Selector Table Indexing & Sparse ArraysKarel DriesenProgramming Technology LabFaculty of SciencesVrije Universiteit BrusselPleinlaan 2 B-1050 Brusselskjdriese@vnet3.vub.ac.be0.AbstractSelector table indexing is a simple technique formethod lookup in object-oriented languages, whichyields good performance, is well suited to multipleinheritance and dynamic typing, but is generallydisregarded for its prohibitive memory consumption.The large memory footprint is caused by keeping atable of methods, indexed by a selectorcode, for eachclass in the system. These tables are sparsely filled. Asparse array implementation is presented, whichreduces the memory consumption by an order ofmagnitude, while performing retrieval in constanttime. This implementation is discussed in the contextof a real programming environment, and compared toselector coloring, a different memory-optimizingtechnique. The method is shown to be complementaryto dynamic caching techniques such as inline caching.1.IntroductionDynamic binding is both the basis ofpolymorphism and a source of inefficiency in object-oriented languages. The association of a messageselector to its implementation, depending on theruntime class of the receiving object, implies anoverhead on each message call. Since a pure object-oriented language uses message-passing as the soleway of forming expressions, this constitutes a majorbottleneck.In statically typed languages, like C++, theoverhead can be minimized by using type informationat compile time, narrowing the runtime choice ofmethods as much as possible, in most caseseliminating choice altogether. However, even astatically typed language exhibits a degree ofpolymorphism. A type is often defined as a class andall it’s subclasses. If a message of a class isoverloaded in a subclass, a runtime lookup isneeded1.In dynamically typed languages the receiver ofa message can be any object. Therefore no compile-time choice is possible2. The task of finding theappropriate method for a class-messageselector pairalways has to be performed at runtime. Hence,speeding up the method lookup is highly relevant in adynamically typed environment.1.1.Method lookupFor the sake of the discussion, we will mentionclasses as the entities which hold a set ofmessageselectors and their implementations. One canreplace "classes" by "prototypes" or "mixins3" [BRA90],[STE 93] without changing the basic premisesand conclusions, as long as code sharing is employed.

1 In C++ this lookup is performed efficiently as a single tablelookup, when only single inheritance is employed.2 We will ignore type-inference, being outside the scope of thediscussion3 Actually not mixins as such, but the result of applying severalmixins in a certain order, be it a class or a prototype.

Classes can be organized in a directed, a-cyclicgraph called an inheritance-graph. Edges connect aclass to its superclasses. On the interface level, anedge from class C to class P means that class Cunderstands all messages that class P understands. Onthe implementation level, it means that the actualmethods invoked by objects of class C are the same asfor objects of class P. C can change this default byadding some messages to those understood by P,redefine implementations, or cancel messages. Thelatter usually takes the form of redefining with aspecial method. We will call the introduction of amessage-implementation pair the definition of amessage. Figure1 shows an example hierarchy.A a b cB a dC eD d fE a gF h iG jH jI c k

Figure1: an example inheritance graphMessage selectors are specified by lowercaseletters, classes by uppercase letters. When a messagem is defined in class C, we will call m a propermessage of C. If a message is not a proper message,but is understood by C, we call it an inheritedmessage.Now we can view the task of finding animplementation for a given class-message pair as alookup in a two dimensional table. Figure 2 shows thetable for the hierarchy of figure1.

C\sabcdefghijkABCDEFGHI: Proper message: Inherited message

Figure 2: Class/Selector table for figure 1Given this setup, a variety of algorithmsperforms the association. We will discuss these interms of time and space efficiency in the followingsection.2.OverviewThe basic algorithm, called dispatch tablesearch (DTS) or superclass-chain lookup, is a fairlyliteral translation of the definition of method lookup:find the closest ancestor class for which the messageis a proper message. Every class holds a table of itsproper messages, with their implementations. This iscalled a method table. At runtime, the class of areceiver is obtained. Then the message selector islooked up in the method table of that class. If found,the lookup is finished. If not found, the search iscontinued in the superclass of the current class4. If allsuperclasses are visited without success, the messagethat was sent is not understood by the receiver.If we assume that the tables are efficientlyimplemented, using for example hashing on themessage selector, the time taken by this technique isproportional to the number of ancestors of a givenclass (the depth of the tree in the case of single

