K 190K 200K 210K 220K 230K 240K 250K 

BFSID 967 931 915 875 * * * * 
BFSRefct 987 968 931 893 887 * * * 
BFSDyn 975 940 921 881 * * * * 
DFS[D 796 770 * * * * * * 
DFSRefct 821 788 * * * * * * 
DFSDyn 820 789 * * * * * * 
Ooze 817 796 * * * * * * 
OPTI * * * * * * * * 
Hash 1501 1438 1378 1333 1289 1256 1232 1202 

260K 270K 280K 290K 300K 310K 320K 330K 

Hash 1178 1154 1134 * * * * * 

Page faults as a function of core size (trace # 1) 
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20K 30K 40K 50K 60K 70K 80K 90K 

l3FSID 12,407 LO,203 8503 6653 5137 3857 3391 3135 
BFSRcfct 12,4 78 LO,381 8690 6791 5194 3857 3409 3154 
BFSDyn 12,427 LO,257 8560 6668 5220 3842 3378 3164 
DFSID 9877 8059 6263 4952 3648 3254 3083 2907 
DFSRcfct 9984 8256 6457 5185 3770 3325 3153 2979 
DFSDyn 9920 8073 6257 4933 3716 3338 3166 2988 
Ooze 10,960 8755 6780 5189 3651 2672 2175 1979 
OPT2 4130 2508 1677 1448 1307 1189 896 835 
Hash 17,830 16A25 14,940 13,399 12,034 9962 8515 6276 

lOOK 1l0K 120K 130K 140K 150K 160K 170K 

BFSID 2928 2650 2440 2320 2182 1760 1701 1623 
BFSRefct 2931 2677 2461 2355 2236 1779 1700 1630 
BFSDyn 2945 2671 2472 2374 2231 1783 1715 1635 
DFS[D 2732 2602 2494 2414 2340 1793 1725 1684 
DFSRcfct 2789 2643 2509 2433 2356 2277 1723 1680 
DFSDyn 2802 2663 2550 2453 2393 2314 1750 1702 
Ooze 1749 1581 1436 1372 1339 1289 1260 1219 
OPT2 773 737 716 703 680 662 658 656 
Hash 5162 4666 4374 4126 3827 3566 3247 3000 

180K 190K 200K 210K 220K 230K 240K 250K 

BFSID 1584 1515 1463 1427 1411 1389 1374 1359 
BFSRefct 1577 1528 1453 1425 1406 1382 1362 1344 
BFSDyn 1593 1532 1472 1434 1416 1393 1373 1356 
DFS[D 1661 1618 1576 1523 1462 1430 1410 1387 
DFSRefct 1656 1626 1574 1539 1466 1425 1408 1379 
DFSDyn 1666 1641 1592 1556 1486 1427 1404 1383 
Ooze 1200 1178 1156 1123 1091 1055 1007 1005 
OPT2 * * * * * * * * Hash 2695 2252 2130 2027 . 1928 1849 1767 1709 

260K 270K 280K 290K 300K 310K 320K 330K 

BFS[D 1323 1277 1248 1241 1221 * * * BFSRefct 1320 1278 1249 1243 1220 * * * BFSDyn 1315 1277 1250 1246 1224 * * * OFS[D 1369 1341 1303 1274 1244 * * * DFSRefct 1352 l325 1286 1243 1233 * * * DFSDyn 1361 1335 1293 1271 1245 1243 * * Ooze * * * * * * * * OPT2 * * * * * * * * Hash 1669 1627 1592 1567 1532 1492 1471 1409 

340K 350K 360K 370K 380K 390K 400K 410K 

Hash 1396 * * * * * * * 

Page faults as a function of core size (trace #2) 
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20K 30K 40K 50K 60K 70K SOK 90K 

BFSID 22,585 18,642 15.794 12,934 9157 6992 5565 4451 
BFSRefct 22,874 18,967 15,978 13,192 9562 7228 5862 4617 
BFSDyn 22,570 18,7 31 15.7 38 12,938 9142 6968 5565 4441 
OFSID 17,917 14,955 12.501 9511 7238 5855 4801 4075 
DFSRefcl 18,040 15,253 12,935 9980 7525 6160 5096 4346 
DFSDyn 18,100 15,218 12,802 9754 7538 6266 5224 4440 
Ooze 20,759 16,613 13,390 10,291 6663 4774 3862 3313 
OPT3 8176 5105 3112 2168 1615 1389 1200 1063 
Hash 31,763 28,776 26,412 24,407 22,491 20,466 17,012 12.881 

lOOK 110K 120K 130K 140K 150K 160K 170K 

BFSID 3656 3138 2782 2568 2405 2228 2120 1987 
BFSRefct 3796 3220 2853 2649 2471 2277 2164 2017 
BFSDyn 3680 3190 2769 2564 2409 2250 2137 2009 
DFSID 3462 2990 2773 2600 2450 2355 2229 2141 
DFSRctct 3688 3079 2880 2647 2487 2370 2251 2148 
DFSDyn 3889 3323 2952 2699 2527 2418 2295 2211 
Ooze 2774 2452 2222 2091 1913 1839 1757 1639 
OPT3 974 864 790 726 696 671 659 656 
Hash 10,855 9004 7564 6432 5442 4864 4241 3741 

