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ABSTRACT

A view or a subscheme is an abstract model of a portion of the conceptual database and is generated as a result of a query on
the physical Relational Database. A ViewCache is a stored collection of pointers pointing to records of underlying relations
needed to materialize a view. In this paper, we concentrate on the ViewCache method of materialization which has been
proven to achieve both high performance and efficient incremental updates. First, we have given a bipartite graph
representation of a ViewCache and posed the problem of optimal View Materialization as a problem of optimal traversal
through edges. Next, we have concentrated on an efficient way of parallelizing it. Currently, for shared-nothing MPP
architecture, data is partitioned at load time in a shared-nothing way. But a view generated by a query on the Relational
Database may be such that it is skewed to a processor/s. So the materialization of this view will not exploit efficient
parallelism. In this paper, we have developed a technique for normal distribution of data packets from an overloaded
processor to its neighbouring processors at run-time. This normal distribution is implemented as a replication technique for
small fractions of records and the ViewCache partitions. At run-time, based on mutual agreements, task load can be shared
between processors, to minimize the overall cost. This normal distribution of fractional replicated data will lead to a unique
probabilistic run-time solution for load balancing, leading to an optimal cost for view materialization on a parallel data
server.

intermediate results in terms of pointers to actual data

1. INTRODUCTION

The concept of a view that stems from the
“closure” of relational algebra is probably the most
important asset of the relational model. Views have been
used for providing conceptual subsets of the database to
different users and as an implementation tool for
efficiency, security, etc [Roussopoulos 1991]. One of the
principal methods for implementing views is the
ViewCache method. It caches access paths of views and

' To whom correspondence should be addressed.

records. The pointers are materialized as needed.

The Incremental Access Method [Roussopoulos’
1991] or IAM capitalizes on the View Cache storage
organization for performing the update and
materialization of the ViewCaches in an interleaved
mode using one-pass algorithms. Compared to the other
standard techniques for supporting views that requires re-
execution of the definition of the view, the IAM offers
significant performance advantages. In the ViewCache
method, the cost of answering a query against a view for
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the second time, can be significantly lower than the cost
of answering it the first time around. For example, if no
updates have occurred between the first and a subsequent
request, the cost of the latter is reduced to retrieving only
the absolutely needed data for the result. We assume that
the first-time request (FTR) cost for the ViewCache is
approximately the same as that of query reexecution. In
processing a subsequent request after an update has
occurred, the IAM can be invoked in order to correct its
affected pointers before materializing from them. We
refer to this update cost as the ViewCache Update cost
(VCU) and the cost of materializing the view as the
ViewCache Materialize cost (VCM). In addition, we
have to take into account for the ViewCache Read cost
(VCR) for reading the ViewCache in before
materialization, and the ViewCache Write cost (VCW)
for writing the modified portion of it back to disk for
later requests. A ViewCache is cost effective, if VCR +

VCU + VCM +VCW < FTR. We assume that the update

of the ViewCache is done first followed by
materialization. Performance gains are also higher for
multilevel ViewCaches because all the I/O and CPU for
handling intermediate results are avoided.

Now, let us briefly discuss the ViewCache
model. Let DB = { R;} be a set of base relations. A

unique tuple identifier (TID) is assigned to each tuple of
a relation R;. The access path for a view consists of a

collection of TIDs of records of the underlying base

relations or other access paths needed for materializing |

the view. An efficient storage structure is the ViewCache
index which inherits properties from both caches and
indexes. Like a cache, the system can use it without
having to search for the records that correspond to the
view. It can follow the TIDs to materialize the view
records. Like an index, it stores pointers to the records
and is buffered in main memory or read in its entirety. A
ViewCache entry is either a single TID or a pair of TIDs,
depending on whether the view corresponds to a unary or
binary relational operator, respectively. Each entry in a
ViewCache has also its own TID. This allows the
definition of multiple-level hierarchies of ViewCaches.
Materialization of an entry from a ViewCache is done by
recursive retrieval of lower ViewCache tuples until base
relation tuples are obtained. Views stored as ViewCaches
can be referenced by any (SQL) query for selectively
retrieving from it or for creating other higher level views.

To discuss about optimally materializing a view,
let us consider a binary ViewCache structure. A binary
ViewCache is derived from two base relations, say R; and

R; occupying n; and n; pages, r_espectively. The entries

of the ViewCache are now pairs of TIDs < TID;,TID; >,
which point to R;and R; respectively. Let PID; and
PID; be defined as

PID; = pageid(R;,TID;),
PID; = pageid(R;,TID;),

where the function pageid returns the page number for a
tuple. We partition the entries of the ViewCache into
groups of pairs having the same ordered pair
< PID;,PID; > . These partitions are grouped and stored

into the ViewCache disk pages in such a way that for any
pair of ViewCache pages u and v for which u preceeds v,

pageid(R;,TID,) < pageid(R;,TID,)
pageid(R;,TID,) < pageid(R; ,TID,)
forany <TID,,TID, >€ uand <TID;,TID, > € v.

In this paper, we have described these partitions and the
corresponding disk pages of R;and R; respectively, by

the weighted edges and vertices of a graph. Materializing
the view, is equivalent to traversing all the edges,
fetching the vertices; the disk pages of the operand
relations that corresponding to each edge and joining the
tuples in them. The materialization cost depends on the
traversal sequence through the edges of the graph,
because intelligent utilization of the buffers may cause
significant reduction in the number of disk page accesses.
Materialization of a View with an optimal cost can thus
be described as an optimal graph traversal problem
where one has to find a path that visits all edges of the
graph at a minimal cost.

Now, if we want to implement the above graph
traversal problem on a parallel data server based on a
shared-nothing MPP architecture, we have to explore all
possible ways to exploit parallelism in an efficient
manner. We have to first ensure optimal partitioning of
the edges, the nodes of the graph and the corresponding
update logs among the processors. Secondly, we have to
ensure optimal task partitioning throughout the parallel
server. Here, by “task”, we mean optimal traversal of the
edges distributed to processors.

Though data partitioning is done initially at load
time in a shared-nothing way, the graph representing a
view created on the basis of the execution of relational
operations underlying a query may be skewed on a
particular processor or processors in the parallel data
server. As a solution to this, we have first developed a
theory for normal distribution of small portions of the



vertices and edges of the graph from a processor to its
neighbouring processors at run time, for replication. We
can explain the possibility of such distribution by an
example.