4 If there is more than 1 superclass, as is the case in multiple-inheritance, the order in which the superclasses are searched ispart of the language definition. For the performance of thealgorithm, this order is irrelevant.

inheritance). As stated in [COX 87]:"this is usuallyintolerable because it can inhibit speed consciousdevelopers from using this powerful tool[inheritance]". The memory used by this technique isminimal, since there are only as much table entries asthere are methods in the entire system5 (the blackarea in figure 2).In selector table indexing (STI), the otherextreme, every class holds a table indexed by allselectors (the rows in figure 2). For fast retrieval, theselectors are identified by a unique number, theselector code, ranging from 1 to S, where S is the totalnumber of different selectors in the system. Thisnumber can replace the selector symbol in the actualcode. The association of a class-selector pair to theimplementing method amounts to indexing in anarray, a constant-time operation. The memoryrequirements are enormous, however. If C is thenumber of classes, C*S is the memory used.Dynamic caching [KRA 83] is an effort to jointhe best of both worlds. Superclass-chain lookup isused the first time a message is sent at run time. Theassociation of the class/selector pair and the acquiredmethod is then entered in a dictionary, implementedfor fast retrieval6 (the cache). The next time the samepair is encountered, a lookup in the cache dictionaryis performed. If the method is still resident, it isimmediately executed. If not, a superclass-chainlookup is done. Hit rates as high as 95% have beenobtained, rendering a substantial speedup in messagecalling [JOH 87]. However, due to the statisticalnature of the speedup, this cannot be guaranteed in allpossible cases. The memory overhead of thistechnique is equal to the size of the cache. One couldsee the two former approaches as boundary cases, inwhich the size of the cache is zero and infinite,respectively. Techniques derived from STI are alsoknown as static caching, since a message is entered inthe cache when it is defined, rather than when it iscalled (compile-time versus run-time).

5 We again assume that the implementation of a method table issuch that memory comsumption is minimal.6 Inline caching [DEU 84] can be considered a special form ofcaching in which the cache is distributed over the code.3.Reducing the memory overhead ofSTIIn this section, we will preserve the basic ideaof STI, while reducing the memory cost. In astraightforward implementation, the table of figure 2would be translated into a 2-dimensional array. Forthe Smalltalk class hierarchy of the system used inour lab, in which 774 classes and 5087 differentmessage selectors are defined, such an array contains3.937.338 addresses. This is 3 orders of magnitudemore than required by superclass-chain lookup, whichneeds 8.540 entries7 (nr of methods, black area infigure 2).To avoid superclass-chain lookup, each classshould have a direct reference to the methodsimplementing its inherited messages (gray area infigure 2), on top of the references to its propermessages (black area). For our Smalltalk, the totalnumber of known messageselectors in the table is178.264 (average of 230 per class). This is a lowerboundary for an implementation that guarantiesmethod lookup in constant time. Thus, the table offigure 2 is only 5% filled in a real example. This isreminiscent of sparse arrays8.3.1.Table width allocationLooking at figure 2, a space-optimizationsuggests itself quite naturally: it is fairly easy toallocate, for a given class, an array that is only aswide as the difference between it’s lowest and it’shighest numbered selector. We will call this the widthof the table. A simple boundary check would beadded to the retrieval procedure. In return, a

7 Actually there is an extra overhead in this particularimplementation, since the tablesizes are set to be a power of 2.The tables are on average only 75% filled. A hashing strategywith internal rehashing is used.8 The latter have been extensively studied (as sparse matrices) innumerical analysis. However, the implementations realized in thisfield are biased towards the handling of columns as a whole (cfr.Gauss-elimination). We need an implementation that emphasizesspeedup of only one operation: retrieval of one element in a one-dimensional array.

substantial amount of memory can be saved. In ourSmalltalk system, this technique brings the number ofentries kept in memory to 1.477.992. The arraysthen have 12% non-nil references.3.2.Sparse arraysIn this section we present a datastructure, basedof the memory management of trie-tree nodes in[AOE 92], which suits our purpose better than thearrays of the above approach. Given a large numberof sparsely filled arrays, a mapping of these arraysonto a master array can be found, in which the indicesof non-empty elements in the masterarray are unique.In figure 3, an example mapping is shown for theclasses A,C,H,I.AIHC

