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Abstract”

In this paper we propose a new approach to data dis-
tribution and load balancing in multiprocessor database
systems with hierarchical architecture. A model of hier-
archical database multiprocessor architecture is de-
scribed. This model is called DMM. It allows us to simu-
late and analyze various multiprocessors configurations.
An important subclass of multiprocessor hierarchies is
considered. We call it symmetric hierarchies. For the
symmetric hierarchies, a new strategy of data distribution
is proposed. This strategy is based on the partial mirror
technique. The analytical estimations for disk space over-
head due to data replication are obtained. For the regu-
lar symmetric hierarchies, the theorems giving estima-
tions of replica building overhead are proven. An efficient
method for load balancing is proposed. This method ex-
ploits the partial mirror technique. Presented methods
are designed for cluster and Grid systems.

1. Introduction

Hierarchical multiprocessor architectures become more
and more popular nowadays. In the multiprocessor archi-
tecture, processor devices, memory modules and disks are
tied together by a hierarchical topology. The first level of
hierarchy consists of processor cores disposed on one
chip. The second level is build by multicore processors
coupled in multiprocessor modules with shared memory
(SMP). On the third level, SMP modules are combined
into a cluster by high-speed interconnect. The fourth level
is presented by Intra-Grids, each of which includes sev-
eral clusters connected by LAN (Local Area Network).
Several Intra-Grids can be combined into an Extra-Grid
by WAN (Wide Area Network) and so on.

One of the most important applications for the multi-
processor systems is a parallel database system, which is
able to maintain Terabytes of data [1]. Parallel database
systems are discussed in many papers (see a survey [2]),
however the issues concerning hierarchical database mul-
tiprocessor architectures have not been explored up to the
present.

In this paper, we present an analysis of hierarchical
multiprocessor database systems. The following subjects
are emphasized: a simulation of the hierarchical multi-
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processor architectures, data distribution and load balanc-
ing.

The hierarchical architectures generate a wide variety
of configurations. Some classification of these architec-
tures is given in [3]. Investigation of such architectures is
difficult, since the process of constructing multiprocessor
systems demands large financial expenditures connected
with acquisition and reconfiguration of expensive equip-
ment. Therefore it has become necessary to develop an
accurate model of multiprocessor database system, which
allows us to investigate various multiprocessor configura-
tions without their hardware implementation. The investi-
gation of one-level architectures for on-line transaction
processing has been done by Stonebraker and Bhide
[4, 5]. The simulation of some classes of two-level archi-
tectures is presented in [6, 7]. However, in general case
the multilevel hierarchical architectures have not been
explored.

This paper describes a new Database Multiprocessor
Model (DMM), which can be used for simulating and
investigating the hierarchical architectures of parallel da-
tabase systems with an arbitrary number of levels under
OLTP (On-Line Transaction Processing) workload.

The problems of data distribution and load balancing
for parallel database systems have being investigated in
many papers (see e.g. [8, 9, 10]). But all these investiga-
tions were mainly aimed to one-level multiprocessor sys-
tems. In this paper we propose a new data distribution
strategy for hierarchical systems and a load balancing
algorithm based on partial mirroring technique.

The remainder of this paper has the following outline.
Section 2 describes the DMM model, which includes
hardware model, software model, cost model and transac-
tion model. In Section 3 we propose a data distribution
strategy and an algorithm for load balancing in hierarchi-
cal multiprocessor system. The formal definition of the
symmetric multiprocessor hierarchy is introduced. We
also describe a technique for data replication based on
segments. The theorem for estimation of total replica size
and the theorem for estimation of replica creation over-
head are presented. An original algorithm for load balanc-
ing is described. This algorithm is based on the replica-
tion technique described in the paper. Finally, in Section
4 we summarize the major results of the paper and iden-
tify some directions for further research.
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Figure 1. DM-tree example

2. Simulating hierarchical architectures

The DMM model includes the following sub-models:
hardware model, software model, cost model and transac-
tion model.

