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ABSTRACT

Fast subclass tests are crucial for the performance of object-
oriented languages, especially those ith dynamic typing

nfortunately, fast constant time subclass encodings to date
present a frustrating tradeo  either choose a simple encod-
ing ith space re uirements  here is the num-
ber of classes or a more complicated and slo er to con-
struct encoding ith better space properties n this paper,

e present a ne subclass test encoding, called the ac ed

ector ncoding , that is fast, simple and re uires
a erage case space

1. INTRODUCTION

ubclass tests determine hether one class is a subclass of
another class hey are used throughout the implementa-
tion of an object-oriented language including in the com-
piler and often in the runtime For e ample, they can be
used for typechec s, do ncasts, typecases, and method se-
lection ptimi ing them can greatly impro e the o erall
performance of object-oriented systems

hen designing a subclass test algorithm
are four important measures to consider
he speed of the subclass predicate,
the speed of the construction of subclass data,
the space of necessary subclass data, and
the support for, and cost of incremental changes ie,
class re de nitions

, there

ote that if the speed of construction is high enough then a
full reconstruction could ser e as an acceptable mechanism
for supporting incremental changes

his paper introduces a ne subclass test encoding, called
the ac ed ector ncoding e start by formali ing

the problem in ection hen e discuss pre ious or in
ection  From there, e introduce the in ection
e t,in ection , e present results and compare it
against rela ent algorithms Finally, e present a summary
and some recommendations in ection and some remaining
or in ection

2. DEFINITIONS AND EXAMPLE

class hierarchy is a partial order of classes Figure
sho s a class hierarchy ta en from dra n as a directed
acyclic graph his hierarchy ill be used as a run-
ning e ample throughout the remainder of this paper  he
con entions used in these class hierarchy gures are that
parents are dra n abo e their children and that children
point to their parents abo e

e introduce the important properties of class hierarchies
by de ning them in ylan as sho n in Figure e
chose to present algorithms and de nitionsin ylan because
it is high-le el, object-oriented, and e ecutable e assume
that regardless of the actual implementation language, that
the properties de ned in Figure ill be a ailable to the
subclass test algorithm e g, le el, ancestors, and descen-
dents e use the class name to a oid name con-

icts ith ylans class

e assume objects as sho n in Figure ha ing direct access



to their class object  ypechec s can be performed ith the
function gain, e use the class name to
a oid name con icts ith ylans class

3. PREVIOUS WORK

he problem of e cient subclass tests has been a long-
standing challenge problem  onsult the sur eys of ite et
al and ibin and il for further information

3.1 ThelLinear Lookup Algorithm

he simplest subclass algorithm is to simply search a class
cached list of ancestors as sho n in Figure nfortunately,
this algorithm is , but because of its simplicity and
modest space re uirements it is often used in language im-
plementations e g, nfortunately, the linear loo up
subclass test is too large to inline into a call-site, and by
its ery nature does not yield predictable performance

3.2 The Bitmatrix Algorithm

he algorithm is the simplest constant time algo-
rithm  he classes are numbered, and their numbers are
used as indices into an bitmatri he bitmatri sub-
class test, necessary additional lass slots, and construction
algorithm are sho n in Figure e assume that the bit-
matri is represented by storing a bit ector ro per lass

ote that the bit t iddling comple ity is hidden by imple-
menting the operations in terms of bit ectors

s an e ample consider the e ample class hierarchy from
Figure ith nine classes  he classes are labeled using con-
secuti e nonnegati e integer birth dates starting ith ero
as sho n in Figure bitmatri is then constructed
and populated as in Figure he resulting bitmatri is
sho n in Figure

he ad antages of the bitmatri algorithm are that its sub-
class test is constant time, it is fast to construct, or s for
multiple inheritance, and is generally ery simple hese
ad antages ma e it appealing enough that many implemen-
tors use it as their mechanism of choice and he



x|A|B|C|D E|F G|H|I
y|id|0O|1/2|/3|4|/5|6|7|8
AlOJ1|0j1|1|01|1|1|0
B/1joj1|1|1|1|1/1|1|1
c/2j0/041/0/0j1|1/0|0
D|3|0|0|0|1|0|0|1|1]|0
E|4]0({0/0|0|1|/0|0|1]1
F|5]0/0|0|0|0|1]|/0|0]|0
G/6J0/0/0/0OjO0O|O0O|1 /0|0
H|7]0|0|0|0|0|0|0|1]|0
118]0/0|0|0|0|0|0|0]|1

big disad antage is that the si e of the bitmatri gro s as

3.3 Cohen’s Algorithm

he rst nontri ial constant time subclass algorithm as
proposed by ohen n this algorithm, classes are as-
signed uni ue integer ids and allocated a ro containing its
ancestor ids class can then determine hether it is a
subclass of another class by loo ing to see hether s
is found in its at the inde corresponding to s
Figure sho sthe ohen subclass algorithm and its neces-
sary additional lass support structure ibin and il
suggested that the range chec can be remo ed by pac ing
these ro s into a single ector

he ad antages of ohen s algorithm are that it is simple,
fast, constant time, and re uires modest space  he main
disad antage is that it only or s for single-inheritance hi-
erarchies