Figure 3: Mapping of sparse tables onto a masterarrayThe tables are fitted together like a one-dimensional Jig-Saw puzzle. Given a reference r tothe beginning of the table (an index in themasterarray), and a selectorcode s, the reference to thecorresponding method (on index r+s) can be retrievedin constant time. The only problem arises when amessages is not understood by a class, so it shouldhave a nil reference on position r+s, but due to thepacking together, proper message s’ of another classwith reference r’ happens to be at the same entry (i.e.r’+s’ = r+s).This ambiguity needs to be resolved. In order todo this, the master array has to be implemented as adouble array structure (figure 4). The top row of thedata structure holds the method-references. Thebottom row holds the index to the beginning of themethod table9, in figure 4 symbolized by the name ofthe class.

IAHC11111111112221234567890123456789012 abcdfabcjkabcdfabcjeIIIIIAAAIIHHHHHCCCHC

Figure 4: structure of the double arrayNow we can verify that the position r+s is’owned’ by the table with reference r by verifying thatthe lower entry holds the value r.To summarize: if the lower part of the elementequals the table reference (i.e. it points to thebeginning of the table), then the upper part gives theaddress of the method to be called (the table owns theentry). If it doesn’t, the selector is not understood bythe class (the space is empty, or owned by anothertable). This process shows constant-timeperformance. So does removal of an element10.Insertion of an element in a sparse array doesnot always take place in constant time. If the entrywhere the element is inserted is free, or alreadyowned by the table in which the insertion takes place,no extra actions are necessary. If, however, the entryis owned by another table, the whole table has to belifted out of the master array, and inserted werepossible. To do this, the pattern of non-nil entries inthe method table (it’s ’signature’) has to be matchedagainst the pattern of free entries in the masterarray.In figure 4, this would happen if the selector k weredefined for class H, since it collides with the definedselector e of class C.

9 As an alternative, the reference can be relative. Then it has to beequal to the selectorcode for non-empty entries. This has theadvantage that the space, needed for the lower entries in the table,can be limited to the number of bytes, needed to represent thenumber of selectors, instead of the number of entries in the entiremaster array. However, see 3.2.2.10 We ignore the maintenance of the freelist, which, implementedintelligently, takes time, proportional to the number of non-emptyentries to the left and to the right of the released entry.

The time required by the matching processdepends on the number and structure of the freeplaces in the masterarray, and the pattern of non-nilentries in the table. A strictly upper bound is given byE * N, where E is the number of empty spaces in themaster-array and N is the number of defined entries inthe table. This is an overestimation, since the formulais based on the assumption that in order to detect anon-match, all N entries of the table need to bechecked, and this for every free space in themasterarray.Since the number of message sends is muchlarger than the number of message definitions in anygiven system, the time required by insertion need notbe a problem in principle. We will return to this later.For now, we observe the feasibility of the technique.3.2.1.ExperimentsIn order to measure the memory savings of thesparse array technique on a real-life system, we havebuilt up the masterarray for the Smalltalk inheritancetree.In all tests, a class is treated as a whole, so allmessages known by a particular class are firstcollected and then inserted in the master array.Hereby we avoid the (for this experiment) uselesslifting and inserting of a table. The signature of atable is matched as a whole onto the masterarray. Thisstill leaves two degrees of freedom: the particularcoding of the selectors, and the order in which classesare inserted. We found that the former has the biggestimpact on the redundancy rating. Since the selectorcoding determines the pattern of non-empty entries, itis responsible for the form of our puzzle pieces.In a first test, the selector code is set equal to itsposition in an alphabetically ordered table of allselector symbols. Since the message selectors of agiven class are usually more or less evenly distributedover the alphabet, in this case the method tables arewide and sparse. The classes are processed inpreorder, which gives us for the inheritance graph infigure 1 the ordering: A B E C D F G H I. We obtaina table that is 11% filled, which is slightly worse thanthe simple table width allocation method, outlined inthe beginning of paragraph 3.1. In the lattertechnique, selector numbers are assigned as they areencountered. As a result, the proper messages ofclasses are usually clustered together in the methodtable11, as shown in figure 5.Alphabetical OrderEncountered OrderFigure 5: Non-empty entries in a sparse table, asinfluenced by selector codeThe tablewidth of a subclass is always larger orequal to the tablewidth of its superclass. To ensurethat the tablewidth of a class is strictly smaller thanthat of its subclasses (a gain in space), the orderinghas to put the superclass before its subclasses. In thenew ordering, this is the case.With this selectorcoding, we obtain amasterarray that is 36% filled, about seven timesbetter than the naive approach, three times better thansimple width-allocation.We can do better, when looking at theparticularities of the inheritance tree. In the Smalltalkinheritance tree used for the experiment, there are twokinds of classes: normal classes and meta-classes.Since every class has a meta-class, both kinds areabout as numerous12.