180K 190K 200K. 210K 220K 230K 240K 250K 

BFSID 1904 1813 1721 1604 1454 1313 1227 1159 
BFSRefct 1941 1853 1758 1638 1515 l339 1250 1185 
BFSDyn 1923 1832 1751 1627 1480 l348 1261 1203 
DFSID 2061 1967 1842 1718 1596 1518 1440 1374 
DFSRefct 2061 1965 1842 1727 1597 1516 1448 1392 
DFSDyn 2109 2011 1922 1809 1704 1586 1497 1437 
Ooze 1525 1445 1301 1236 1162 1100 1078 1069 
OPT3 * * * * * * * * 
Hash 3454 3168 2959 2800 2636 2463 2327 2189 

260K 270K 280K 290K 300K 310K 320K. .130K 

BFSID 1141 1131 1126 * * * * * 
BFSRefct 1152 1139 1133 * * * * * 
BFSDyn 1164 1151 1142 * * * * * 
DFSID 1328 1293 1252 1242 1232 * * * 
DFSRefct 1332 1290 1256 1243 1234 * * * 
DFSDyn 1360 1318 1275 1258 1249 1244 * * 
Ooze 1061 * * * * * * * 
OPT3 * * * * * * * * 
Hash 2069 1927 1802 1659 1547 1488 1440 1418 

340K. 350K. 3{)0K. 370K 38UK. 390K. 400K 410K 

Hash 1406 1401 * * * * * * 

Page f~1ults as a function of core size (trace # 3) 
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C-2. Loom Simulation 

CORE OBJECT LAMBI)A CLEAN DIRTY Cr.EAN-I)IRTY 
SIZE FAULT FAULT CONTRACT CONTRACT RATIO 

20K 6626 5669 4070 2112 l.93 
40K 4836 3466 1742 1575 l.tl 
60K 4504 2975 594 1173 0.51 
80K 4432 2598 0 0 * 

Trace # 1 -- Data Invariant of Initial Placement 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 7724 7597 49.6% 4890 5552 53.2% 
13FSRcfct 7820 7515 49.1% 4989 5452 52.2% 
BFSDyn 7668 7554 49.6% 4926 5495 52.7% 
DFSID 6705 8632 56.3% 4289 6158 58.9% 
DFSRefct 6711 8605 56.2% 4285 6178 59.0% 
DFSDyn 6735 8574 56.0% 4295 6131 58.8% 
Ooze 7405 7881 51.6% 4687 5731 55.0% 
OPTl 4691 10,714 69.5% 2884 7640 72.6% 
Hash 8741 6528 42.8% 5589 4817 46.3% 

Trace # 1 -- Core Size 20K Trace # 1-- Core Size 40K 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 3991 5168 56.4% 2780 4661 62.6% 
BFSRefct 4054 5112 55.8% 2842 4602 61.8% 
BFSDyn 3983 5153 56.4% 2766 4646 62.7% 
DFSID 3414 5748 62.7% 2202 5245 70.4% 
DFSRefct 3444 5734 62.5% 2212 5238 70.3% 
DFSDyn 3418 5722 62.6% 2206 5216 70.3% 
Ooze 3757 5380 58.9% 2540 4883 65.8% 
OPTl 2185 7067 76.4% 934 6599 87.6% 
Hash 4625 4516 49.4% 3378 4045 54.5% 

Trace # 1 ---Core Size 60K Trace # 1 -- Core Size 80K 
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CORE OBJECT LAMBDA CLEAN DIRTY C[ .EAN-{)LR'l'y 
SIZE FAULT FAULT CONTRACT CONTRACT RATIO 

20K 12,356 6587 9998 1724 5.80 
40K 8626 4520 5594 1357 4.12 
60K 8198 3999 4662 693 6.73 
80K 7582 3337 3402 667 5.10 
lOOK 7195 3152 391 628 0.62 
120K 7195 2859 0 0 * 

Trace # 2 -- Data Invariant of Initial Placement 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 10,522 11,594 52.4% 7182 8296 53.6% 
BFSRefct 10,538 11,579 52.4% 7196 8286 53.5% 
BFSDyn 10,347 11,672 53.0% 7120 8302 53.8% 
DFSID 8982 13.188 59.5% 6184 9344 60.2% 
DFSRefct 8934 13.149 59.5% 6171 9297 60.1% 
DFSDyn 8959 13.111 59.4% 6177 9285 60.1% 
Ooze 8598 13,420 61.0% 5953 9481 61.4% 
OPT2 5326 16,892 76.0% 3514 12,060 77.4% 
Hash 14.096 7969 36.1% 9451 6017 38.9% 