Example 1.1.

Let us consider an example using data from a
national grocery retailer. The retailer wants to know
more about the various buying patterns of customers and
which products were commonly purchased at that time. A
star schema was selected as the data model. We consider
a part of the star schema to explain the distribution of
data packets for replication (Figure 1). We consider 3
tables: Products of size 83K, Purchases of size 170M and
Store of size 900. There is a foreign-key relationship
from Products to Purchases and also from Store to
Purchases. For uniform distribution over 100 processors,
say, in a 2-d network, we shall first distribute at load
time, to each node, 830 Products tuples or records, the
corresponding Purchases records carrying foreign keys
from those 830 Products records, as well as records from
the Store table whose keys are also inherited by those
Purchases records. In this specific example, the Store
table can be distributed to every node because it is small
in size. We are thus done with the initial distribution at
load time. Now at run time, suppose we take a join

between the tables Products and Purchases in parallel to

create the ViewCache on a particular processor (Figure
2).

Products
i

Figure 1: A part of a market analysis star schema for a grocery
retailer. )

The View as shown in Figure 2, may be skewed to a
particular processor. This processor with the ViewCache
will then partition it into groups of pairs having the same
ordered pair of page-ids. It will then for a few iterations
of Monte-Carlo simulation, distribute in packets, a few of
these partitions, the corresponding pages of data to its
neighbouring processors for replication using the
Binormal distribution. This is done so that the I/O cost is
not exceptionally high for a single user due to transfer of
data. After several usages, the distribution of the

partitions will be uniform across the network to ensure
efficient parallelism. So the number of iterations of
Monte-Carlo simulation, and the data packet size, in
each iteration will depend on the number of partitions,
the user decides to send.

View

c1025 | a1025 | b1026
c1026 | a1026 | b1025

Products Purchases
S-No S-Name S-No | QTY | Store
al025 s01 diaper b1025 | s02 | 24
al026 s02 beer b1026 | s01 | 50 2

View = Join Products Purchases where S-No = S-No.

Figure 2: The Binary ViewCache created from the relational
operation on the star schema..

After distribution, we developed the theory for
optimal task load partitioning at run time. The dynamic
nature of task load sharing will obviously depend on the
nature of the distribution of the edges and the nodes
between the processors. Each processor maintains its
local cost for traversing the edges (sum of I/O cost for
reads, CPU cost for joining the tuples and
communication cost for sending messages) below a
certain specified threshold so that the global cost of
graph traversal is minimized [Sarkar, June 1996]. At run
time, the processors coordinate with each other
asynchronously in a way to minimize the global cost in
the whole network. In case of an unbalanced task load for
traversal, a processor sends a message asynchronously to
another processor containing.its partial replicated nodes
and edges, so that this other processor may take over its
task only if its own cost fraction is less than a specified
threshold. The above mentioned global cost as the sum of

-the local contributions from all processors is thus

minimized following a gradient descent method of
optimization.

The details of the graph representation of a
ViewCache, the distribution for replication, dynamic load

balancing and the cost analysis are given in the
subsequent sections.



2. GRAPH REPRESENTATION

In this section, we will pose the problem of
optimal View materialization in terms of a problem of
optimal graph traversal. For the represeéntation, we will
consider a binary ViewCache because a unary
ViewCache will be a trivial case to consider. Let us first
consider the following definitions:

A directed and weighted graph G can be
represented as a triplet (V,E,w) consisting of a finite set
of vertices V, a finite set of edges E connecting these
vertices and a real valued function w:E — R defined on
E. G is a directed, implies that for any u, v € V, the edge
(u,v) is an ordered pair indicating that there is a
connection from u to v. G is weighted, implies that it has
weights associated with each of its edges.

An optimal graph traversal problem refers to
traversing along all the weighted edges E of a graph G at
most once, such that the total cost for the traversal with
respect to the weights, is minimum.

As explained earlier, a binary ViewCache is
derived from two base relations R; and R; occupying

say, n; and n; pages respectively, i.e., i =1.2,...n; and

j= 1,2,..., nl- .

Definition_2.1. A binary ViewCache is a weighted,
directed, bipartite graph G = (V,E,w). The set of vertices
V refers to the union of sets of vertices representing page
sets for the relations R; and R; which are pointed to, by
the pointers in the ViewCache partitions; the set of edges
E refers to the set of ViewCache partitions connecting a
vertex representing a page in relation R; to a vertex
representing a page in R;; and the function w assigns a
weight to each edge of G, where the weight represents

the number of tuples in the ViewCache partition
represented by that edge.

We will consider two types of colored vertices
according to the relations R; or R; they correspond. Let

a “white” vertex v,, correspond to one full page of R;
and a “black” vertex v, to thatof R;.

Figure 3: Graphical Representation of a ViewCache showing the
black and white vertices and the weights on the directed edges.

A white vertex v,, is considered to be “linked”
with a black vertex v, by an edge, if there is at least one
tuple in a page of R; corresponding to v, that is
joinable with another tuple in a page of R; corresponding
to v,. These edges represent the partitions of the
ViewCache. A white vertex v,, can only be directed to a
black vertex v,. The degree of a vertex is the total
number of edges linked to it. The weight of an edge from
any v,, toa v, is the number of tuples that have been
grouped together to refer to the same v, .

Definition 2.2. The most current set S of vertices, which
are being touched, during traversal of the graph is called
the working set of vertices.

The size of the working set of course influences
the cost for the traversal. The larger the size, the more
vertices it may hold for some time, and as a result, the
I/O cost to traverse to any other node from a vertex
already present in the set, will be only one page read.
Else, it will be two pages.

Definition 2.3. Materialization of a View is traversal of
the corresponding graph G under the conditions of the
working set S.

Posed Problem: Traverse once in parallel, all the edges
E of the graph G = (V,E,W) with a minimum global cost.

During a white-black traversal in G, the
working set, S is always checked to see whether the white
or the black vertex already exists in it. If it does, the
traversal will incur a cost of value 1, for reading one
page. If none of the vertices exist, the cost value will be
2. Thus, for a white-black traversal,

0,both v, and v areinS;
vavb =11, ifeitherv, orvyisinS; [2.1]

2,if neitheris in S.



where, C, , is the 1/O cost for one white-black
traversal.

2.1. Average l/O Cost for Graph Traversal

Lemma 2.1.

