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Abstract
We consider matrix index and navigation index approaches to in-memory navigation of persistent object stores.

We demonstrate that both approaches can be re-formulated independently from the used coding technique. We
expose the limitations of fixed length coding and the inefficiency of simple continued fractions as a variable length
coding technique. The conclusion is that alternative variable length coding techniques, possibly based on known
compression algorithms, should be explored. The architecture of persistent object stores should permit plugging in
and configuring coding algorithms to optimise the operation of a particular system.

1. Introduction

Persistent Object Stores (POSs) provide the core of the physical architecture of a database
management system [6]. The term arose in the context of object oriented databases (OODBS),
for which it became necessary to consider complex objects with identifiers, values of complex
types and references [3, 16]. While the interest in OODBs has faded, persistent object stores
are still extremely important, e.g. for realising XML-based databases, for which again complex
tree-like values and references have to be supported [1].

The type of access to data in a POS can be classified into three groups:

direct: In this case a physical object is retrieved by providing its unique object identifier. This
access method is always implicitly present, even in relational databases, where
tuple identifiers are used on the physical level.

associative: In this case objects are retrieved by providing some key values. This is the most
common access method for relational databases, which has led to various methods
for hashing and index-based approaches such as B-tréese@s, grid-files, etc.
For spatial databases these access methods have been generalised to R-trees and
R*-trees [2, 9].

navigational: Navigational access is the only access method that does not have an analogue for
relational databases. Roughly speaking navigational access retrieves objects by
following the references between objects forward and backward. The major focus
in POS research has been on navigational access [5, 10, 12, 13, 14, 19, 20, 21].

The approach by Subieta in [19] to navigational access is based on physical data structures
on spiders of rings and thus is rather similar to old techniques used in network database systems.



While this is sufficient for databases of limited size, it is not the best access methods, if refer-
ence paths tend to become long [11]. The reason is that each navigation step requires access to
physical data.

The approach by Kemper and Moerkotte in [10] provides access relations to support more
efficient access to objects that can only be reached over a path, whereas Valduriez in [20] uses
a separate index structure. While these approaches improve the access performance, they are
static in the sense that the paths that are to be supported by the index or the access relation have
to be selected in advance causing a serious drawback due to maintaining the additional access
structures [11].

The High-Performance Object Store (HIPOS) approach by Rabitti and Zezula in [21] pro-
vides a direct encoding of paths using simple continued fractions (SICFs) [15]. However, the
graph describing the references between physical objects has to be partitioned into trees and the
SICF-encoding only applies to navigation within such a tree. Then an additional look-up table
has to be used for navigation along more than one of these trees. Furthermore, the method pro-
duces an unnecessary overhead in the case of linear navigation [11]. This deficiency has been
removed in the extension of HIPOS to the Matrix-Index Coding approach (MIC) by Kuckel-
berg in [12], simply by using SICFs for two different purposes at the same time: encoding the
successors of a node in a tree as in HIPOS, and encoding linear paths.

Surprisingly, the more recent work on storage of XML documents did not follow any of
these lines of research. Instead of this, most research, e.g. the work in favours a translation to
a relational database. This may reflect the observation that despite their merits the navigational
access methods were not yet completely convincing.

Therefore, we pick up this line of research in this article. In particular, we further analyse
the HIPOS and MIC approaches and show first that it is possible to decouple navigational access
from the particular coding technique, i.e. SICFs in the case of MIC. We then investigate in more
detail the memory space needed for the path encoding. Based on this we show that fixed length
encoding is a bad idea, whereas SICFs can be considered as a form of a variable length code. We
further analyse this code and show that also SICFs are not the best encoding technique.

In Section 2 we revisit the MIC approach and describe the encoding using SICFs. We show
that the actual encoding technique using SICFs is not an intrinsic part of the method, thus we
can decouple navigational access from the SICF encoding. In Section 3 we look into more detail
into performance parameters and estimate the required memory. Finally, in Section 3.3 we show
our results on the inefficiency of the SICF encoding. We summarize our finding and conclusion
in Section 4.

2. Navigational Access Based on SICFs

We completely abstract from the logical database level of and the transformation of a logical
schema into physical storage structures. Thus, we may assume a physical object reference graph
to be given. This is in full analogy to the approaches taken in [10, 12, 19, 21].