Trace #2 -- Core Size 20K Trace # 2 -- Core Size 40K 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 5941 7745 56.6% 5214 7100 57.7% 
BFSRefct 5911 7779 56.8% 5196 7134 57.9% 
BFSDyn 5860 7790 57.1% 5140 7148 58.2% 
DFSID 5045 8686 63.3%. 4424 7927 64.2% 
DFSRefct 5052 8634 63.1% 4439 7883 64.0% 
DFSDyn 5057 8609 63.0% 4444 7862 63.9% 
Ooze 4726 8925 65.4% 4178 8113 66.0% 
OPT2 2574 11,211 81.3% 2275 10,145 81.7% 
Hash 8138 5547 40.5% 7241 5082 41.2% 

Trace #2 -- Core Size 60K Trace #2 -- Core Size 80K 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 4891 6763 58.0% 4113 6565 61.5% 
BFSRetct 4873 6802 58.3% 4092 6612 61.8% 
BFSDyn 4831 6813 58.5% 4038 6623 62.1% 
DFSID 4077 7608 65.1% 3330 7400 69.0% 
nFSRefct 4111 7557 64.8% 3327 7366 68.9% 
DFSDyn 4lt2 7529 64.7% 3340 7334 68.7% 
Ooze 3822 7807 67.l% 3022 7632 71.6% 
OPT2 2032 9724 82.7% 1302 9480 87.9% 
Hash 6826 4831 41.4% 6030 4653 43.6% 

Trace #2 -- Core Size lOOK Trace #2 -- Core Size 120K 
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CORE OBJECT LAMBDA CLEAN DIRTY CLEAN-DIRTY 
SIZE FAULT FAULT CONTRAC'[' CONTRACT RATIO 

20K 16,273 15,012 13,115 3056 4.29 
40K 10,471 8513 6782 2593 2.62 
60K 8455 5759 3841 2401 1.60 
80K 7378 5003 1317 1958 0.67 
lOOK 7012 4638 406 1472 0.28 
120K 6957 4315 0 0 * 

Trace # 3 -- Data Invariant of Initial Placement 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 19,011 17,160 47.4% 11,512 11,263 49.5% 
BFSRefct 19,697 16,465 45.5% 11,985 10,812 47.4% 
BFSDyn 18,980 17,188 47.5% 11,492 11,280 49.5% 
DFSID 16,045 20,215 55.8% 9685 13,115 57.5% 
DFSRefct 16,033 20,254 55.8% 9728 13,110 57.4% 
DFSDyn 16,288 20,054 55.2% 9801 13,007 57.0% 
Ooze 18,467 17,719 49.0% 10,979 11,800 51.8% 
OPT3 11,397 24,985 68.7% 6669 16,268 70.9% 
Hash 22,434 13,822 38.1% 13,471 9340 41.0% 

Trace # 3 -- Core Size 20K Trace # 3 -- Core Size 40K 

BUFFER BUFFER HIT BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFSID 8839 8768 49.8% 7135 8057 53.0% 
BFSRefct 9216 8426 47.8% 7534 7695 50.5% 
BFSDyn 8831 8770 49.8% 7175 8031 52.8% 
DFSID 7571 10,036 57.0% 6232 8956 59.0% 
DFSRefct 7595 10,057 57.0% 6285 8950 58.7% 
DFSDyn 7657 9956 56.5% 6336 8867 58.3% 
Ooze 8321 9267 52.7% 6680 8509 56.0% 
OPT3 4994 12,762 71.9% 3792 11,560 75.3% 
Hash 10,214 7407 42.0% 8386 6820 44.9% 

Trace # 3 -- Core Size 60K Trace # 3 -- Core Size 80K 

BUFFER BUFFER H[T BUFFER BUFFER HIT 
MISS HIT RATE MISS HIT RATE 

BFS[D 6236 7656 55.1% 4844 7050 59.3% 
BFSRefct 6649 7293 52.3% 5226 6704 56.2% 
BFSDyn 6269 7631 54.9% 4834 7061 59.4% 
DFSID 5415 8476 61.0% 3989 7909 66.5% 
DI":"SRefct 5446 8483 60.9% 4032 7899 66.2% 
DFSDyn 5514 8404 60.4% 4067 7850 65.9% 
Ooze 5837 8051 58.0% 4436 7460 62.7% 
OPT3 3093 10,949 78.0% 1596 10,438 86.7% 
Hash 7483 6410 46.1% 6027 5863 49.3% 

Trace # 3 -- Core Size100K Trace # 3 -- Core Size 120K 
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C-3. Selected Page Utilization and Cleanliness Rates 