2.1. Hardware model

The hardware platform of parallel database system is
represented by DM-tree. DM-tree is a directed tree whose
nodes have one of the following types:

1) processor modules;

2) disk modules;

3) hub modules.
The edges of the tree represent the dataflow. The proces-
sor module is an abstracted representation of a physical
processor. The disk module represents a physical hard
disk device. The hub modules are used to represent a ge-
neric interconnect coupling different disk and processor
devices. The DMM model does not provide a representa-
tion of memory modules, since in OLTP workload, the
disk access time is much more then memory access time.

The structure of the DM-tree is limited by the following

rules:

1) The root of DM-tree must be a hub module.

2) Disk and processor modules may not have any de-
scendents, and thus are always the leaf nodes of DM-
tree.

An example of DM-tree is shown in Figure 1.

2.2. Software model

The smallest unit of measuring data in the DMM is de-
fined as a “packer”. We will assume that all packets have
the same size. The header of packet includes sender ad-
dress, the recipient address and some other information.
Transfer of a packet corresponds to transfer of one or
several tuples in the real databases system. Any processor
module can exchange data with any disk module. Disk
modules and hub modules have queue buffers, which are
used for packet transfer.
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Remove packet E from queue of N;
if o(E) ¢ T(N) then
Put E in queue F(N);
else
Find maximum subtree U of T(N):
if T(a(E))=U then
if a(E)eP then
r(a(E))-- ;
else
Put E in queue a(E);
end if
else

Put E in queue R(U);
end if
end if

Figure 2. Hub module algorithm

The DMM model assumes the asynchronous transfer
mode. It means that the processor module may start a new
exchange without waiting the completion of previous one.
However, we suppose that processor module may have
not more than s, uncompleted read operations and not
more than s,, uncompleted write operations.

In the DMM model, data processing is divided into
discrete time intervals called ficks. The tick can be de-
fined as a predetermined sequence of steps, which will be
described below.

Let P denotes a set of all processor modules in
DM-tree, D — a set of all disk modules, N — a set of all
hub modules and M=PUDUN - a set of all nodes in
DM-tree.

Let MeM. We will use the following denotations:
F(M) — parent module of node M, T(M) — subtree, which
has M as a root.

Processor module PeP may activate read/write opera-
tions. Let's define their semantic as follows.

Read Operation. Let processor module P has to read
packet E from disk module DeD. If P has already acti-
vated s, uncompleted read operations then P has to be
suspended. Otherwise, the packet £ has to be put in the
queue buffer of disk D. At that case, packet £ has o(E)=P
as a recipient address and B(E)=D as a sender address.

Write Operation. Let processor module P has to write
packet E to the disk module DeD. If P has already acti-
vated s, uncompleted write operations then P has to be
suspended. Otherwise, the packet £ has to be put in the
queue buffer of parent hub module. At that case, packet £
has a(E)=D as a recipient address and B(E)=P as a sender
address.

Hub module NeN permanently transfers packets
through interconnect. It performs an algorithm, which is
shown in Figure 2.
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Remove packet E from queue of module D;
if a(E)eD then

w(B(E))-- ;
else

Put E in the parent queue;
end if

Figure 3. Disk module algorithm

There, E is a packet, a(E) is the recipient address of
packet E, T(X) is a subtree, which has N as a root, F(N) is
the parent module for N, P is a set of all processor mod-
ules, r(P) is the number of uncompleted read operations
for processor module P, R(U) is the root of a subtree U.

Disk module DeD permanently executes read/write
operations. It performs an algorithm, which is shown in
Figure 3. There, B(E) is a sender address.

In the DMM model, data processing is divided into dis-
crete time intervals called ficks. The tick can be defined as
a predetermined sequence of the following steps:

1) each hub module handles all packets, which are wait-
ing for transfer;

2) each active processor module performs one read or
write operation;

3) each disk module handles one packet from its queue.