The average 1/0 cost in traversing all E edges of the
graph G =(V,E,w) is approximately of the order of

|E|+%x{b2-b(3d:" +3d" +5)+6(d) +d£")}

- where d2’ and dy’ are respectively the average degrees
of white and black vertices in G, and b is the size of the
working set S, assuming that |E| is large.

Proof.

Without loss of generality, let us start from the
situation that § is already full with b vertices, black and
“white.

If S consists of one white and (b-1) black
vertices, then the probability of choosing the next first
edge whose one of the vertices is in §, is
dav dbﬂv
IGMC
probability of both vertices of the chosen edge to be in §,
(/O cost is 0) we get the probability of having exactly
one of its vertices in S (I/O cost is 1), as

dy  df’ ®-1)
Lo _xb-1)
{lEl [E] } E

x(b—1). Subtracting from this term, the

For S with two white and (b-2) black vertices,

the probability will change to,
d,’ d;'" b-2)x2
—X(b- 2)} —_—
{I CRT] |E|

Considering all such cases the total probability is,

de dg (b-k)xk
{|E|x2k+ xZ(b k)} 2 ]

k=1 k=1

_(b-D®-2) {d::" +d } b(b-1)(b-2)
2 |E| 2E|
L B=Db@b-1)

oE|

The average probability over all cases is,

(b—z){d:" +d;,“} bb-2)  b@b-1)
2 |E| 2E| qE|

b-2)(d2 +dg”)-3b(b—2) +b(2b-1)
= 6] EI 2.1.1].
The probability that none of the vertices of the chosen
edge is in § (I/O cost is 2), is

Ho-2)(ds +dg)-3b(b-2)+b(2b-1)
1- [2.1.2].
4E|
So the average 1/0 cost for traversing the first edge is of
the order of

3(b-2)(de +d”)-b* +3b

1
|2 -
5 %<1 qu
3b-2)(der +df*)—b% +5b
+
olE|

The average 1/O cost for the nth edge is thus of the order
of

3b-2)(de +d5*)-b +5b

1-
12(E|-n+1)

3b-2)(d% +d)-b* +5b
12 +|E|)(1—1—|EJ

Bo-2ay +di)- b2+5b}(l+——)
12(1+[E]

=1-

=1-

taking the predominant terms only, considering |E|
large.

So, foralin=1to |E| , the above term becomes,

3b=2)(d® +d)—b® +5 il‘
2 12(1+|E|) l+|E|

I G (A R0 {IEI LElE- 1)}

12 1+|E] * 20+|E)?
_ av avy _p2
=|E|'3(b 2)d, +d, )-b"+5b 1__1__1_1
12 |E| 2



- av avy _ p2
= (B -3 {30=20@ +&7) 0" + 5
2 12

considering |E| large.
Simplification yields the I/O cost as the order of
|E|+% x{b? ~b(3dT +3d7 +9) + 63 +d) 1213

2.2. Heuristics for Cost Optimal Graph Traversal

It has been shown by Amir and Roussopoulos
(1990) that finding a path to traverse all ViewCache
partitions for materialization with an optimal cost, is NP
complete. Equation 2.1.2 gives the average 1/O cost for
graph traversal. The worst case involves a high I/O cost
for which every edge traversal incurs a cost 2, whereas,
the best case involves a I/O cost of 1 for each edge
traversal. We will discuss below a strategy that deals with
an average case instead of an extreme best or worst case.
The algorithm for cost-optimal traversal of the graph G
following the status of S, is as follows:

Step 1. Select a white vertex v,, of minimum degree. If

more than one, choose the one connected to a black
vertex v, of maximum degree. Insert the chosen vertex

in the working set.

Step 2. Start traversing to all connected black vertices
and update the working set inserting a new black vertex
for each traversal but make sure, the black vertex with
maximum degree chosen in Step 1 is not replaced and
stop when the working set is full. Decrease the degree of
the white vertex by one, each time the traversal of an
edge connected to a black vertex is over. If the degree of
the white node becomes zero, get rid of it.

StéQ 3. Switch back to the black vertex with maximum
degree.

Step 4. Eliminate from G and working set, the vertices
with all edges connected to it, already traversed.

Step 5. Follow Steps 2-4, for the white vertiées connected
to the black vertex of Step 3, till the working set is full.

Step 6. If the working set has no black node undone,
choose a white vertex of minimum degree from the
working set connected to another black vertex of
maximum degree and perform a white-black traversal. If
there is no such white node in the working set, choose

from G. Update the working set inserting the new vertex
in it.

Step 7. Continue with Steps 2-6 till the traversal of all
edges of graph G is complete.

Figure 4: Graph traversal for minimum I/O cost, following the
algorithm. The dotted lines labeled with alphabets signify the
sequence of traversals through the edges in compliance with the
working set.

M| [ | ]
Vws|Ve| [ |

|Vw5IVbl le4|Vw3|

Figure 5: The sequence of changes in the working set during the
graph traversal in figure 2.

In Steps 1-5, the number of white vertices
connected to a maximum degree black vertex that we are
fetching during traversal, does not exceed the working
set size. Similarly, the number of black vertices
connected to a minimum degree white vertex that we are
fetching during traversal, does not exceed the working
set size. Our intention is to free as many white vertices as
possible, in every step. By choosing maximum degree
black vertices, we are fetching more white vertices, thus
increasing the probability of having a very low degree
white vertex in the working set. This lowest degree white
vertex is processed for all connected black nodes when
we go back to Step 1, and is freed if possible.

Figure 4 shows the traversal of G in Figure 3
according to the steps of algorithm 2.1. The working set
is updated at every step of traversal and is shown in
Figure 5. First, as in Step 1, the vertex v, is chosen as

the starting vertex and is inserted into the working set.



V4 OF Vv, can also be chosen as the starting vertex

because they each have the minimum degree of 1
connected to the same black vertex v, with the

maximum degree of 4, compared to all other black
vertices in G. There are no black vertices other than v,

connected to v, . So, the edge connecting v,5 with v,
is traversed following Step 2 and v,, is inserted into the
working set. Step 3 is skipped as it is the same as Step 2
in this case. By Step 4, v,s can be eliminated from the
graph and replaced in the working set, but v,; can’t be
eliminated as there is yet another edge to v,,; that needs

to be traversed. According to Step S, Steps 2-4 are
followed similarly for the white vertices v,, and v,;.