CORE SIZE MIN MAX MED Ql Q3 MEAN ST. DEY. 
20K 0 100 10 4 30 22 26 
40K 0 100 9 4 29 22 27 
60K 0 100 11 4 32 24 28 
80K 0 100 16 5 45 30 32 

Trace # 1 -- Page usage for DFSID 

CORE SIZE MIN MAX MED Ql Q3 MEAN ST.DEV. 
20K 0 100 0 0 0 3 12 
40K 0 100 0 0 2 3 9 
60K 0 100 0 0 0 3 9 
80K 0 0 0 0 0 0 0 

Trace # 1 -- Page dirt for DFS[D 

CORE SIZE MIN MAX MED Ql Q3 MEAN ST.DEV. 
20K 0 100 14 5 33 24 26 
40K 0 100 13 5 33 24 27 
60K 0 100 14 5 34 24 26 
80K 0 100 14 5 34 25 28 

lOOK 0 100 14 5 36 26 28 
120K 0 100 17 6 38 28 29 

Trace #2 -- Page usage for DFSID 

CORE SIZE MIN MAX MED Ql Q3 MEAN ST. DEV. 
20K 0 100 0 0 0 2 10 
40K 0 100 0 0 0 2 11 
60K 0 100 0 0 0 1 7 
80K 0 100 0 0 0 1 8 

lOOK 0 100 0 0 0 1 7 
120K 0 0 0 .0 0 0 0 

Trace #2 -- Page dirt for DFSID 

CORE SIZE MIN MAX MED Q1 Q3 MEAN ST. DEV. 
20K 0 100 11 4 28 21 25 
40K 0 100 10 4 27 22 26 
60K 0 100 9 4 27 20 26 
80K 0 100 9 4 27 21 26 

lOOK 0 100 9 4 27 22 27 
120K 0 100 12 5 31 25 30 

Trace #3 -- Page usage for DFSID 

CORE SrZE MIN MAX MED Q1 Q3 MEAN ST. DEY. 
20K 0 100 0 0 0 2 10 
40K 0 100 0 0 0 3 11 
60K 0 100 0 0 0 3 12 
80K 0 100 0 0 0 3 12 

lOOK 0 100 0 0 0 3 11 
120K 0 0 0 0 0 0 0 

Trace # 3 -- Page dirt for DFS 10 
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CORE SIZE MIN MAX MED Ql Q3 MEAN ST. DEV. 
20K 1 31 1 1 2 2 2 
40K 1 31 1 1 2 2 3 
60K 1 31 1 1 2 2 3 
80K 1 31 1 1 3 3 4 

Trace # 1 -- Page usage (in terms ofobject<;) for DFSlD 

TRACE MIN MAX MED Q1 Q3 MEAN ST. DEV. 
BFSID 0 100 9 4 27 20 25 
BFSRefct 0 100 9 4 27 19 23 
BFSDyn 0 100 8 4 27 20 25 
DFSID 0 100 10 4 30 22 26 
DFSRefct 0 100 11 4 32 22 25 
DFSDyn 0 100 11 4 30 22 26 
Ooze 0 100 9 5 27 21 26 
OPT1 0 100 17 5 49 31 31 
Hash 0 100 7 4 24 18 23 

Trace # 1 -- Page usage for core = 20 K 

TRACE MIN MAX MED Ql Q3 MEAN ST. DEV. 
BfSID 0 100 9 5 32 25 30 
BFSRefct 0 100 9 4 30 24 29 
BFSDyn 0 100 10 5 33 25 30 
DFSID 0 100 16 5 45 30 32 
DfSRefct 0 100 16 5 46 30 31 
DFSDyn 0 100 15 5 44 32 32 
Ooze 0 100 12 5 37 27 31 
OPTI 0 100 88 27 100 65 38 
Hash 0 100 8 4 27 21 28 

Trace # 1 -- Page usage for core = 8DK 



ApPENDIXC l)) 

C-4. Effect of Core Purging Policy 

CORE BUFfER BUFFER HIT FAULT BUFFER BUFFER HIT FAUlT 
S[ZE MISS HrI' RATE RED. MISS HIT RATE RED. 

20K 7385 8166 52.5% -10.14% 9413 6090 39.3% - 7.69% 
40K 4665 5858 55.7% - 8.77% 5990 4495 42.9% - 7.17% 
60K 3454 5460 61.3% - 1.17% 4686 4207 47.3% - 1.32% 
80K 2202 5245 70.4% 0.00% 3378 4045 54.5% 0.00% 

DFSIO -- Trace # 1 Hash -- Trace # 1 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 9554 12,712 57.1% - 6.37% 14,679 7534 33.9% - 4.14% 
40K 6703 9428 58.4% - 8.39% 10,178 5897 36.7% - 7.69% 
60K 5343 8488 61.4% - 5.91% 8498 5295 38.4% - 4.42% 
80K 4432 7582 63.1% - 0.18% 7159 4815 40.2% +1.13% 

lOOK 3857 7521 66.1% +5.40% 6545 4790 42.3% +4.12% 
l20K 3330 7400 69.0% 0.00% 6030 4653 43.6% 0.00% 