It is obvious that in this case, the queue of any hub mod-

ule may contain not more then |P|+|D| packets, and the

queue of any disk module may contain not more then

5,5,|P| packets.

2.3. Cost model

Each module MeM has a
h, el , 1<h, <+w.

The time needed for a processor to process one packet
for OLTP applications is roughly 10>-10° times smaller,
than the time it takes to transfer data to or from a hard
disk, or from the network. Therefore, for all processor
modules: 4, =1, VPeP .

Hub module N can send more than one packet in each
tick. Therefore the following interference function is as-
sociated with each hub module NeN:

N
i

cost  coefficient

m,

fom)y=e’ .
There, m" — is the number of packets transferred by N in

the i-th tick; dx>1 — scale coefficient. Therefore, the time
it takes for hub module N to process i-th tick can be cal-
culated by the formula:
t" =h,fy(m'), VNeN .
The total time spent by the system to process a mix of
transactions over k ticks can be calculated by the formula:
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Figure 4. Active Process Choosing
L N
t= ;max(l;rvlg\lx(t,. )max(hy)) -

2.4. Transaction model

DMM model admits processing the mix of & parallel
transactions on one processor. Each transaction
Z, (i=1,...,k) is represented by definition of two proc-

ess groups p and @: Z, ={p,w}. Group p, includes
read processes. Group . includes write processes. These

processes are an abstract representation of read/write op-
erations performed during transaction processing. The
mix of transactions is defined by the formula:

k
o= Ua).
i=1
Each process ¢ € ® has a probability p, of disk ac-

cess. This probability is calculated by the discrete random
variable function g(p,), which defined by the following

distribution law:

g 1 0

p Py 1-py

On every tick, each active processor module has to
process I/O operation. In accordance to this, the active
processor module has to choose some process ¢ € @ and
perform write or read operation over the disk associated
with ¢ Let us call such process active. Process ¢ be-

comes active if function g(p,) returns 1.

The choice of active process performs as follows. All
processes from @ are organized as a circular list. The
current element pointer is maintained. To choose a proc-
ess as active, we should move the pointer to the next ele-
ment ¢, and calculate function g(p,).If g(p,)=1, we

choose ¢, otherwise we move the pointer to the next

element ¢, and so on (see Figure 4).
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3. Data distribution and load balancing

In this section, we present a data distribution strategy
and an algorithm for load balancing in hierarchical multi-
processor system.

3.1. Symmetric hierarchies

The multiprocessor system architecture is a key factor
for developing the data distribution strategy. In this Sec-
tion, we will build the symmetric model of hierarchical
multiprocessor database systems. The symmetric model is
based on the notion of DM-tree introduced in Section 2.1.

Let us give a definition of DM—trees isomorphism. Let
E, be a set of edges of DM-tree T; h,, — the cost coeffi-

cient of node M € M, of DM-tree T. DM-tree A is iso-

morphic to DM-tree B if there exist bijective mappings
f:M,—>M; and g:E, > E; such that:

1) node v is an endpoint of edge e in tree 4 if and
only if node f(v) is an endpoint of edge g(e) in
tree B;

2) node w is an initial point of edge e in tree 4 if and
only if node f(w) is an initial point of edge g(e) in
tree B;

3) PeP, & f(P)eP,;

4) DeD, & f(D)eDy,;

5) NeN, <o f(N)eNy,;

6) My =h-

Let us define node level in a recursive manner. The
level of the root of DM-tree T is equal to zero. The level
of any other node is one unit larger than the level of the
root of minimal subtree of tree 7, which contains this
node.

Let us define the level [(M) of a subtree M of a tree T
as the level of the root of the subtree M in the tree T.

Two subtrees of the same level are called adjacent if
their roots are brothers.

Let us define the height of directed tree T as the maxi-
mum path length in that tree.

We call the DM-tree T with height H as symmetric if
the following conditions hold:

1) any two adjacent subtrees with level / < H are iso-
morphic trees;
2) any subtree with level H —1 contain exactly one

disk and one processor.