11 The exception is when a message is defined in two seperatesubtrees, as the message d in figure 112 They are not equal in number, since the class MetaClass doesnot have a normal class as instance. Furthermore, in theexperiment, Behaviour, Classdescription and Class are counted asmeta-classes, since they help define the meta-class protocol, andthey do not have instances that are normal objects. In fact the firsttwo are virtual metaclasses.

NormalMetaNumber of classes383391Total Known selectors40271288Average Known selectors161297

Figure 6: Normal versus metaclasses in theSmalltalk inheritance graphFrom figure 6, it is obvious that the two groupsare widely different. The metaclasses understand only1288 of all available message selectors, with eachmeta-class understanding almost 300 selectors onaverage. The other classes as a group understand four-fifth of all selectors, while each class itselfunderstands only 161 of them. If we put the meta-classes first in the ordering, the width of the first 391tables is at most 1288, and each table is about 25%filled to start with. This produces a dense packing ofthe tables, after which the normal classes can beadded. Since these have a wide range of selectors, butmore empty entries in the method-table, they are wideand the selectors more randomly spread, so they aremore difficult to pack together.The experiment, in which all metaclasses werefilled in right after the class Object, gives a fill ratingof 60%. Thus the memory used by the selector tablesis reduced by a factor 12. The packing of normalclasses in the masterarray is 49%. As expected, themeta-classes are more densely packed, giving a 69%fill rating. The masterarray has a width of 295.414entries, as opposed to the naive implementation of theselector table, which has 3.937.338 entries.The results of the last test is Smalltalk-specific,in the sense that the class-metaclass dichotomy neednot occur in prototype-based languages13. However,the sparse array technique is reminiscent of theknapsack problem, strongly suggesting NP-completeness. This means that heuristics are the onlypractical way to solve the problem in reasonable time.The last test relies heavily on that principle.

13 The copying methods, that replace the meta-protocol of a class,reside in the same method table as the ’instance’ methods of aprototype.Heuristics based on the number of messages known tosubtrees, a generalization of the more extreme class-metaclass example, are currently under investigation.3.2.2. Eliminating the double arrayAlthough the total number of entries in themasterarray is 12 times less than the number ofentries in the naive implementation, the entries in themasterarray take twice as much memory.If we do not implement sparse arraysseparately, as a datatype with an abstraction barrier,but take advantage of the knowledge that they are tobe used as method tables, further space reduction ispossible.Suppose we eliminate the lower entry in themasterarray. Then, for a class C, with table referencer, and a selector with code s, we need to be able toverify if the method reference at index r+s iseffectively ’owned’ by class C. If we would be able tosurmise the selector t for which the method found atindex r+s is the implementation, we would simplyhave to check if t = s . If this is the case, then themethod can not be an implementation of s for anotherclass, since every class has a unique reference to itsmethod table. In other words, if the method at indexr+s implements selector s, it has to be part of themethod table beginning at r, hence it is the rightimplementation.All we need, then, to eliminate the lower part ofthe masterarray, is to keep with each method theselectorcode of the message it implements. In termsof space, this adds only as much references as thereare methods in the system. For our example, thisgives 8.540, as opposed to the 295.414 entries of themasterarray. In terms of time, one referenceindirection is added to the method lookup.3.3.Selector coloringSelector coloring, first proposed in [DIX 89],and expanded for dynamically typed languages in[AND˚92], offers a different way to optimize theselector table size.