DFSID -- '[race #2 Hash -- Trace # 2 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER H[T FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 16,836 19,555 53.7% - 4.93% 23.172 13,228 36.3% - 3.29% 
40K 10,575 12,314 53.8% - 9.19% 14,272 8648 37.7% - 5.95% 
60K 8228 9369 53.2% - 8.68% 10,720 6895 39.1% - 4.95% 
80K 6810 8753 56.2% - 9.23% 9151 6426 41.3% - 9.12% 

lOOK 5139 8144 61.3% +5.10% 7224 6065 45.6% +3.46% 
120K 3989 7909 66.5% 0.00% 6027 5863 49.3% 0.00% 

DFSID -- Trace #3 Hash -- Trace # 3 
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c-s. Effect of Buffer Size 

CORE nu FFER BU FFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 8949 5654 38.7% -33.5% 7722 7122 48.0% -15.2% 
40K 5704 4438 43.8% -33.0% 4859 5312 52.2% -13.3% 
60K 4973 4114 45.3% -45.7% 4047 5054 55.5% -18.5% 
80K 3337 4110 55.2% -51.5% 2659 4788 64.3% -20.8% 

Buffer Size =2 (DFSID # 1) Buffer Size =4 (DFSID # 1) 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 7127 8013 52.9% -6.3% 6630 9109 57.9% 1.1% 
40K 4466 5801 56.5% -4.1% 4067 6509 61.5% 5.2% 
60K 3658 5458 59.9% -7.1% 3238 5957 64.8% 5.2% 
80K 2383 5064 68.0% -8.2% 2083 5364 72.0% 5.4% 

Buffer Size =6 (DFSID # 1) Buffer Size = 10 (DFSID # 1) 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 6443 9810 60.4% 3.9% 6378 10,636 62.5% 4.9% 
40K 3888 6734 63.4% 9.3% 3586 6986 66.1% 16.4% 
60K 3133 6091 66.0% 8.2% 2914 6264 68.3% 14.6% 
80K 1977 5470 73.5% 10.2% 1855 5592 75.1% 15.8% 

Buffer Size = 12 (DFSID # 1) Buffer Size = 16 (DFSID # 1) 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS H[T RATE RED. 

20K 6452 11,563 64.2% 3.8% 6661 12,377 65.0% 0.7% 
40K 3413 7238 68.0% 20.4% 3204 7370 69.7% 25.3% 
60K 2710 6453 70.4% 20.6% 2597 6556 71.6% 23.9% 
80K 1753 5694 76.5% 20.4% 1731 5780 77.0% 21.4% 

Buffer Size =20 (DFSID # 1) Buffer Size =24(DFSID #1) 

CORE BUFFER BUFFER HIT FAULT BUFFER RUFFER H[T FAULT 
SrZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 7004 13,350 65.6% - 4.5% 7692 14,439 65.2% -14.7% 
40K 3221 7630 70.3% 24.9% 3117 7891 71.7% 27.3% 
60K 2470 6620 72.8% 27.7% 2389 6688 73.7% 30.0% 
80K 1750 5883 77.1% 20.5% 1774 5973 77.1% 19.4% 

Buffer Size = 28 (DFSID # 1) Buffer Size = 32 (DFSID # 1) 
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BUFFER SIZE MIN MAX MED Ql Q3 MEAN ST. DEY. 
2 0 100 9 4 27 21 25 
4 0 100 9 4 27 21 25 
6 0 100 10 4 29 21 25 
8 0 100 10 4 30 22 26 

10 0 100 10 4 30 22 26 
12 0 100 II 4 31 23 26 
16 0 100 II 5 32 23 27 
20 0 100 12 5 33 24 27 
24 a 100 12 5 33 24 27 
28 0 100 12 5 34 24 28 
32 0 100 12 5 35 25 28 

Trace # 1 -- Page usage for DFSIO (20K core) 

BUFFER SIZE MIN MAX MED Ql Q3 MEAN ST. DEV. 
2 0 100 14 5 43 29 31 
4 0 100 14 5 41 28 31 
6 0 100 15 5 43 29 31 
8 0 100 16 5 45 30 32 

10 0 lOO 16 5 47 31 32 
12 0 100 16 5 50 31. 33 
16 0 100 16 6 52 32 34 
20 0 100 17 6 52 33 34 
24 0 100 18 6 52 33 35 
28 0 100 17 6 52 33 34 
32 0 100 16 6 52 33 34 

Trace # 1 -- Page ~sage for DFS[D (80K core) 