The second condition represents an abstract model of
SMP system in the sense that, in the multiprocessor hier-
archies, all the processors of an SMP system can be con-
sidered as one mega processor and all the disks as one
mega disk. Obviously, load balancing for SMP system
must be solved by essentially different techniques, since
the SMP system has shared memory and each disk can be
accessed by any processor. We define node degree as the
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number of edges, which end into this node. In symmetric
tree, the nodes of the same level have the equal degree
called the level degree.

3.2. Data fragmentation and segmentation

The database placement in nodes of a hierarchical mul-
tiprocessor system is specifying in the following way.

Each relation is divided into disjoint horizontal frag-
ments, which are partitioned into different disk modules.
We will suppose that fragment’s tuples are ordered in
some way called natural.

At the logical level, each fragment is divided into a se-
quence of fixed-length segments. Segment length is meas-
ured in tuples and is a fragment attribute. Partitioning of
segments is performed according to natural order and
always begins with the first tuple. In accordance with this,
the last segment may be incomplete. The number of seg-
ments in fragment F is denoted by S(F) and can be com-

puted by the formula:

T(F
s(F)=| 1) (1)
L(F)
where T(F) is the number of tuples in fragment F, L(F)

— the segment length assigned to fragment F.
3.3. Data replication

Let us allocate fragment F, into disk module D, €D,

of multiprocessor hierarchical system 7. We suppose that
in each disk module D, €D, (i > 0) a partial replica

F, (can be empty) of fragment F is allocated.

A segment is the smallest unit of data fragmentation.
The segment length of replica is always equal to the seg-
ment length of replicated fragment:

L(F)=L(F), VD eD,.

The size of replica F, is specified by the replication

i

factor
uoel, 0<u <1,

which is an attribute of replica F, and is computed by the

i

formula:
T(F) =T(F)-[(1-4)-S(F) | L(F,) . 2
The natural order of tuples in replica F, is defined by
the natural order of tuples in fragment F,. Here, the fol-
lowing formula determines the first tuple number N of
replica F:
N() =T(F)-T(F)+1.

If F, is empty we obtain N(£)=T(F,)+1 that corre-

sponds to the "end-of-file" indicator.
Described data replication technique permits the use of
a simple and effective algorithm of load balancing in mul-



2007 International Conference on High Performance Computing, Networking and Communication Systems (HPCNCS-07)

tiprocessor hierarchies. Such algorithm is described in
Section 3.6.

3.4. Partial mirroring technique

Let T be a symmetric DM-tree with height H >1. We
introduce a replication function r(l), which maps level

[ < H to the replication factor x, =r([). Let us assume,
that »(H —1)=1. This is motivated by the following.

Hierarchy level H —1 contains subtrees with height equal
to 1, which correspond to SMP systems. In the SMP sys-
tem, all the disks can be equally accessed by each proces-
sor. Therefore, physical replication is not needed in the
SMP system. On the logical level, load balancing in SMP
system can be managed by segmenting the source frag-
ment, i.e. the fragment acts as its own replica.

Let us allocate fragment F, to disk module D, €D ;.

@>0),
the following technique (called a partial mirroring tech-

nique) can be used. We build a sequence of subtrees for
tree T:

In order to form replica F, in disk D, D,

M), M,,....M, ,},
which satisfies the following properties:
IM;)=j
{DO eD(M))
for each 0</j<H-2. In this formula, /(M) is the

level of subtree M . Obviously, such a sequence exists

(€)

for any symmetric tree 7. Le us find the largest index
j =1 such that

{D,.D}cD(M,).
We assume

u(E)=r()). “4)

To build replica F; in disk D, we use the algorithm de-

scribed in Section 3.3 with the replication factor defined
by formula (4). The following theorem gives estimation
for the total size of all replicas of the fragment.