Formally, we assume a sét= {0y, ..., O, } of storage objectsand a $ét= {R;, ..., R,,}
of references between them. We wrie = (O, O,) for a reference fronO, to O.. Then
R;' = (O,,0,) is called theinverse referencef R, = (O,,0.). We do not distinguish be-



tween an objecO; and its object identifier (OID). Thu® = (9O, R) defines a directed graph,
calledobject reference grapbAs usual, we may use adjacency matrixo represent an object
reference graph.

Without loss of generality we assuréieto be acyclic. As shown in [21] we may simply cover
the whole graph by maximal acyclic subgraphs. Navigation between subgraphs is then supported
by a specific table called tHmker, whereas navigation index and matrix index coding only deal
with the acyclic components.

2.1. Basic Terminology

Our emphasis here is amavigational accessRoughly speaking this means to walk along
paths in the reference graph from a starting object to a set of goal objects to be retrieved. We
may distinguish betweeone stemavigation in the case a goal object can be reached by a single
reference or inverse reference mwlti stepnavigation if more than one reference (or inverse
reference) is needed. We also distinguish betwesmard or backwardnavigation according to
the exclusive use of references or inverse references.

In general, navigational access is performed using a sequence of one/multi step, forward/backwar
accesses.

We need some more terminology [21, 12]:

e The enclosureof an objectO; is the smallest set of objecis(O;) C O with
Os € E(O,) and containing all objects reachable fr@m by one step forward
access.

e Theinverse enclosuref an objectO, is the smallest set of objects™!(O,) C O
with O, € E~'(O,) and containing all objects reachable fr@i by one step
backward access.

e AnobjectO is calledbranching objeciff there is more than one reference starting
from O.

e An objectO is calledassembling objedtff there is more than one inverse refer-
ence starting frond.

The core of the navigation problem is now to organize the storage of references in such a way

that fast navigation is enabled. Of course, the storage space and the time needed to reorganize
the object store in the case of updates also has to be taken into account.

2.2. Simple Continued Fractions

Both aproaches in [21] and [12] are based on an encoding of paths. For this purpose we
identify OIDs with natural numbers, i.e. we assume a one-to-one mapﬁlng)[D —MNCN.
Let fo: 9t — OID denote the inverse off. In Figure 1 we usedf(O;) =

HIPOS and MIC are both based simple continued fraction(SICF), i.e. rational numbers
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Figure 1: OIDs and references.
of the form
N 1
“ = D - 1
1+ 1
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m
withm € N, ¢, € Nfori = 1,...,m andgq, > 2. Thus,« is uniquely determined by
the sequencéy, ¢s, - . ., ¢,]. If we only consider the subsequenge . . ., ¢,,], this defines the
N; . .
partial continued fraction of ordei. We write D ( = 1,...,m) for the partial continued
fractions of the SICF. The following equations are easily verified [15]:
Ny N Ny 1 Ni 1
D, D Dy, N m D; B Nip
q; +
D
D1 = N; ¢ =D; +N; Niy1=D; mod N;

Thus, each finite sequence of natural numbers defines a SICF and vice versa. This is funda-
mental for the HIPOS and the MIC approach.

2.3. The MIC Approach

Since a row in the adjacency matrix of the object reference graph represents the enclosure
of the corresponding object (and a column represents an inverse enclosure), an idea is to encode
rows and columns. If an obje€l reference®);,,....0;, (k € N), i.e. theof(O) row contains
“1” exactly for the colums f (O, ), ..., 0f(0;,), ando is any permutation of1, . .., k}, we may
use the SICF of the sequenegf (O, ), ..., 0f (0, )] for forward navigation. Analogously,
the SICF oflof(O; ), - -.,0f(0; , )] for objectsO;,, ..., 0;, (¢ € N) referencing) and any
permutationr of {1,..., ¢} supports backward navigation.



Note that backward navigation in the HIPOS approach through a subtree of the reference
graph corresponds to a sequence of objégts..., 0, (m > 2), O;, ¢ {O;,,...,0;, } ref-
erenced by exactly one object. More precisely, we Havg,,, O;;) € 2. In order to preserve
the advantages of the HIPOS coding the MIC approach suppartsitive navigationi.e. the
(backward) code fo€);, is the SICF of the sequengef (O;,),...,o0f(0O;,)]. The situation for
forward navigation is analogous using the inverse reference graph.

With each objecO we now associate a codév ;;¢(0) = (a, b, ¢, d) accessible via a hash-
functionhash. The pair(a, b) corresponds to forward navigatiofz;, d) to backward navigation.