BUFFER SIZE MIN MAX MED Ql Q3 MEAN ST. DEY. 
2 0 100 0 0 0 2 10 
4 0 100 0 0 0 3 10 
6 a 100 0 0 0 3 12 
8 0 100 0 0 0 3 12 

10 0 100 0 0 0 3 12 
12 0 100 0 0 0 4 13 
16 0 100 0 0 0 4 13 
20 0 100 0 0 0 4 14 
24 0 100 0 0 0 4 14 
28 0 100 0 0 0 4 14 
32 0 100 0 0 0 3 14 

Trace # 1 -- Page dirt for DFSID (20K core) 
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C-6. Effect of Disk ButTer Purging Policy 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 6405 8932 58.2% 4.48% 8444 6825 44.7% 3.40% 
40K 4046 6401 61.3% 5.67% 5359 5047 48.5% 4.12% 
60K 3207 5955 65.0% 6.06% 4423 4718 51.6% 4.37% 
80K 2085 5362 72.0% 5.31% 3247 4176 56.3% 3.88% 

Trace # 1 -- DFSID Trace # 1 -- Hash 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 8645 13,525 61.0% 3.75% 13.143 8322 37.7% 2.50% 
40K 5877 9651 62.2% 4.96% 9123 6345 41.0% 3.47% 
60K 4830 8901 64.8% 4.26% 7881 5804 42.4% 3.16% 
80K 4237 8114 65.7% 4.23% 7019 5304 43.0% 3.07% 

lOOK 3874 7811 66.8% 4.98% 6555 5102 43.8% 3.97% 
120K 3190 7540 70.3% 4.20% 5832 4851 45.4% 3.28% 

Trace #2 -- DFSID Trace #2 -- Hash 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 15.430 20,830 57.4% 3.83% 21,798 14,458 39.9% 2.83% 
40K 9280 13,520 59.3% 4.18% 13,051 9760 42.8% 3.12% 
60K 7244 10,363 58.9% 4.32% 9858 7763 44.1% 3.49% 
80K 5926 9262 61.0% 4.91% 8055 7151 47.0% 3.95% 

lOOK 5145 8746 63.0% 4.99% 7169 6724 48.4% 4.20% 
l20K 3816 8082 67.9% 4.34% 5809 6081 51.1% 3.62% 

Trace #3 -- DFSIO Trace # 3 -- Hash 
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C-7. rn-Core Hesidence Times. 

CORE SIZE MIN MAX MEl) Ql Q3 MEAN ST. DEY. 
20K 3 148 IS 11 19 18 13 
40K 7 110 3~ 30 48 39 15 
60K 5 l22 67 50 80 65 22 
80K * * * * * * * 

Trace # 1 -- Purged objects only 

CORE SIZE MIN MAX MED Q1 Q3 MEAN ST. DEV. 
20K 0 186 15 11 19 19 19 
40K 0 143 36 25 48 42 30 
60K 0 137 64 30 84 61 36 
80K 0 136 70 32 101 67 39 

Trace # 1 -- All objects 

CORES[ZE M[N MAX MEl) Ql Q3 MEAN ST. DEY. 
20K 2 143 16 12 20 17 9 
40K 2 116 38 28 46 38 15 
60K 16 150 55 40 66 54 19 
80K 2 153 68 50 90 69 26 

lOOK 8 142 83 34 110 74 39 
l20K * * * * * * * 

Trace #2 -- Purged objects only 

CORES[ZE MIN MAX MED Ql Q3 MEAN ST. DEY. 
20K 0 254 16 11 20 17 12 
40K 0 187 35 24 46 36 20 
60K 0 170 48 31 63 49 27 
80K 0 161 60 36 90 64 38 

lOOK 0 153 76 43 100 75 40 
120K 0 153 76 45 102 76 40 

Trace # 2 -- All objects 

CORES[ZE MIN MAX MED 01 Q3 MEAN ST. DEV. 
20K 1 357 13 10 18 17 17 
40K 3 248 35 28 44 41 26 
60K 5 219 55 42 82 66 36 
80K 6 199 78 58 116 85 33 

lOOK 3 190 89 51 146 96 48 
120K * * * * * * * 

Trace # 3 -- Purged objects only 

CORE SIZE MIN MAX MEl) Ql Q3 MEAN ST. DEY. 
20K 0 368 l3 1O 18 17 21 
40K 0 265 35 27 44 41 33 
60K 0 230 52 38 81 65 45 
80K 0 212 72 46 115 85 53 

lOOK 0 205 89 42 148 94 57 
120K 0 203 91 44 152 99 58 

Trace # 3 -- A 1l objects 

1 All values are expressed in terms of ~K ticks. 
*No objects were purged. 



160 A LARGE OBJECT-ORIENTED VlRTUAL MEMORY 

e-s. Leaf/No-Leaf Page Faulting Rates 

CORE BUFFER BUFFER Hl'l' FAULT BUFFER BUFFER HIT FAULT 
S(ZE MlSS HIT RATE RED. MISS HIT RATE RED. 