The basic principle is as follows: give theselector code range [1,S], a function color(selector) isdefined which maps the range [1,S] to a range [1,K],with K<< S, such that, for every two selectors s1 ands2, if they are understood by the same class, color(s1)„ color(s2). In other words, when two messages areunderstood by the same class, they get a differentcolornumber. The methodtable is then implementedas an array of size K. The colornumber can replacethe selector in the actual code14. This has as effectthat the selector table of figure 2 has less columns, forthe same number of non-empty entries. To find themethod for a given class-selector pair, thecolornumber of the selector is looked up in themethod table of the class.The construction of a good coloring functiontranslates into a well-known problem in graph theory:graph coloring (hence the name). Every node of thegraph stands for a selector. Edges are drawn betweenselectors if they are understood by the same classanywhere in the system. Two nodes that areconnected can not be assigned the same color. Theproblem is to find the least total number of colors K,with which all the nodes of the graph can be colored,so that every node has a different color than itsneighboring nodes. K is called the chromatic number,and is proved to be at least the size of the greatestclique in the graph. A clique is a subgraph of totallyinterconnected nodes. In terms of the inheritancestructure, all the selectors understood by a given classC form a clique.Although graph coloring is NP-complete,inheritance trees apparently have nice properties,making it possible to find a coloring that approachesthe chromatic number with an algorithm that ends inpolynomial time. In the algorithm, colors are assignedfrom the most constrained selector to the leastconstrained. The most constrained selector is theselector understood by the largest number of classes.The next selector is assigned the lowest colornumberthat is still different from that of its assignedneighbors. When the least constrained selector is

14 However, see 3.3.1assigned a color, the algorithm ends. The coloringobtained is guaranteed to satisfy the conditionsdescribed above, although K is not guaranteed to besmall.We ran this technique on the aforementionedSmalltalk class tree, and obtained 401 as the value ofK, the number of messages understood by themetaclass of class Cursor. This was the class with thelargest number of understood messages, so effectivelythe lower bound was reached. The fill rate, given bythe average number of understood messages per class,divided by K, was found to be 57%, comparable toour scheme, and consistent with the results given in[AND˚92].3.3.1Resolving aliasing in selectorcoloringAn issue not addressed in [AND˚92], buttouched upon in [DIX 89], is the problem of aliasingof selectors. Since most color numbers are used bymore than one selector, for each class there will existselectors that are not understood by the class, but thathave the same colornumber as a selector that isunderstood. Without checking, a send of a selector sto a class C, with s not understood by C, can result inthe execution of the method implementing selector r,understood by C, if color(s) = color(r).A solution suggested in [DIX 89] is to keep ineach method a copy of the selectorcode to which itresponds (as in 3.2.2), and to keep at each messagesend not only the colornumber of the selector, but alsothe selectorcode itself. A message lookup thenincludes a check if the sent selectorcode equals theselectorcode in the method. This scheme would makethe method lookup behave with about the sameefficiently as inherent in the improved sparse arraytechnique. However, the size of the code wouldincrease substantially, since for each message call,two numbers instead of one should be remembered.A modification which doesn’t take as muchmemory, but would add an indirection, is to keep onlythe selectorcode in the compiled code, and, prior to the method lookup, map that selector code to itscolornumber. The memory overhead of this techniqueis an array of size S, if S is the number of selectors,This is negligible (20 Kbytes for the Smalltalkexample).3.4.Comparing sparse arrays &selector coloring3.4.1Lookup efficiencyIn terms of lookup efficiency both techniquesare fairly equivalent.Method lookup with sparse array’s (abbr. SA)takes the following operations:1)get the class from the receiving object2)get the table reference r from the class3)get the method, corresponding to selector sfrom position r+s4)check if s equals the method’s selectorcodeMethod lookup with selector coding takes thefollowing operations:1) get the class from the receiving object2) get the color c from the selectorcode s3) get the method at position c from the methodtable4) check if s equals the method’s selectorcodeIf keeping both the selector and it’scolornumber in the code is not prohibitive, step 2) inselector coloring is not necessary.3.4.2Memory usageIn terms of memory usage, for the example bothtechniques seem to perform comparably15. However,