In order to distinguish transitive navigation from ordinary row/column encoding only the SICFs
% for ordinary row (column) encoding are storedaas- N, b = D for forward navigation (or

¢ = N, d = D for backward navigation), whereas for transitive navigation we interchahge
andD. This is possible, as SICFs are always less than 1.

Thus,a > b indicates thalg is the SICF for transitive forward navigation, whereas< b
indicates that? is the SICF for the sequence of all — at least two — referenced objects. For
a = b =0 O does not reference anything.

Analogously,c > d indicates thaff is the SICF for transitive backward navigation, whereas
c < dindicates tha is the SICF for the sequence of all — at least two — referencing objects. For
¢ =d =00 is notreferenced at all.

2.4. Decoupling Navigation and Coding Technique

Let us now reformulate matrix index and navigation index approaches, i.e. MIC and HIPOS,
independently from the used coding technique.

In the matrix index approach introduced in [12, 11], if the OID navigated from has only a
single outgoing reference, the code is expanded to a list of all OIDs that can be reached via single
outgoing references only. Thus, fox in figure 1 the corresponding code would expand into a
list containingO, and O3 (in that order), while forO, the list would contain a single member,

O3. On the other hand, if the OID navigated from has more than one outgoing reference, the code
expands into OIDs for all of its nearest neighbours. Thus(foin figure 1 the corresponding

code would expand int®@, andOs. A single code retrieval may resolve more than one reference
traversals, resulting in faster navigation than with join index [12, 11].

In navigation index approach, references are labelled incrementally by independently using
the same scheme for each OID with incoming references. In Figure 2, the labels are given as
Latin letters. In addition each OID with more than one outgoing reference ("branching” object)
and each OID with no outgoing references ("end” object) is given a globally unique "s8gd” (

Sy andSg in Figure 2). If the OID navigated from has only a single outgoing reference, its code
is expanded into a list of labels for references leading from it to a branching or end OID, with
the branching or end OID seed appended at the end of the list. Thus, cadeifolFigure 2 will
expand into the following listfb, a, Ss].

Note, that this automatically gives us access to codes for all intermediate OIDs (e.g., code for
O, is the one corresponding fe, Ss], while Os is coded via a list containing the seed onis)).

The inclusion of seeds assures that the codes are globally unique. Now, codes and seeds can
be matched to the corresponding OIDs via a separately maintained relational table, the so-called



Figure 2: OIDs and references labelled for navigation index approach.

"expander”. Thus, unlike in the join index approach, it is possible to traverse several references
and obtain an OID at the end of the navigation path by accessing a relational table only once.

In navigation index approach, navigation from branching OIDs is realized via a reduced join
index table, containing only references originating from branching OIDs (the so-called "linker”).

3. Analysis of Code Efficiency

The work in [12] provides a detailed comparison of time and space complexity for matrix
index and navigation index approaches, and compares them against pure join index approach
in an assumption that all codes occupy the same memory space. Yet, as codes correspond to
potentially long sequences, the ability to apply fixed length coding cannot be taken for granted.

3.1. Performance Parameters

Navigation performance depends on various parameters depending on the structure of the ref-
erence graph and the specific navigation task. In order to describe the reference graph, especially
its degrees of branching and assembling, the following parameters are useful:

e NN, the number of objects in the reference graph;

e N R, the number of references in the graph;

e AR € |0, 1], the assembling rate, i.e. the probability of an object to be an assem-
bling object;

e BR € |0, 1], the branching rate, i.e. the probability of an object to be a branching
object;

e AAR > 2, the average assembling rate, i.e. the average number of objects refer-
encing an assembling object;

e ABR > 2, the average branching reference, i.e. the average number of objects
referenced by a branching object.

Moreover, the following parameters are needed to describe the specific navigation:

e N L, the navigation length, i.e. the number of references and inverse references

involved in the navigation;



e F'N, the forward navigation length, i.e. the number of references involved in the
navigation;

e BN, the backward navigation length, i.e. the number of inverse references in-
volved in the navigation;

e NAO, the number of accessed objects, i.e. the number of target objects to be
retrieved as the result of the navigation;

e NOC, the number of forward/backward changes within the navigation.

In addition, we use two more parameters, thgect access cost AC which gives the costs to
access a single object and timelex access costAC given by the costs to access a commonly
smaller index entry in additional navigation structures. These parameters depend on the used
hardware.