3.4 The (B)PE Algorithm

ite et al generali ed ohen s algorithm to multi-
ple inheritance and called it the ac ed ncoding

he general insight is that columns of the bitmatri can
be shared for unrelated classes  hese shared columns are
called buc ets and a buc et assignment algorithm deter-
mines to hich buc et a class belongs and the number of
buc ets re uired for a gi en class hierarchy he general
principle is that classes in the same buc et can not ha e
common subclasses and must ha e distinct ids Figure
sho s the speci ¢ additional lass slots and s sub-
class predicate

he subclass algorithm gi es good compression o er the
bitmatri algorithm, has a ery fast constant time subclass
test, and is reasonably uic to construct  he big disad-

antage is that, compared to the bitmatri algorithm, it is



still relati ely complicated to understand and to implement
e ciently

3.5 Relative Numbering

ne ery e cient encoding of a class hierarchy is based on
storing t o additional alues per class, a and

alue, hich represent the min and ma ids of a class and it s
descendents Figure  sho s the necessary additional class
slots, and ho , in one preorder pass, classes are numbered
and their min ma s are calculated n a single inheritance
class hierarchy, the relati e numbering subclass test or s
out to be a simple range test as sho n in Figure

he relati e numbering algorithm is incredibly simple, has
fast constant time algorithm, and e hibits space re-

uirements s ith ohen s algorithm, the big problem is
that it only or s ith single inheritance class hierarchies

3.6 The PQ Encoding

ibin and il ha e generali ed the relati e numbering
algorithm for multiple inheritance class hierarchies heir
encoding, called , combines the ideas of relati e num-
bering ith the buc et idea of ite et al as sho n in
Figure uc ets are assigned and ro s initiali ed using
-trees

he algorithm produces the best space results for any con-
stant time multiple-inheritance capable algorithm  he
subclass test is also ery fast and compares ell to the
best constant time subclass instruction se uence nfor-
tunately, the construction algorithm is comple and is

slo er to run than both the bitmatri and construction

algorithms

3.7 Hierarchical Encodings

ierarchical encodings perform subclass tests by represent-

ing classes as sets of integers, typically a bitset class
is a subclass of if s bitset is a subset of s Fig-
ure sho s the necessary additional class slots and the

subclass test imple bitsets that obey this constraint are
the ro s of the bitmatri representation f course the
problem is that this representation still has space
re uirements onstructing an optimal bitset is -hard,
but se eral researchers and ha e de ised heuristics
for building bitset representations that ha e more modest
space needs nfortunately, their construction algorithms
are complicated Furthermore, their subclass tests re uire
arying number of instructions

3.8 Other RelatedWork

ric idd presents a related scheme for compressing
method dispatch matrices he idea is that each ro can
be better compressed by remo ing the initial and trailing
ero s by recording the o set of the rst and last non ero
entries

e eral researchers , ha e utili ed class numbering
for method dispatch  he usual scheme is to number classes
such that ids for classes and their children form a dense
inter al  ists of rela ent ranges are then constructed and
are searched using code generated decision trees

4. THE PACKED VECTOR ENCODING

his paper introduces the ac ed ector ncoding ,
a fast and simple subclass encoding  he basic idea is to



compress the sparse bitmatri information into a ector us-
ing simple class numbering and range compression he
tradeo is simplicity for slightly increased but manageable
space characteristics

4.1 Preorder ClassNumbering

he strategy for class numbering is to choose class ids such
that for each ro the ones are mo ed into a single dense
clump he simplest class numbering algorithm ith this
property is a preorder depth rst scheme sho n in Figure |

hich tends to force the ids for a gi en class and its chil-
dren into the densest possible inter al Figure  sho s the
algorithm for computing the minimum and ma imum ids
for a class and its children and collecting each class into a

ector inde ed by class id  Figure sho s the resulting
labeling after running this simple class numbering algorithm
on the class hierarchy from Figure Figure sho s the
clumps in the resulting bitmatri ote that this class num-
bering results in a far clumpier result than the birth date
based class numbering scheme used to create the bitmatri
in Figure