All the white-black joins of v,5, V.4, Vus and v, to
vy, are thus completed and the vertices Vs, Va4, Vw3
and v,, are eliminated from G and ready to be replaced
in the working set. Following Step 6 now, v, is the
only white vertex with minimum degree in the working
set and so, a white-black join of v,;, and v, is
performed. Steps 2-6 are similarly done for all other
vertices in G. At one point, Step S is followed by v,
where, it performs white-black joins with each of the
black vgrtices Vba» Vbs and vys, switches back t0 vy,

and then eliminates v,;, v,; and v, from G and

eventually replaces them from the working set. It leaves
intact the undone black vertices vy, , vy, and vy in the

working set. After similar steps through v,s and v, a

stage is reached when there is no white vertex connected
to v,, that is again connected to a new black vertex. So,

the only option is to switch to the undone black vertex
vy, in the working set and perform the white-black joins

from v,, and v, following similar steps. We are then

done with the traversal of all edges of G at a minimum
I/O cost. The optimal path of traversal of G is thus the
sequence {a,b,c.d.ef.g,hijklmnop) as shown in
Figure 4.

3. DISTRIBUTION FOR REPLICATION

In this section we will describe an efficient way
to parallelize the optimal traversal of the graph G. For
this, we need to distribute the edges and vertices of G
uniformly among the processors. For market basket
analysis as explained in Example 1.1, the View may be
distributed such that one processor corresponds to 2
million records, another processor to 5 million and

another to 5000 and so on. In graphical terms, G may be
such that most of its edges and vertices are skewed to one
processor or processors. To deal with this scenario of
unbalanced distribution of edges and vertices of G, we
have developed a method of clustering and distribution at
run time, some of the edges, vertices and the update log
(explained in the next section) from a processor with an
unbalanced load, not only to reduce its I/O cost but also
for the advantage of dynamic load balancing (to be
discussed later). It is worth distributing in this way
because the View as in the case of market basket analysis
will be materialized many times.

3.1. The Update Log

In this section, we will discuss how the updates
taking place in the ViewCache and the physical database
in a processor, are conveyed to the other processors
carrying replicated portions of its data, so that it may
simultaneously perform the necessary updates. The
processor with the skewed ViewCach maintains a
primary incremental update log dL which is the
differential of the update log corresponding to the record
values in the physical database [Roussopoulos, September
1991]. Whenever an insert or delete takes place in any
partition in the ViewCache of the original processor, the
updated d L with the statements of inserts or deletes is
sent to the processor which has the replicated partitions
that needs to be updated (Figure 6). The processor acting
as the receiver, checks the incoming ¢ L for the inserts
or deletes; updates the records in the physical database
corresponding to the relation R; or R; and also updates

the corresponding tuples in the ViewCache partitions
replicated in it.

View

c1025 g
c1026 | a1026 | b1025

Products Purchases

al02s b1025 | s02 | 24
21026 §02 beer b1026 | s01 | S0 2

Figure 6: The updation procedure in a processor. The light shaded
boxes indicate the partitions in ViewCache and the corresponding
records in the tables to be deleted. The update log with the statements
for the insertion or deletion.



3.2. Clustering of Data for Distribution

-Considering a sub-graph G’= (V',E’,w’) ina
processor, we now proceed to cluster its vertices and
edges to form a data packet and send this data packet to
another processor.

A cluster in a graph G’ is a single black vertex and the
connectivities to several white vertices. The maximum
size of a cluster is the number of records in a black page.

A data packet is a collection of one or more clusters.

The clustering is done in a way to enable the
sender to reduce the I/O cost for repeated reads. For a
cluster, several white-black joins related to the same
black vertex, need to be performed during the traversal of
its edges incurring I/O cost. So if such clusters are sent in
steps, to other processors for replication, then the
unbalanced processor may save some I/O in each such
step. Clusters in small numbers, sent in several iterations
lead to a cumulative saving of the I/O, instead of a one
time large saving where one has to pay for the high cost
of distribution of huge amount of data. The algorithm for
the formation of clusters in G’ is given in the following
section.

Veso, 4 Via

37 N3 V'"O/ "L '\3
: Vwil
Vw3 ) ¥ s Vwio

e Voo B0 Vs

Figure 7. A cluster in G consisting of a black vertex connected by the
edges to several white vertices.

3.2.1. Algorithm for Cluster Selection

Step 1. Choose a white vertex v,, with the minimum
degree and look for the black vertex v, with the
maximum degree linked to it.

Step 2. Eliminate the black vertex v, and its
associated edges to get a sub-graph. This forms a cluster
to send.

Step 3. Subtract the degrees of v,, and that of all the
white vertices connected to v, , each by one.

Step 4. Again start from v, .

Step 5. Continue from Step 1 in the remaining sub-
graph, till the degree of v,, in Step 1 becomes zero. Then

eliminate v,,.

Step 6. Again look for a white vertex with the
minimum degree and continue from Step 1.

3.2.2. Cost Analysis

In this section we will analyze the cumulative
advantage to successive users with respect to the I/O
costs, due to cluster sending. The equations in the
ensuing paragraphs refer to a processor in location (i),
considering a 2-d network of processors.

Let us consider the sub-graph G’'=(V’, E’,w")
to be traversed by a processor (ij). The processor
generates several clusters following the steps of
algorithm 3.2.1 and sends each of them to other
processors for replication. Now, we will find the order of
I/O saving by a processor for sending one cluster
consisting of 1 black vertex and say, n, white vertices.

Lemma 3.2.2.1.

The average saving in the 1/0 cost in the static set of
edges for a processor by replication of a cluster
consisting of one black vertex and. 12,...k white
vertices, is given by the order of

d, d,” - 1 D, 2
i A ))[;Fl-m(db)j

[3.2.2.1]

where, d,)’,d," are respectively the average degrees of
white and black vertices in G'= (V',E’,w"); @ is
defined as the summation

b-1

Z(b k)k ;

k—l

b is the size of the working set S; and |E 'I is assumed to

be large. [3.2.2.1] gives the order of edges contributed
to' the dynamic domain by replication.

Proof.

A cluster having k white vertices connected to a
single black vertex, implies that the cluster has k edges
connected to the black vertex.

Each of the k white vertices may be again
connected to several other black vertices by edges. So, on



sending away the above cluster, the processor will save
" 1/O corresponding to the degree of the black vertex
present in the cluster. We will next find the average I/O
saving corresponding to all the k white vertices in the
cluster.