Note that according to [10] some of the parameters &.& can be determined from other
graph parameters.

3.2. Memory Estimates

Consider now the case of an OID connected to furthéIDs as in Figure 3, witl®,,, being
an end or branching OID. Then, the number of possible combinations is easily calculated as
(N —1)(N —2)---(N —m), which for N > m can be approximated d§™. The memory
required to hold this number of alternatives is approximatead &g, N. Therefore, even if we
limit the length of navigation possible, with matrix index approach, no matter how the sequence
is encoded, to accommodate all possibilities within a fixed length code, one would have to reserve
for each OID an amount of memory that grows logarithmically with the number of objects in the
database.

Now, let us consider the case of navigation index approach. If the only restriction is the
number of OIDs connected in a path, than configurations With- m)/m references entering
each of the OIDs in the path will be included. Let us fix the partition and only consider the
different labelling for references entering each of the OIDs. Then, the number of possibilities
is estimated af NV — m)/m|™. This, again, leads to memory required for fixed length coding
growing logarithmically with the number of objects in the database; &g, N for m < N.

Yet, if in case of navigation index approach along with limiting the number of OID in the path
we also limit the number of references entering a vertex by & N, the number of possible
combinations may be manageable enough to allow fixed length coding. It can be estiméted as
which does not depend on N. To restrict the maximal number of references entering an OID (the
"fan-out”) one could introduce intermediate vertices, that do not correspond to OIDs. It appears
that it is not possible to impose a similar restriction in case of the matrix index approach.

As we could see in this section, if navigation length is restricted, fixed length coding can be
achieved by reserving for each OID the amount of memory sufficient to hold an array of all OIDs
in the path {nlog, V). This is valid for both matrix index and for navigation index approach,
and does not depend on the coding function used.

If for navigation index approach in addition to limiting the navigation length the number of
references entering an OID is also restricted, a more favourable code length can be achieved.
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Figure 3: Transitive navigation.

Path Max. | ¢ distribution Optimal fixed | SICF
length | ¢ length (bits) (bits)
12 65536 | Uniform from 1 to max.g 192 336
12 256 Uniform from 1 to maxg 96 152
6 65536 | Uniform from 1 to maxg 96 161
12 65536 | 95% uniform between 1 and 3, the rest 5% - max.| 192 46
12 256 95% uniform between 1 and 3, the rest 5% - max.| 96 36

6 65536 | 95% uniform between 1 and 3, the rest 5% - max.| 96 21

Table 1: Memory required for optimal fixed length coding and for SICF. For SICF, the value is
an average taken over 400 random realizations.

3.3. Using SICF as a variable length code

In [12, 21] the only coding technique considered are SICFs.

As we saw in the preceding section, there is a limit to what can be achieved by using fixed
length codes. On the other hand, SICF may still be useful as a variable length coding technique.
To verify that, we encoded some sequences of random numbers and verified the memory size
required to store the resulting codes. As a comparison, we also noted the memory required for
the optimal fixed length coding storage (in which the code size is just enough to hold all possible
combinations). The results are summarised in table 3.3.

It is immediately evident that the performance of SICF is dramatically affected by the dis-
tribution of numbers in the sequence it encodes. In particular, it is outperformed by optimal
fixed length coding when the distribution is uniform, and it performs much better than fixed
length coding when the distribution is highly non-uniform. Thus, as a compression algorithm,
SICF does not work particularly well, as for a good compression algorithm one would expect the
result almost as good as for fixed length coding under any circumstances.

4. Conclusion

We demonstrated, that matrix index approach (MIC) and navigation index approach (HIPOS)
to in-memory navigation of POS can be reformulated independently from the used coding tech-
nique. We found that fixed length coding has inherent limitations, namely, no matter which
coding technique is to be used, the code size has to be comparable to the memory size required
to store all OIDs in the maximum allowed path. We investigated SICFs as a variable-length cod-
ing technique, and found that it performs worse than fixed length coding for uniform distribution
of numbers in the encoded sequence.



Our research indicates that alternative coding techniques, possibly taking advantage of com-
pression algorithms, should be considered for matrix index and navigation index approaches to
POS navigation. In particular, compression techniques taking into account the patterns formed
by OIDs and references in a particular class of applications could be highly effective. Further-
more, it is desirable that POS architecture is formulated in such a way, that coding algorithms
for in-memory navigation can be plugged in and configured by system administrators to assure
the optimal operation of the system.
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