4.2 The Packed Vector Encoding

x|Aalc[F[G|D[H[B[E]I
ylidlo|1]/2|3/4|5|6|7 |8
Alofi]1]1]1]1|1fofo]0
cli|ofi]1]1folo|o]0]0
Fl2[olof1fo]olololo]0
Gg/3fofoof1fo]olofo [0
Dlafolojof1|[1]1fo]0]0
H|s5[o]o]o]of1fo/o]0]0
Blefof1]1|1|1|1 /1|11
El7[o]ojoo|[of10]1]1
I |sfojojo]o]ojo|0|0f2




his bitmatri can no be usefully compressed by pac ing
the clumps into a single ector ach class can easily record
its base o set into this ector by summing the ranges of all
lo er numbered classes as sho n in Figure , and the ones
can be stored in the appropriately si ed as sho n in
Figure he resulting pac ed bitmatri  ector is sho n
in Figure , and the corresponding subclass predicate is
sho n in Figure nfortunately, this results in many
more instructions than the bitmatri subclass algorithm of
Figure

4.3 Avoiding the RangeChecks
Fortunately, e can impro e this subclass predicate by
a oiding the range chec s using a ro uni ue one alue,
no ing that out of range accesses ill be guaranteed to in-
nocuously read in alid ids  he simplest choice is to just use
agi enro sclassid asits uni ue ey a ing this modi -
cation produces the subclass matri sho n in Figure ,and
the sho n in Figure he ne subclass predicate
is sho n in Figure

e can further impro e this predicate by combining the
and constants to form a single constant, called

, hich can be precomputed during

x|Alc[F|[G|D[H |
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Dlal-T-T-F4l4laf- - -
His[-T-T-T-0I50-1-[- -
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he nal optimi ed subclass predicate sho n in Figure
isno competiti e ith the bitmatri subclass predicate of
Figure For completeness, the updated
code is sho n in Figure , the optimi ed populat-
ing procedure is sho n in Figure , and the top-le el
construction procedure is sho n in Figure

4.4 Limited SizeKeys—

s currently described, s re uire log bits per ey
compared to the single bit per ey re uired by the bitma-
tri algorithm en better compression could be achie ed
by using eys limited to log  number of bits in the
pac ed ector n order to ma e this or , e must ensure
that each clumps ey is uni ue across the entire range of
class ids  his constraint is easily achie ed during the o -
set assignment process by adding a gap of negati es to the
pac ed ector hene er the current ey collides ith that

ey s last ma inde , that is, hene er for a gi en ,
the ma inde of the last recorded is greater than

minus , or he

algorithm sho n in Figure sho s
the ne construction procedure , subclass test, and
necessary additional lass slots he o set assign-
ment procedure maintains a ector
of last indices ith an entry for each ey adding a gap hen-
e er necessary to enforce this constraint

s an e ample, calling the function

ith e ual to produces the pac ed ector sho n in Fig-
ure ne pad had to be inserted at inde to a oid a
collision  he pre ious best from Figure re uired
bits per ey times  entries resulting in a total of bits

he ne ector re uires only bits per ey times entries
resulting in a total of  bits, hich is as small s the
number of bits decreases, the padding cost increases until
e uals , hen the algorithm becomes e actly the same as
the bitmatri algorithm

nfortunately, allo ing arbitrary ey si es ma es the sub-
class predicate more complicated because it must no e -
tract bit elds herefore, the best speed space trade o
ould force the eys to si es that are supported by the hard-
are, such as , , and bit eys

4.5 Multiple Inheritance

nfortunately, the simple preorder class numbering scheme
of Figure is suboptimal for class hierarchy s in ol ing
multiple inheritance n particular, mi ins do not necessar-
ily ha e nearby class numbers to their children s a result,
mi in ids ill get assigned some hat randomly, resulting in
large and sparse clumps simple class numbering ariation
sho nin Figure , aggressi ely al smi ins, increasing the
li elihood that a mi ins id ill be nearby to its children s
ids

Figure  sho s the resulting class ids and clump ranges af-
ter running the multiple inheritance ersion of

he resulting is sho n in Figure otice that the
algorithm as able to s uee e out the single gap in clump
of Figure