20K 4577 4708 50.7% 31.7% 6176 3033 32.9% 29.3% 
40K 2997 3762 55.6% 30.1% 4064 2654 39.5% 27.2% 
60K 2488 3536 58.6% 27.1% 3448 2552 42.5% 25.4% 
80K 1631 3218 66.3% 25.9% 2615 2210 45.8% 22.5% 

DFSID -- Trace # 1 Hash -- Trace # 1 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 6817 8678 56.0% 24.1% 11.491 3908 25.3% 18.4% 
40K 4626 6113 56.9% 25.1% 7591 3090 28.9% 19.6% 
60K 3944 5764 59.3% 21.8% 6756 2907 30.0% 16.9% 
80K 3460 5511 61.4% 21.7% 6016 2930 32.7% 16.9% 

lOOK 3102 5274 62.9% 23.9% 5572 2768 33.1% 18.3% 
120K 2656 5215 66.2% 20.2% 5122 2703 34.5% 15.0% 

DFSID -- Trace #2 Hash -- Trace # 2 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 10,581 8703 45.1% 34.0% 15,202 4109 21.2% 32.2% 
40K 7075 6848 49.1% 26.9% 10,094 3937 28.0% 25.0% 
60K 5753 5571 49.1% 24.0% 7643 3688 32.5% 25.1% 
80K 4771 5178 52.0% 23.4% 6425 3523 35.4% 23.3% 

lOOK 4054 4920 54.8% 25.1% 5637 3356 37.3% 24.6% 
120K 3031 4552 60.0% 24.0% 4590 2984 39.3% 23.8% 

OFSIO -- Trace # 3 Hash -- Trace # 3 

30K 60K 90K l20K 150K 180K 210K 240K 

OFSID #1 30.1% 47.1% 29.9% 11.8% 8.6% 6.2% 4.6% 4.6% 
DFSID #2 22.5% 26.0% 10.9% 5.6% 28.1% 3.7% 4.7% 2.6% 
DFSID #3 22.9% 31.0% 15.9% 9.6% 5.8% 4.6% 5.4% 4.2% 
Hash # 1 35.3% 38.7% 110.5% 62.8% 38.7% 8.1% 6.2% 3.1% 
Hash #2 27.8% 31.2% 71.2% 33.8% 22.5% 22.1% 15.1% 13.8% 
Hash #3 30.0% 29.6% 74.2% 48.8% 35.6% 22.7% 10.5% 6.0% 

Page fault increases due to leaf references for the Paged Virtual Memory 
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C-9. Warm-Start Page Faulting Rates 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HlT FAULT 
SIZE MlSS HIT RATE RED. MISS HIT RATE RED. 

20K 6875 8015 53.8% - 2.5% 8949 5902 39.7% - 2.3% 
40K 3975 4893 55.1% 7.3% 5079 3773 42.6% 9.1% 
60K 3154 3535 52.8% 7.6% 3934 2753 41.1% 14.9% 
80K 741 2205 74.8% 66.3% 1290 1639 55.9% 61.8% 

OFS[D -- Trace # 1 Hash -- Trace # 1 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 8878 12.351 58.1% 1.1% 13.993 7145 33.8% 0.7% 
40K 5882 8122 57.9% 4.8% 9117 4857 34.7% 3.5% 
60K 4834 7146 59.6% 4.1% 7490 4436 37.1% 7.9% 
80K 4182 5954 58.7% 5.4% 6757 3370 33.2% 6.6% 

lOOK 3009 4918 62.0% 26.1% 5022 2891 36.5% 26.4% 
120K 1311 3488 72.6% 60.6% 3079 1706 35.6% 48.9% 

OFSID -- Trace #2 Hash -- Trace # 2 

CORE BUFFER BUFFER HIT FAULT BUFFER BUFFER HIT FAULT 
SIZE MISS HIT RATE RED. MISS HIT RATE RED. 

20K 16,954 20,061 54.1% - 5.6% 23,593 13,450 36.3% - 5.1% 
40K 10,047 11,724 53.8% - 3.7% 13,725 8065 37.0% - 1.8% 
60K 7282 7985 52.3% 3.8% 9519 5768 37.7% 6.8% 
80K 5698 5919 50.9% 8.5% 7164 4465 38.3% 14.5% 

lOOK 3718 3465 48.2% 31.3% 4309 2854 39.8% 42.4% 
120K 691 1813 72.4% 82.6% 907 1640 64.3% 84.9% 