Let us first consider one white vertex out of k white
vertices. The probability of one out of all the edges of the
first white vertex to remain inside S is

1
— ) (b-k)k
b-1 k2=l av _ _&dav
E1 TOETT
by the given definition.

Thus, the probability of all the edges of the first

o
white vertex to remain inside S, is m(d " ) .

So, 1-T7 2 (4= }? is the probability that none of
the edges of the first white vertex is inside S.

Let us now consider surrounding black vertices
connected tothe first white vertex. If all of them are not
present in S, we pay for 2 I/Os. Else we pay for 1 /O,
when the first white vertex is brought into S.

in§,is

1—|—1;'[,’—,|(a!,§“)2

Thus, the probability that all black vertices
connected to the first white vertex are not present in S, is

( “Teqes )}’v

Thus, the probability of the first white vertex
and all black vertices connected to it, not to be present in

S, is
(e ) eyl e

=¥, say.

The probability of the first white vertex not to be
in § and one or more of its black vertices to be present in
S, is

The probability that a black vertex is not present

(gt ) [yt Ve

= @, say.

Now, the average I/O saving for the first white
vertex in the cluster is of the order of

%[2xw+w]

which after simplification yields,

d”( )’ )[7;7“‘%1(“3")2]

Considering all the white vertices, 1,2,.. .k in the
cluster, the average I/O saving for sending the cluster
away is of the order of

dgds
LA ,E1(dav))[d—;v+1_%(d;v)2]. .

Lemma 3.2.2.2.

The average 1/0 saving in the static set of a processor
after replications by the first user, is of the order of

Ki® . KKy + Kz)}

2 |7 E

where, 1V is the number of iterations of sending the
clusters; and K,K,,K, ,K, are defined as follows,

K=dpd2; K =¢(a2) : kK, =0 (a2 )

K3=1

w

to the dynamic domain by the first user.
Proof.

Let us consider the case for the first user where

) is the total number of iterations, a processor sends a
¢V}

(l

cluster. Let these clusters contain 7,

the first iteration, né” white vertices in the second

white vertices in

iteration, and so on, till it reaches the [P th iteration
when it sends a cluster of (,) white vertices.

By Lemma 3.2.2.1 and using the definitions
above, the average saving in the I/O cost for sending



away clusters with n(l)’ nél)' n’((lg white vertices which .after ncglecting' squ.are and c.ubic terms in the
denominators of the binomial expansions involving |E|

and further simplifying yields,

K 1 )
2{" o —(K3K1+K2)[|E1 ET-n® K[, - "‘3"1*"2’} [3:2.22]

2| |E1

can be written as the order of,

1 1 2 £ .
| ™ 5 +KK, B " 3 [3.2.2.2] denotes the order of the average I/O saving by
E1-(n" +-4nQ) ) (IE'I— nf ) the first user. ]
Corollary 3.2.2.3. The average cumulative I/0 saving in
1 the static set for m users can be written as the order of
) o Y
(E"—("l R 1)) Kl”m[ _ (KK, +K2)}
R I T
K KK+ K 1 where, 1*' is the average over the number of clusters
- 7 7 +K) | ’| sent by all m users, assuming IE'] large. This gives the
l 1 |E’| order of edges contributed to the dynamic domain by m
users.
Proof.
1
et D+ 420 ) Considering [ to be the average number of
)
|E1 (1‘ T”J clusters and u;” to be the average number of white
vertices in the clusters, sent by the ith user, i = 1,2,...m;
the average I/O saving by the first user, using Lemma
3.2.2.2, can be written as,
1 1 1
KK +— + K™
M |ET )2 M 4. K™ [ (KK +Ky)|
L4 RERA) T ¢ P i CER > l £
|E1 |E1
W ' For the second user, the average I/O saving will
147 be
K 1 TTE ’
——=d e _ — N -
=2 |5 - KK K [+ K™ [ (KK +K)
P
O o )] \2 Similarly, for the mth. user, the average cumulative I/O
(m” ++nq ) nf) . il be
- -2 saving will be,
|1 Kk L e & :
tet t Rl et 2 K 1 1
1 |E1 |E1 Ky - (K3K, + Ky) e
2 |E|—u |E'| (" +--+ug’y)
- where we can again neglect the terms involving [E] in
L m +otn ((lu)) " the denominators of the binomial expansions to get the
|E1 average cumulative I/O saving by all m users, as
TR
E : Kiom[ (KK+K)| =
2 |7

10



3.3. The Distribution

Let us again consider the first user. The number
of edges as a variable, that a processor (i,j) has after the

kO th send, is given by:

.. , 1 1 1)
x'(i,j)=E —(nl( ) +n§ )+..+n,(cm)

[3.3.1]
considering (V’,E’,w’) is the sub-graph in processor

. . 1 1
(iy) and that it has sent (nl()+n§)

+.‘.+n:1()l,) edges
connecting white vertices along with one black vertex in
each of kO iterations. This is the static set of edges
owned by the processor (iy). It has also the replicated
data packets from other nodes, on which it will have to
operate dynamically when task sharing is necessary.
Thus the total number of edges a processor (i,j) has after

k® jteration of its sends, is

xGi, j) = %', )+ Y, D(p.q)

pPA

[3.3.2]

where, D(p,q) is the number of edges in the random
data packets arriving due to Binormal distribution to the

node (i) from other nodes for replication also termed as -

the dynamic set of edges owned by the processor.

It is important to mention here, that by sending
away clusters for replication, a processor (i,j) sends away
the weights along with the edges, i.e., it sends away

r» a®

¥ =YY

p=1 I=1

w' ()P [3.3.3]

weights for each of the edges in all the n,(‘l(f) clusters.

As we explained earlier, a variable m typifies the
size of a data packet which is at maximum one page. A
data packet “migrates” to a specific node for replication,
following Binormal distribution whose corresponding
density function g(x,y) with mean zero and standard
deviation o, is given by,

glx,y)= . exp xt+y”
T 2mo 202

The graph of such a density function is a bell-shaped
curve that is symmetric around the origin (Figure 8). We
are using this function to ensure a uniform spread of the
data in the x and y directions of 2-d network of
processors (extensible to three and higher dimensions).
The probability of a data packet to fall' within a range
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along x and y axes, can be evaluated by obtaining the
area under this density function between the range [Hiller
and Liberian, 1974]. We then generate two uniform
random numbers in the interval [0,1] from this Binormal
distribution by using a standard routine [William, 1994].
The generated pair of normally distributed independent
random numbers, will give the random coordinates of the
processor to which the data packet has been distributed
for replication. In this way, we carry out several steps of
Monte-Carlo simulation for each node on packets of data,
and draw a pair of random deviates from a Binormal
distribution with mean zero and standard deviation (S.D)
o. This pair of random deviates as discussed above,
determines the location of the replicated data packet in
the network of nodes. Here, 6 is a processor-specific
parameter.

g(x.y)

Figure 8: The normal distribution of data from a single node to the
neighbouring nodes in the 2-d space for replication.