Theorem 1. Let T be a symmetric DM-tree having
height H >1. Let fragment F be allocated to disk mod-

ule D, €D .. Let 6, denote the degree of level | of tree

T. Let us denote the total count of tuples in all replicas of
o]

fragment F, as R(F,) = ZT(F,.). Then

i=1

I1 6 +0(L(E).

k=j+1

R(F) =T(F) . r()X&, =)

The theorem proof can be found in [11].
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3.5. Choosing the replication function

When choosing the replication function r(/), it is rea-
sonable to take into account the overhead coefficients of
the DM-tree nodes. Obviously, that all the nodes in a
symmetric DM-tree have the same overhead coefficient
h(l), which we call the overhead of level .

We call symmetric DM-tree T regular if for any two

levels / and /" of tree T the following statement is true:

1<l =  hD=h(", 4)
i.e., the overhead coefficient increases with increasing the
hierarchy level.

The estimation for the overhead of tuple-building all
the replicas of the fragment without interference can be
obtained by the following theorem.

Theorem 2. Let T be a symmetric DM-tree having
height H >1. Let fragment F, is allocated to disk mod-

ule DyeD . Let &, denote the degree of level | of tree
o

T. Let t(Fy)= Y «(F). Then

i=l1

T15.+0(h).

k=j+1

r<ﬂ>=E(%)§h(1)r(f)(5j—1)

The theorem proof can be found in [11].
Let us define normal replication function r(l) in a re-

cursive manner:

1) if I=H-2 then r(H-2)= ;

h(H =2)(8, 1)
r(1+1)h(1+1)(5,, -1)

h([)(é‘l _1)51+1
The following theorem is valid.
Theorem 3. Let T be a regular DM-tree having height
H >1. Let F be the set of fragments composing the da-
tabase. Let R be the set of all the replicas of all the
fragments of F built by using the normal replication
function. Let T(F) be the size of the database in tuples

(here, we assume that all tuples are of same size in bytes).
Let 7(R) be the total overhead of tuple-building of all

the replicas without interference. Then
t(R)~ kT(F).

Here, k is a constant and is independent of F .

The theorem proof can be found in [11].

Theorem 3 shows that, by using a normal replication
function, the overhead of replica update in a regular hier-
archical multiprocessor system is proportional to the size
of updating part of the database under the condition, that
the interconnect has sufficient bandwidth.

2) if 0</<H -2 then r()=
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/* The procedure of load~balancing for parallel
agents Q (leader) and Q */
ﬁ'=Node5£§); // the processor node of é?
pause Q; // set O to the passive state
for (i=1;i<=n;i++) {
if(Q.s[il.azzl){ ~
fiIQ.S[z].f;// the fragment processed by (0]
r,=Re(f,u); // Replica of f, on node u .

A, =Delta(Q.S[i]); // Count of reassigned

// segments

(outsider) .

O.slilg—=A,;
Oslil.f =7 ; ~
Q.s[i].b = Qsli]lb+Quslilq ;
Oslil.g=A, ;

telse

print ("Balancing is not allowed");
}i _ B
activate Q; // turn Q to the active state

Figure 5. Load balancing algorithm.

3.6. Load balancing

Let Q be a query having n input relations. Let Q be
a parallel plan of query Q. Each agent Q€ Q has n
input streams s,,...,s,. Each stream s, (i=1,...,n) is
defined by the following four parameters:
1) f, is a pointer to the fragment of relation;

i

2) g, is a count of segments to be processed;
3) b is a number of the first segment;
4) a, is an indicator of balancing: 1 — balancing is al-

lowed, 0 — balancing is not allowed.

Parallel agent O may be in one of the following two
states: active or passive. In the active state, agent O reads

sequentially and processes tuples from all the input
streams. The values of parameters ¢, and b, (i=1,...,n)

are being dynamically changed during the process. In the
passive state, agent Q does nothing. On the first stage of

query processing, the agent has to be initialized to assign
initial values to the parameters of all input streams. Then
the agent state is set to active and the agent begins to
process the fragments associated with its input streams. In
each fragment, those segments will only be processed,
which belongs to the interval determined by the stream
parameters associated with given fragment. If all assigned
segments are processed, the agent becomes passive.