OFSID -- Trace #3 Hash -- Trace # 3 

30K 60K 90K 120K 150K 180K 210K 240K 

DFSIO #1 6.9% 15.9% 34.3% 41.0% 42.6% 54.0% 70.2% 70.2% 
DFSID #2 6.9% 15.5% 17.2% 17.1% 25.6% 25.8% 26.3% 30.0% 
OFSIO #3 5.4% 9.0% 19.2% 26.7% 31.4% 42.4% 47.5% 47.8% 
Hash #1 5.9% 6.3% 14.3% 25.3% 39.4% 43.7% 43.1% 50.9% 
Hash #2 5.7% 7.0% 13.2% 15.5% 21.2% 24.3% 33.1% 38.2% 
Hash #3 3.4% 4.0% 4.9% 11.8% 18.4% 26.1% 30.6% 43.8% 

Wann-start page fault reductions for the Paged Virtual Memory 
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Appendix 0 

D-O. Trace Data 

TRACE STORE BYTECODES NEW NEW OBJECTS OLD OBJECT 
NUMBER OPERATIONS EXECUTED OBJECTS REMAINING DEATHS 

#1 
#2 
#3 
#4 
#5 

98,031 
41,779 

126,402 
150,532 
129,235 

87,998 
39,659 

118,236 
145.197 
130,140 

6757 
2393 
9014 
8342 
4795 

90 
26 

5 
159 
82 

18 
23 
o 

78 
57 

TRACE MAX STACK LASTSTACK MAX OBJECT LASTOBJECT WORDS WORDS 
NUMBER POINTER POINTER COUNT COUNT COPIED KEPT 

#1 
#2 
#3 
#4 
#5 

1227 
314 
149 

1506 
484 

1208 
262 
42 

1504 
482 

48 
44 
62 

181 
58 

TRACE MAX WORDS LAST WORDS OLD-NEW 
NUMBER NEW CORE NEW CORE STORES 

#1 
#2 
#3 
#4 
#5 

861 
604 

1117 
2174 
1250 

158 
4 
o 

56 
1134 

7 
22 
2 
6 
2 

TRACE SMALL POS SMALL NEG ALL POS 
NUMBER STORES STORES STORES 

#1 
#2 
#3 
#4 
#5 

12,597 
4153 

15,827 
13,627 

9448 

7159 
1002 
5672 
3654 
2195 

14,687 
5218 

18,074 
21,076 
16,310 

8 
2 

° 11 
54 

970 
452 
75 

1253 
227 

NEW-OLD OLD-OLD 
STORES STORES 

26,067, 
6862 

32,195 
31,394 
25,327 

ALL NEG 
STORES 

9253 
1099 
6168 
4265 
2382 

55 
132 

6 
129 
203 

608 
348 
75 

1083 
227 
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[)-l. Transient Object Lifetimes 

rtRACE MIN MAX MEl) Ql Q3 MEAN ST. DEV. 

#1 1 55K 13 4 53 269 1849 
#2 1 39K 13 5 35 436 2869 
#3 1 116K 30 8 103 333 4452 
#4 1 142K 14 6 51 696 7041 
#5 1 51K 13 6 25 264 1763 

0-2. Stack-like Memory Management 

TRACE MIN MAX MED Q1 Q3 MEAN ST. DEV. 

#1 0 86 1 0 1 1 3 
#2 0 37 0 0 0 1 3 
#3 0 5 0 0 1 0 1 
#4 0 176 0 0 0 1 10 
#5 0 33 0 0 0 0 2 

Long Deallocation Distance 

TRACE MIN MAX MED Ql Q3 MEAN ST. DEV. 

#1 0 29 1 0 1 1 1 
#2 0 6 0 0 0 0 1 
#3 0 5 0 0 1 0 1 
#4 0 154 -0 0 0 1 5 
#5 0 33 0 0 0 0 2 

Short Dcallocation Distance 
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0-3. Dynamic Pointer Distance 

TRACE MIN MAX MED Q1 Q3 MEAN ST. DEV. 

#1 0 75K l3 4 157 1832 6046 
#2 0 38K 25 5 542 2286 5988 
#3 0 115K 8 3 77 6063 21,034 
#4 0 90K 187 7 4K 10,167 21,125 
#5 0 67K 375 6 17K 10,417 16,479 

Positive Pointer Distance 

TRACE MIN MAX MED Q1 Q3 MEAN ST. DEV. 

#1 2 32K 6 2 672 1294 2851 
#2 2 22K 12 2 68 599 2182 
#3 2 113K 12 7 91 3897 16,882 
#4 2 91K 7 3 211 3367 13,065 
#5 2 53K 2 2 23 1108 4907 

Negative Pointer Distance 

D-4. Degradation of an Initial Placement 

HOURS USED MIN MAX MED Q1 Q3 MEAN ST. DEV. 

0 0 1563 419 11 956 521 501 
4 0 1563 427 16 956 525 499 
8 0 1563 434 18 959 528 499 

12 0 1565 423 17 976 524 502 

Static Pointer Distance 

Hours of Use: 0 4 8 12 
Close Pointers: 16.9% 16.2% 16.2% 16.1% 

On-page (512-word) pointer ratio 