15 We only take the colored cache into account, and not theconflict graph, which is kept in memory in [AND 92]. The lattermakes selector coloring only profitable for hierarchies as large asthere is a great difference in memory management.In the SA approach, the memory used by methodtables differs radically from the ’normal’ memory,used by objects in the system. If a class is deleted, itsmethods can be garbage collected, but the placeoccupied by the table has to be reclaimed within thecontext of the master array. Furthermore, when a classis added, the master array may have to grow, takingspace from the object memory. An arrangement inwhich the masterarray takes up one end of thememory and grows toward the runtime stack, comingfrom the other direction, with the object memory inthe middle, is imaginable.In the selector coloring technique, there is achoice. If the method tables are each allocated asnormal objects, adding or deleting a class amounts toallocating and freeing an object. We will refer to thismethod as SC1. In this case, step 2) from the SAmethod lookup needs to be added to the SC1 methodlookup, since an indirection is necessary to obtain themethod table from a class. If on the other hand allmethod tables are gathered in a two-dimensionalarray, indexed by color and classnumber, a classidentification is equal to it’s index, so theaforementioned step 2) is not necessary. We will callthis approach SC2. The memory in SC2 has a specialstatus, as in SA. Adding a class in SC2 causes agrowth of the two-dimensional array.When examining the performance of the twomethods on special cases of inheritance, differencesare blown up. On a tree structure (as in the Smalltalkexample), both approaches behave similarly. Figure 7lists other examples (terminology adoptedfrom[AND˚92]).

the Object hierarchy, when compared to simple selector tableindexing .

B bA aC c

D dBranchA a

B bC cD d

CombE eAppleA a

Figure 7: Special cases of inheritanceThe ’branch’ case has no overhead for SA.Starting with class A, all method tables are stackedafter each other, leaving no empty space, rendering amaster array with size 10. For SC1, there is nooverhead either. For SC2 6 of the 16 entries in the 2-dimensional class-color array are empty, since allselectors are known in class D, and have to havedifferent color numbers.The ’comb’ case would give the followingmaster array for SA:

ABCD12345678 aabaacdABBCDCD

Figure 8: Master array for ’comb’ caseThe redundancy is 1 out of 8. This would bedifferent if class A had more selectors. We canconclude that redundancy can be expected in thiscase. SC1 gives no redundancy. SC2 gives 1 out of 8.The ’apple’ case, an example of multipleinheritance, is the ’comb’ case with a commonsubclass added. The SA method delivers the array offigure 9:

ABECD12345678910111213 aababcdeaacdABBEEEEECDCD

Figure 9: Master array for ’apple’ caseAdding a subclass adds a densely filled methodtable to the array, giving redundancy of 1 out of 13.For the SC1 and SC2 methods, the subclassintroduces conflicts between all known selectors,rendering a method table containing all selectors. ForSC1, this gives a redundancy of 3 out of 15, for SC2this delivers 13 out of 25.We can conclude that the SA approach is morerobust for special cases of inheritance, especiallymultiple inheritance, than SC1 and SC2, the latterbeing the most brittle.3.4.3DynamicsThe third perspective from which to comparethe different approaches is the impact of changes inthe inheritance graph as they occur in a developmentenvironment. There are two cases to consider: addinga class, and adding a message. The removal of classesand messages does not pose a real problem.Reclamation of space can be postponed until asuitable time interval occurs, in which all methodtables in the system can be rearranged.Adding a class is a problem for SC2, if theadded class needs a new color. All method tables inthe global array have to be shifted to accommodatefor the extra entry at the end of each method table.This is prohibitive at runtime. For SA it implicates asearch for a matching empty space in the masterarray, which can possibly lead to growing of thearray. For SC1 the effect is only problematic in thecase of multiple inheritance, as when the ’comb’ caseturns into an ’apple’ case.Adding a message is problematic when theclass in which it is added has many subclasses. Tofocus on the extreme example for the Smalltalk case,adding a message in Object has a catastrophical effect. In the SA approach, the more densely packedthe masterarray, the more method tables have to belifted and inserted again. Since the ordering is suchthat all selectors understood by object have the lowestselector numbers, the new message will add an entryat the other end of the method table, rendering theplacing of most tables ineffective. In order to avoid alengthy repacking of all method tables at runtime,only onepreventive measure seems practical.We propose to maintain an additional methodtable, with the new messages, which is checked if thelookup in the original table fails. At regular times, aprocess can be run which incorporates the newlydefined messages into the original tables, if necessaryrelocating the entire masterarray. The new messageshave a constant cost added to the method lookup (step2 to 4 of the SA lookup) during development time.The packing of the new tables in the masterarray willprobably be space-efficient, since their width is boundto be small, given regular relocation of themasterarray. However, the dynamics of this approachneed to be studied in future research.In SC1 and SC2, defining a new message forObject would have the same catastrophical effects.Since the selector conflicts with all selectors in thesystem, it has to be assigned a new colornumber,higher than all colors used. For SC2 this is equivalentto the class case. For SC1 this causes all methodtables to grow to incorporate the new color, forcingsystem-wide reallocation of method tables.4.Comparing sparse array STI &dynamic cachingIn the absence of hard performance data, anassesment of the expected efficiency of our techniqueis in order. The currently most used strategy to speedup method lookup in dynamically typed, object-oriented languages, is inline caching [DEU 84],[UNG 87]. In this technique, a call to the methodlookup routine is replaced (inline) by a direct call tothe method which was called last time at thatparticular point. The method in question is prefixedby a test, which compares the current type of receiverwith that of it’s most recent call. If a match occurs,the method is further executed. If not, a regularmethod lookup is performed, which will cause anupdate of the target of the inline call.On a hit, this scheme takes only three to fourmachine instructions, coming very close to theefficiency of procedure calling. SA takes six to seveninstructions with the double masterarray.In [UNG 87], the SOAR Smaltalk systemspends 11% of its time in (inline) cache probes andanother 12% handling misses. Since SA, byconstruction, does not have the latter overhead, wecan tentatively assume that the runtime efficiency willapproach that of inline caching. Still, no claims can bemade without thouroughly benchmarking a runningsystem.However, an improvement over inline cachingcan be constructed by combining the two techniques,employing inline caching first, and using SA on amiss. This strategy would cut down the total timespend on misses to a small fraction of the 12%. Sincesome information, like the receiver’s type, resides in amachine register after the cache probe, SA also hasless work after a probe than in the general case.The last proposal adds the memoryrequirements of inline caching to those of SA,rendering a substantial memory overhead. Whetherthis is still profitable is an open question.5.Future and related workThe work described in this paper is support forthe Agora language, a prototype-based, object-oriented language employing mixin-based inheritance[STE˚93] [COD˚91]. A runtime version of selectortable indexing with sparse arrays will be implementedin the near future for an experimental Agora toScheme compiler [DHO˚93]. Runtime aspects of thetechnique, such as the performance of inline caching,combined with SA, will then be more thoroughlyinvestigated. A formal treatment of the mentionedheuristics for table packing is being studied. Sparsearrays have been implemented as an abstract datatype in Scheme, with a vector-like interface, integratedwith the resident garbage collector.6.ConclusionWe have presented a novel technique forreduction of space requirements by selector tableindexing. The approach reduces the size of themethod tables by a factor of 12, while retainingconstant time lookup. Compared to incrementalselector coloring, a previously proposed technique forselector table size optimization, our method performswith equivalent speed, and comparable memoryrequirements, but suffers less from special cases ofinheritance, especially multiple inheritance. Thetechnique needs to be further refined to avoidoccasional massive repacking of the masterarray. Acombination of our method and inline caching seemspromising.7.AcknowledgmentsI would like to thank Theo D’Hondt, PatrickSteyaert and Michel Tilman for discussions and draftreading, Jean Claude Royer for clarifying runtimeaspects of selector coloring.8.References[ALB˚88]M. O. Albertson, J. P. Hutchinson.Discrete Mathematics with Algorithms John Wiley& Sons (1988)[AND˚92]P. Andr�, J. C. Royer. Optimizing MethodSearch with Lookup Caches and IncrementalColoring, OOPSLA’92 Proceedings p.110-126[AOE˚92]˚J. I. Aoe, K. Morimoto, T. Sato. A n Efficient Implementation of Trie StructuresSoftware-Practice and Experience, Vol.22(9), 695-721 (September 1992)[BRA˚90]˚G. Bracha, W. Cook. Mixin-basedinheritance ECOOP/OOPSLA’90 Proceedings, p.303-311[COD˚91]˚W.Codenie, P. Steyaert, M.Van˚Limberghen AGORA, a short introduction,PROG internal report 1991[COX˚87]B . J . C o x . Object OrientedProgramming: An Evolutionary Approach,Addison-Wesley 1987[DIX 89]T. Dixon, M. Vaughan, P. Sweizer. A fastMethod Dispatcher for Compiled Languages withMultiple Inheritance, OOPSLA’89 Proceedingsp.221-214[DHO˚93]T. D’Hondt, P. Steyaert The Design andImplementation of the Agora Environment PROGinternal report 1993[DRI 87]K. Driesen. Typesystemen in Smalltalk-80Thesis 1987, Faculty of Sciences, Vrije UniversiteitBrussel[DEU 84]P. Deutch, A. Schiffman. EfficientImplementation of the Smalltalk-80 System POPLProceedings 1984 p. 297-302[ELL 90] M. A. Ellis, B. Stroustrup TheAnnotated C++ Reference Manual Addison-Wesley 1990[GOL 83]A. Goldberg, D. Robson Smalltalk-80:The Language and its Implementation Addison-Wesley 1983[JOH 87]R. Johnson Workshop on Compiling andOptimizing Object-Oriented ProgrammingLanguages OOPSLA’87 Addendum to theProceedings p. 57-66[KRA 83]G. Krasner Smalltalk-80: Bits of History,Words of Advice Addison-Wesley 1983[STE˚93] P. Steyaert, W. Codenie, T. D’Hondt, K.De Hondt, C. Lucas, M. Van˚Limberghen NestedMixin-Methods in Agora to be presented atECOOP˚93[UNG 87] D. M. Ungar The Design andEvaluation of a High Performance Smalltalk SystemAn ACM Distinguished Dissertation 1986, MITPress 1987