The total number of iterations for sending data
packets for the first user as discussed earlier, is k@ .
Now, repeating a Monte-Carlo simulation & ® times for
the processor (i,j), we draw a pair of random deviates
from a Binormal distribution with mean zero and SD o.
The parameter 6 is node-specific, and describes its
characteristics related to the number of vertices it holds.
The pair of random deviates determines the location of
each of the k™ data packets in the 2-d network, and
thus contributes to D(p,q). This way of distribution of
data packets for replication is to ensure the uniformity of
the dynamic domain of a processor which again ensures

-uniform load balancing scenario at run-time.

4. Run-Time Load Balancing

Run-time load balancing being very expensive
in current parallel data servers, is avoided. However, the
replication technique described above can solve this
problem. After the normal distribution of the clusters is
over, a processor has its set of edges and vertices for



traversal as well as portions of replicated edges and
vertices from other processors, for traversal if necessary.

Definition 4.1. The set of edges owned by a processor
after sending away clusters for replication, is the static
set of edges, that it has to traverse. The set of edges
replicated from other processors due to Binormal
distribution, is the dynamic set of edges, a processor has
to traverse if necessary, during load balancing.

The static set is local to a processor, whereas,
the dynamic set is transferable to other processors during
task load sharing. The dynamic sets from all processors
form the dynamic domain of the whole network. In our
subsequent discussions, we will be concerned about the
‘cost analysis of the dynamic domain of the network.

At run time, based on agreements between the
processors, task loads in the dynamic domain may be
transferred in a way such that the global cost for
traversing all the edges of the total graph G at a
particular time step is minimized. By “task load” here,
we mean a subset of the dynamic set of edges, a processor
needs to traverse at an optimal cost. Each processor
minimizes its local cost function by keeping the task load
below a certain specified threshold. It calculates the
difference between the cost it incurred on its dynamic set
in the previous time step with the estimated cost on its
static set at the current step in making a probabilistic
decision (equation 4.1.1). Thus the task loads in the static
and dynamic sets of a processor, are interdependent in
making a probabilistic decision. With such cooperation of
all the processors in the network, the global cost function
follows a gradient descent towards minimization
[Smolensky and Riley, 1984].

P1 P2 P3 P4 P5P6

Figure 9: The static sets and contributions to the dynamic domain, by
processors Pl,...,P6 at a time step. The light shaded portions form
the static sets local to a processor and the deep shaded ones are the
portions of the dynamic domain, shared by processors for load
balancing. P1 has no dynamic contribution at the above time step,
whereas, PS has a maximum dynamic contribution due to its low
static load. -

Whenever a processor faces a situation of task
load imbalance, it asynchronously sends a message to
other processors. All processors check for any pending
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messages for receipt. The processors having the
replicated data packet, corresponding to the edges, the
sender needs to traverse, will check the contents of the
message for the satisfaction of all the prescribed
hypotheses regarding its own load, etc. It will check
against a threshold, the task load fraction in terms of the
number of edges it will have to traverse. If less than the
threshold, it will agree to traverse some or all of the
replicated edges and will send an asynchronous message
back regarding such a mutual agreement. This mutual
agreement follows all the conditions for the local
minimization of cost tending to the global minimization.

U t::? Dynamic domain
with unbalanced
ST -, e
. Load transfers in
Dynamic domain
,'“\;'-‘:; \u"ﬂﬁ‘ . Balanced Loads
’*’:~\‘-"r‘—\-T’ - in Dynamic
Cn domain

Figure 10: Run-time load transfer between processors with
unbalanced dynamic domains in the network.

4.1. Cost Analysis for Traversal in the Dynamic
Domain

In this section, we provide a cost model for the
dynamic domain of the network and how such a situation
is handled with an optimal cost. This model will be
different if we consider only the static set of edges, a
processor has to traverse. The edges in the static set are
fixed for a processor and cannot be shared. We are
considering the dynamic domain to give a total picture of
the dynamic load balancing scenario in order to
minimize the overall cost of View materialization.

Dynamics are defined as changes over time.
Since the total traversal of the edges of G can be
discretized into several time steps and the number of
steps taken for completion of the traversal, changes with
load transfer in the dynamic domain of the network, we
describe a discrete, dynamical model for the local and
global cost incurred in the network at a particular time
step. The task load transfer is based on mutual
agreements of the processors at run time. The decisions
are made in a way such that the overall cost of the



traversal of edges decreases with time. In the following
paragraphs, we will present a formal framework for such
decision making.

The probability of the processor (i,j) to become
active is proportional to the total cost it contributes to the
network [Hopfield, 1982]. Here, by saying that a
processor is active, we mean that it is actively taking part
in receiving an extra load from some other processor. A
processor will probabilistically decide on such task load
sharing, by comparing the estimated cost of its static load
at the current step, with the cost, it incurred in the
previous time step for the dynamic domain. In the
following lines, we describe how such a decision is made.
By assumption, the cost function is additive under
network decomposition. In such a network what is
required of the probability assigned to a state of the
network, is nothing but the product of the probabilities
assigned to the states of the component networks. Thus
adding the costs of the components’ states should
correspond to multiplying the probabilities of the
components’ states. It is a mathematical fact that the only
continuous functions f that map addition into
multiplication, i.e., fix+y) = fix)(y) are the exponential
functions fix) = a* for some positive number a.
Equivalently, these functions can be written fix) =e*.

In the present case, the proportionality between
the probability of the processor (i) to become active and
the total cost it contributes locally to the network at time
t, can be written as,

prob o< exp(—cost)

The negative sign indicates that lower the cost of its state
in the network, higher is the probability of (i) to activate
in receiving task load from other processors.