4.6 SpaceAnalysis

ote that a couple tri ial changes ould be re uired to
top-le el construction procedure as ell
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n this section e consider the best and orst case space
properties of the in order to better understand its
space consumption has best case space usage of ,
orst case of , and orst case single inheritance of
log he best case arises from depth one single inher-
itance hierarchies of the form sho n in Figure he orst
single inheritance case arises from binary trees as sho n in
Figure Finally, the orst case arises from depth one hi-
erarchies ith an e ual number of roots to children as sho n
in Figure he actual space usage depends on the ind
and amount of multiple inheritance

5. RESULTS
enty real orld data sets ranging in si e from  to
classes ere used to test the arious aspects of the he
bul of these class hierarchies ere ta en from , ,
and e also added t o ne large hierarchies from
ylan and Fla ors able sho s the properties of

the arious datasets  he class hierarchies are listed in order
of number of classes  he amount of multiple inheritance is
reported in the parents and ancestors columns and

represent an e treme use of multiple inheritance and
are not representati e of hierarchies created by humans

able sho sthespace results ith compared against
the bitmatri , , and algorithms ith space num-
bers reported in bytes results are reported only for
hierarchies e hibiting multiple inheritance S compres-
sion o er the bitmatri algorithm gets better ith increasing
numbers of classes For small | the factor of eight in of
the bitmatri algorithm by using one bit eys dominates

the consumption, but as  gro s, s log num-
ber of bits needed for eys combined ith its appro imate
log  number of entries starts to ic in is the

clear inner of compression ith an a erage of  space ad-

antage o er Finally, consistently runs nec
and nec ith across the arious class hierarchies, but
in the end, compresses about better than

si es against the , log and op-
timal baselines  he baseline is the number of entries in
a bitmatri , the log baseline is the orst case for sin-
gle inheritance hierarchies and represents acceptable space
gro th, and the optimal baseline is the number of ones in
the bitmatri needed to represent a class hierarchy and the
smallest possible First, e can see that the bitmatri
is often uite sparse ith as lo as occupancy in the

hierarchy econd, these results suggest that S
space usage is pretty close to log and that the optimal
baseline is al ays smaller than log for the e ample hier-
archies Finally, based on the optimal results, there appears
to be appro imately a factor of up to about room for
impro ement for

able compares

able compares si es ith arious alues of in the
algorithm  ote that s ey si es are automatically cho-
sen to be either or  depending on the number of classes
in the class hierarchy t is clear that smaller eys can im-
pro e the compression and that too small a alue of can

orsen the compression reasonable choice of for the
sample hierarchies is

able sho s the construction time results of com-
pared against and bitmatri  ith time reported in mil-
liseconds  he timings ere conducted on a h en-

tium  noteboo computer 1l algorithms e cept for
ere coded in ylan ith full optimi ations, ade uate type
declarations, and range chec s turned o he algorithm
as implemented in a rather straightfor ard fashion using
bitsets for the sets he algorithm as ritten in
and as supplied by the authors

First, e can see that s construction algorithm is on
a erage faster than bitmatri s econd, s con-

onsult either or for space results for and compar-
isons against the algorithm

nfortunately, this ad antage might not be so dramatic in
the dynamic case eg, here isun no n statically, per-
haps by choice , here their heterogenous representations
might compromise subclass test performance

more simple-minded implementation using stretchy

ectors instead of bitsets resulted in times appro imately
slo er

he times do not include re uired hierarchy transfor-
mations and calculations that preliminary timings indicate
could add an additional o erhead
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struction times are much lo er than and across
the board n fact, is up to faster to construct
than or here is more that could be done to fur-
ther optimi e the construction algorithm, but a signif-
icant e ort as made for the purposes of this paper  he
construction times for reported in and suggest
that s can be constructed faster but clearly at the cost
of implementation comple ity Finally, s construction
time is lo enough to consider it as a mechanism for incre-
mental update en for the largest hierarchy F ith

classes, the full reconstruction ta es under  millisec-
onds t is li ely that these construction times are
conser ati e gi en their implementation in such a high-le el
language as ylan

6. CONCLUSIONS

he is a ery simple and e cient subclass test algo-
rithm t is fast enough to be used in incremental settings
for dynamic class re de nition t is easy to understand
and can be implemented in a page of code n comparison,

the t o pre ious best encodings, and , re uire at
least a and implementation e ort respecti ely
hile s are not as small as those produced by ,

it does produce encodings comparable to
best encoding

, the pre ious

7. FUTURE

he comparison bet een and optimal from a-
ble sho s that there is still much room for impro ement in

n the ery least, implementors ould need to include and
potentially tune this relati e number of lines of code

the numbering pac ing algorithm e ill bein estigating
other simple algorithms that further increase compression
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