Appendix: Smalltalk resultsThe table below sums up fill rate % (non-emptyentries / total entries) of the sparse arrayimplementation (SA) on Smalltalk classes. These arecompared with regular STI fill rates, and with selectorcoloring (SE). In SE, the size of the conflict graph isnot taken into consideration. If the latter is kept inmemory, in order to speed up changes to the methodtables, SE takes more memory than STI for allsubsystems smaller than Object [AND˚92] .

ClassncdMpTpA p M m TmA m T s STIS C S A A-AgBrowserObject831540519821024435385A-AgTokens26412582224261629567488A-AgObjectStructure30813702266362135618179A-AgTree11419727474123755687988Set943814416774505094536592M-Set13638198158875158121486584C-Set16638205138989456126446273Stream1664921013108112270126566574A-Stream1964926214108131269168416382A-AgComponent264462941190178068136507675C-ArmanObject43437250668124829164184256C-DemoObject28548326125894234210165847Magnitude1848956832148138177240325280A-Magnitude3669563018155188652266203369C-HAMAbsSupClass2968533512128157754274204281Collection5165580516151496097403246448A-Collection65766104416157643599498206345M-Collection727661240171577167100580176350VisualComponent5378387517133425380529156054A-VisualComponent14691221968131751395596924105439C-VisualComponent15991222046131751517995957105445M-VisualComponent18391222330131751762996104595540M-MeiObject111716423872226511167101151373747Object-noclass383811368351826061809161402746242A-Object-noClass881101351302615309153529174700425639Object77412113854011401178264230508755760In the table, nc is the number of classes, d is thedepth of the subgraph, Mp is the maximum number ofproper messages (methods) in the subclasses, Tp thetotal number of proper messages in the subgraph, Apthe average number of proper messages. M m , Tm,and A m give the same numbers for messagesunderstood by the class. Ts is the total number ofdistinct selectors in the subgraph. S T I is thepercentage of non-empty entries in the selector tables,SC is the percentage of non-empty entries in thecolered cache, SA is the percentage of non-emptyentries in the masterarray of the sparse arrayimplementation.The classes, prefixed by A are part of an Agorainterpreter, implemented at our lab, those with prefixC are part of a groupwork project and prefix M standsfor the Mei utilities public domain classlibrary.Classes without prefix are part of the standard library(subsets of the former applications). The noclasssuffix indicates that the metaclasses were cut from thetree.