Now, a processor at (i,j) has an earlier estimated -

cost for edge traversals in the static set depending on the
weights of the edges and on the vertices whether or .not,
they are in the working set during the traversal. It will
activate depending on the probability whether this static
estimated cost (sc) at the current step ¢ is lower than the
cost incurred by it for the traversal in the dynamic
domain (dc), at the previous time step.

Every processor (i,j) must thus compute locally,
Likelihood_Ratio

_prob(to activate)
prob(not to activate)

=exp{dc (t-1)-sc (1))

[4.1.1]
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If the exponential term is positive, i.e., if the
estimated cost for the static set at time ¢ is lower than the
cost incurred for the dynamic domain at time (¢-1), the
probability for the processor (iy) to activate will be
greater, i.e., (i) will more likely activate in receiving
task loads in the dynamic domain.

In the following paragraphs, we develop the
theory for the local and global cost functions in the
dynamic domain. '

4.1.1. The Global Cost for the Dynamic Domain

The global cost is the sum total of the 1/O cost,
the CPU cost and the parallel communication cost
incurred by the processors, for traversal of the edges in
the dynamic domain of the network.

Now, we will give a mathematical formulation
of the dynamic load balancing scenario and decision
making in terms of the agreements between incoming
message vectors for task sharing and feature vectors of
the processors. Let us consider a time step ¢, when a load
balancing situation arises. The processors with
unbalanced task loads in the dynamic domain, send
messages in the form of vectors requesting for task loads
to be shared. These vectors are mapped onto an
observation space.

An observation space is a N-dimensional vector
space where any N-dimensional vector mapped onto it, is
considered to be point.

A block message vector r(t) represented as a (1
X nk) block vector having k vector blocks with n elements
each, corresponds to an incoming message vector
mapped onto the observation space at time step ¢. These k
sub-blocks are the message vectors from k processors
asking for load sharing. Each ‘element in these k sub-
blocks represents information regarding its processor-id,
its current status, the number of edges from the dynamic
domain that it might share with some other processor for
traversal, the weights on these edges, the vertices
corresponding to the edges, etc. Thus r can be
represented as,

r() = [r (., n ()1 (0,0l (D))
where, 75(t),r,(t),ry(8),...,rs_;(t) are the k message
vector blocks.

A block feature vector f;;(t) for a processor

(iy) is also represented as a (1x nk) block vector having k
vector blocks of n elements each. These k sub-blocks



represent features that need to be matched with the k
message vectors in the observation space. Each element
in these k sub-blocks convey the information whether it
has the replicated data packet corresponding to the edge
traversals requested by a processor sending the message
vector or vice versa, its current status whether or not its
task load fraction is less than a threshold and should
accept an extra task load or give out some, etc.

The list of all task loads (gqf;(r, (.1},
messaged to (i) via all r, (1), p = O,...,(k-1), in the

observation space, comprises the input vector q; ; (r(0),!).

It represents the number of edges and vertices in the
dynamic domain, a processor needs to share at that
particular time step.

A decision rule is applied by the processor (i),
by associating its own features with the elements of the
incoming message vectors ry(f),r; (¢),75 (8),e.es i (1) .

Each f,-s-(t) is compared with each of the message
vectors 7, (f), p = 0,..,(k-1). It checks whether the

incoming message in each of the message vector matches
the features in its own feature vector or not regarding
send or receive of task loads. It labels 1,-1 or O to the
association of its feature vector with the message vectors.
“0” implies no match at all, “1” implies that there is a
match and a task load is possibly to be received from the
source associated with the message vector. Similarly, “-
1” implies that there is a possibility of sending a task
load to the receiver specified by the message vector.

Thus, for p = 0,...,(k-1),
label(r, (1), f5;())=0,1,0r -1.

An agreement occurs between a processor (i)
and another processor in the network, if f,-'p,- (1) matches
any r, (), p = 0,...,(k-1). The processor with which this
agreement takes place, is the one specified in r, (r) and
the communication for this agreement involves a
message of size m, say. It is denoted by m jrp(0),0). It

is important to mention here, that the communications
will only deal with messages regarding the task load
transfer and no true data transfer will actually take
place. These communications are random, depending on

the run-time situation of the system. The load sharing .

scenario and the random message vectors r, with load
sharing information, will all be consistent with the initial
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Binormal distribution of data. Thus, we may say that the
run-time sharing of tasks will follow the trend of the
Binormal distribution.

Let us denote the state of the network by the pair
(r(t),t) consisting of the incoming block message vector r
mapped onto the mathematically so-called observation
space, and the time ¢. The cost function assigns a real
number to each state. The cost function has as time
dependent parameters the set of the feature vectors
{f;; () ) associated with each (iy) and we call this the

feature base F.

The cost function considered should be additive
under the decomposition of the system, i.e., if the
network is partitioned into two unconnected networks,
the total cost of the network will be the sum of the costs
of the two sub-networks.

Let the global cost function for the dynamic
domain to be covered by the network, as a contribution
from all (i,)) at time ¢, be given by

Cr(F(0,0) = 2 (Coomm (X0, 035 (1), (F(0),00)
ij

+C 1r(0), £; ; (1), q;,; (x(0), 1))
+Ccomp(r(t)’fi,j (‘)!Wi,j(qi,j(r(t)’t))) }

[4.1.1.1]
where  Coomm (r(2),f;;(£),m;;(r(e),1)) is the cost

contributed by the processor (i) due to agreements with
the adjacent processors through communication of
messages of size m. Cyo (r(t),f;;(t),q;;(r(r),1)) is the
1O cost and Com (r().£;; (1), Wi, ;(@;; (F@),0)) is the

computational cost incurred due to the changing task
load of edge traversals during load balancing. Here,
computational cost refers to the cost of joining the tuples
specified by the weight of an edge.

4.1.2. Calculation of the Cost due to Agreements
through Communication for the Dynamic Domain

Now the total contribution to the communication
cost by (i,j) due to agreements is given by,

Ceomm (X (). (1), m;; (r(1),1))

k-1
= o Y |label(r, (1), £5 Oy (rp 00.0)
p=0

[4.1.2.1]



where m is the message size communicated during every
task load transfer and a is the constant of proportionality.
The “mod” value implies that cost will always be
additive, whether the label is 1 or -1 for a receive or send

respectively.