During parallel plan processing, some agents can finish
their work and be in the passive state. At the same time,
other agents are processing the intervals assigned to them.
So we get the processor load imbalance. We propose the
following load balancing algorithm exploiting data repli-
cation.
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Let parallel agent O € Q have finished processing of
assigned segments in all input streams and has been set
into passive state, while agent 0eQ is still processing
its data interval. So we have a situation when load balanc-
ing is needed. Let us call the idle agent O as a leader and

the overloaded agent QO as an outsider. In order to
achieve load balancing, we perform a procedure shown in
Figure 5. This procedure passes a part of the not proc-
essed segments from agent Q to agent Q. There, func-
tion Delfa calculates a count of segments to be passed
from one agent to another.

To use described above algorithm effectively, we have
to solve the following two tasks.

1. We need some strategy for outsider choosing.
2. We must define a way function Delta calculates a
count of segments to be passed.

Strategy of outsider choosing. Let us define an opti-
mistic strategy of outsider choosing. Let 7 be a symmet-
ric DM-tree representing the hierarchical multiprocessor
system. Let Q be the parallel plan of query Q , ¥ — the
set of DM-tree nodes processing the parallel plan Q . Let
leader-agent O € Q located on the node 7 €¥ have
finished its work and been set into passive state. We have

to choose some outsider agent Q eQ (Q # () needed
a help by leader agent Q. Let agent O be located on

node €WV and v =y . Let M be the minimal subtree
of tree 7, which includes nodes 7 and 7 .

For choosing agent outsider, we use the rating tech-
nique. During the balancing procedure, every parallel
agent is assigned a rating specified by a real number. As
an outsider, the agent having the maximal positive rating
has to be chosen. If there are no such agents, O has to be
terminated. If several agents have a positive rating being
equal to the maximal one, the least recently helped agent
should be chosen as outsider.

In case of using the optimistic strategy, we use rating
Sfunction g : Q ® R, defined as follows:

7(0) = sen(max (¢,)- B) r (10D)) 34,
T i=1
Here, A is a positive scale factor, which regulate influ-

ence of replication factor »(/) on the rating value; B isa

positive integer determining the lowest value of segment
count, which can be passed during load balancing. Let us
remind that /(M) is the level of subtree M intree T .

Balancing function. For every stream §,, balancing
function A determines the count of segments having to
be passed from outsider agent O to leader agent Q. In
the simplest case, we can define
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AG) = min((q,./ﬂ,r(z(ﬂ))s(ﬁ)) .
Function S(f,), introduced in Section 3.2, calculates the

total segment count of fragment fl .

4. Conclusion

In this paper, we introduced the symmetric model of
hierarchical multiprocessor system. It represents a wide
class of real multiprocessor configurations and can be
used as a mathematical base for defining the data distribu-
tion strategy in multiprocessor hierarchies. An algorithm
for replica building in the symmetric hierarchy is pro-
posed. This algorithm is based on logical fragment strip-
ping by the equal size segments. Using this algorithm, the
partial mirroring technique is developed. This technique
assumes a definition of replication function. The replica-
tion function maps the hierarchy level to the replication
factor, which defines the replica size of the fragment. The
theorems allowing to estimate the replica sizes are pro-
posed. Also, we presented the theorems allowing to esti-
mate replica building overhead without interference. Fur-
ther, the load balancing algorithm based on proposed par-
tial mirroring technique was described.

The main directions of future work are the following.
First, it is interesting to obtain an analytical estimation of
replica update overhead including interference. Second,
we plan to develop a simulator based on DM-model to
evaluate various configurations of hierarchical multiproc-
essor database systems. Third, we suppose to implement
proposed techniques and algorithms in Omega DBMS
prototype, which is designed for cluster and Grid systems.
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