4.1.3. Calculation of the I/0 Cost due to Agreements
Jor the Dynamic Domain

The net input of task load in the dynamic
domain, to processor (i) is given by

1, (x(0).£;;(0),q;;(x(0),1))

k-1
=Y label(r, (), 5 (0)qF; (r, (0.1)
p=0
due to agreements of r,(¢) and f;ﬁ-(z) on transferring
the critical fraction of task loads, p = 0,...,(k-1).
The 1/O cost Cpyo(r(1).f;;(1),q;; (r(),1)) will be of the
order similar to [2.2.1].

So, provided I, (-) is positive, we may write,
Crio(r(0),£;;(8),q;; (x(2),1)

=O0(I, (r(0),£(i, j),q@, j,r(#),1))) [4.1.3.1].

4.1.4. Calculation of the Computational Cost for the
Dynamic Domain

The computational cost for traversing an edge is
proportional to the weight on the edge. The weights are
different for different edges. Since the number of edges in
the dynamic domain that a processor has to traverse,
varies according to the agreements at run time during
load balancing, the computational cost will also vary
according to the weights on the edges. Now, the net
weight on varying edges due to agreements can be
written as,

W (r(0).f;; ().q;; (r(©).0)
k-1

= label(r, (), 5, @)W (al))
p=0

due to agreements of r,(#) and f;ﬁ- (1) on transferring
the critical fraction of task loads, p = 0,...,(k-1).
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The computational cost is proportional to the
weight of computation and so, we may write,

Coeomp (r(0),£:; (1), q;; (r (1), 1))

=W (r().fi; (0).q:; (r(D),0) [4.1.4.1]

where, 1 is a constant of proportionality.

The three cost terms in [4.1.2.1], [4.1.3.1] and
[4.1.4.1] from all (iy) contribute to the global cost
Cg (r(®).0) in [4.1.1.1]. Cg (r(1),t) will be minimized if
the total contribution to the communication, computation
and I/O cost from each processor (i) is minimized.

Lemma 4.1.

The number of edges in the dynamic domain, traversed
at every time step by the processors in the network, is
given by the order of

Y (Log, (Likelihood _ Ratio p)
P

— Log,(Likelihood _ Ratio ;,)}

where, Likelihood _ Ratio;, is the minimum over all
the Likelihood _ Ratio p in the network of P processors.

Proof. From the definition of Likelihood _Ratiop, it is
clear that more the Likelihood _Ratiop, more is the
probability of a processor to be active (which implies
traversal of some dynamic edges). Mutual agreements
between processors take place based on their values of
Likelihood_Ratio and other quantities. So, it is natural
that a processor with Likelinood _ Ratio ;, will not take
part in dynamic edge traversal. The sum over the
differences between the logarithms of the two ratios
above, relates directly to the cost involved in load
sharing. This implies the number of dynamic edges for
traversal at a particular time step which proves the above
lemma. |

4.2. The Threshold for Decision Making

A processor calculates the fraction of the total
weighted cost incurred with respect to an estimated cost
for each computational step. This cost is incurred on the
basis of agreements of f,(i, j) with r, (), as discussed
earlier. A processor (i,j) thus calculates the weighted cost
fraction as,



Decision Threshoid

wtd-cost-fraction =

k-1
> tabel(r, @), £ (0L (r),z)‘
p=0

estimated cost

We use the “mod” value of the sum of all
weighted agreements, to ensure that the cost fraction is
always positive. This fraction should be less than a
threshold for minimization. So, we update the fraction as,

critical-fraction

k-1
Z label(r, (1), fi; (045 (r, (I)J)\

p=0

=V-- [4.2.1]

estimated cost

where v is a threshold. Each processor decides to receive
or send based on agreements, the critical fraction of the
task load [Sarkar, June 1996]. It orients its own feature
vector f;;(¢) with the information whether it can send or

receive the task loads.

Decision Threshold vs. Number ol Processors

o8}

0.6

0.4H

0 50 100 150 200 250 -

Number of Processors

Figure 11: The best threshold as a function of the number of
processors, P. As P increases, the threshold value limits to 1.

) We may express the best threshold range (Figure
11) in terms of the number of processors, P. The theory
has been developed in the thesis [Sarkar, June 1996] and
the best threshold range for an optimal dynamic load
balancing situation, for a network of P processors should
lie within the range,
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2
1>v>1-— 4.2.2].
P [4.2.2]
Theorem 4.3.
The complexity of the overall cost for View

Materialization in parallel is of the order of

.

T +E{r-5z (Tous ~Tp )},
| P P

1 T8, (To ~Tp),
P

T,

L max ?

otherwise

where, T,,, is the maximum static cost associated with a
processor out of P processors in the network, T" is the
total number of edges in the dynamic domain of the
network, Tp is the static cost associated with each

processor and 1, & are constants of proportionality.

Proof.

Since the static and dynamic parallel executions are
interleaved with each other, we will have to consider
their effects on the total parallel time complexity. A
processor traversing the maximum number of static edges
will contribute to the maximum time complexity of the
order of T, . Meantime, the traversal of all the edges in

the dynamic domain may not be complete. The difference
(T,.x —Tp) for each processor is proportional to the

number of edges in the dynamic domain that have been
more likely traversed by it, in terms of agreements. This
follows similar logical reasoning as in Lemma 4.1. This
difference summed over all processors P, gives the total
number of edges in the dynamic domain more likely
traversed by all P. Since I' is the total number of edges
that exists in the dynamic domain of the network, the

quantity {I‘—SZ (Tpax —Tp )} represents the dynamic
P

task load that still remains (if there still remains at all) to
be shared by all processors after they are done with their
static sets and some portions of the dynamic domain. & is
the constant of proportionality for the number of edges
traversed in parallel, within a given interval of time. This
quantity divided by P, gives the average number of edges
in the dynamic domain that need to traversed by a single

% {r—a};‘(rm -T,,)} is the time

taken in parallel to traverse the remaining dynamic

processor. Thus
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6. CONCLUSIONS

In this research, we concentrated on View
materialization in a parallel environment. Since the
current problem lies in the huge amount of data
movement involved in dynamic load balancing, we
proposed a technique for fractional data replication at
run-time, using normal distribution function. This
generates a dynamic domain of the ViewCache, where an
optimal, decision-based, load balancing mechanism is
applied to speed up the materialization. The dynamic
network component is interleaved with the static,
processor-specific task of materialization. We have
simulated a parallel data server only to get an initial idea
of the possible results on the dynamic domain. As a
future direction, we plan to experiment more on the
interleaved executions of static and dynamic domains.
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