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Abstract When parallel join strategies are con-
stdered, good workload balancing methods are im-
portant in order to achieve reasonable perfor-
mances. We study here parallel join algorithms
that comprise some kind of load balancing activ-
ity. By taking into account different skew handling
techniques, we discuss pros and cons of well known
existing strategies and define a new tazonomy for
this class of algorithms, according to the moment
the load balancing technique is applied. The choice
of a specific step of the algorithm to balance the load
is closely related to the efficacy in handling the ef-
fects of different types of skew. Based on this idea,
we introduce an alternate approach for parallel join
processing, which tries to handle all skew situations
by dynamically determining and assigning variable-

sized tasks to be executed at each processor node.

Keywords: parallel databases, parallel join, work-
load balancing, variable-sized tasks, taxonomy.

1 Introduction

The use of parallel algorithms to evaluate the
relational join operator has become a key is-
sue in obtaining acceptable response times on
very large databases query processing. In [11]
some parallel join algorithms have been ana-
lyzed and it has been shown that, in the pres-
ence of data skew, their performance suffered
great penalties.
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The problem is closely related to the data
partitioning idea underlying most strategies,
which always assigns tuples with the same
value for their join attributes to the same buck-
ets. Therefore, on a skewed distribution, some
parallel processing nodes (PN) might be as-
signed heavier buckets then the others, making
the split of work among sites uneven.

The concept of data skew is detailed in [13],
as a distinction between the intrinsic skew (i.e.,
Attribute Value Skew - AVS) and the partition-
ing skew is made. While the first one depends
only on the data itself, the latter may vary ac-
cording to the particular join implementation
being used.

In the case of AVS, load balancing might be
necessary as uniform distributions of join at-
tribute values are unusual in practice. With
respect to partitioning skew, the authors in
[13] further divide it into four different classes:
the Tuple Placement Skew (TPS), as the ini-
tial placement of tuples varies among the PNs;
the Selectivity Skew (SS), when selection pred-
icates applied before the actual join generates
distinct sized fragments on the PNs; the Redis-
tribution Skew (RS), due to a tuple redistribu-
tion method that fails in creating equally sized
partitions on each PN; and the Join Product
Skew (JPS), that happens when the number of
resulting tuples generated at each PN is un-
even.

There are many parallel join strategies based
on combinations of partitioning and load bal-
ancing steps (e.g., [2, 3, 4, 14]). Each strategy



applies its load balancing technique in a par-
ticular moment, always aiming at reducing the
problems caused by some kind of skew, usually
AVS, RS and/or JPS.

In this paper, we study some of the most im-
portant solutions to the skew handling problem
on the parallel execution of the join operator
- specially on message-passing (also known as
shared-nothing) systems - proposed so far. Be-
sides those suggested on [13], other skew sit-
uations are also considered: that of a hetero-
geneous parallel system or of a strongly con-
current multi-user environment. Based on this
study, we classify the selected algorithms ac-
cording to the moment their load balancing
technique is applied. This new taxonomy helps
us explain some of the drawbacks of the known
parallel join methods and is the main motiva-
tion to a new strategy proposal, well adapted
to different skew scenarios, that we introduce
here.

The paper is organized as follows: in Sec-
tion 2, selected parallel join algorithms are dis-
cussed, emphasis on workload balancing issues
and skew handling. Next, in Section 3 a tax-
onomy for load-balanced parallel join strategies
is given and an alternate strategy, oriented to
a shared-nothing system, is proposed in Sec-
tion 4. Final comments, ongoing and future
work are found in Section 5.

2 Related Work

In this section, we are going to present some
of the most relevant works that address the
load balancing issue on the parallel execution
of the join. It is worth mentioning that most
of these works focus on skew effects related to
the join operator itself, such as RS and JPS,
defined above. TPS and SS partitioning skews
are only considered as more complete queries
(involving more operators than just the join)
are studied.

Beside the ones described in [13], there are
two skew situations, not always taken into ac-
count. The first one, named Heterogeneity
Skew (HS), happens when the parallel process-

ing environment have nodes of different capac-
ities. The second one, named Concurrency
Skew (CC), occurs when some PN experience
concurrency of resources in a multi-user envi-
ronment (external processes or multiple trans-
actions). The existing algorithms not always
consider both issues, as it is usually assumed
(either explicitly or not) that the underlying
platform is a homogeneous and single-user en-
vironment - clearly, not a valid assumptions in
practice.

The work in [4] presents the partition tuning
technique, shown to be effective on RS skew
handling.
this approach is the Tuple Interleaving Parallel
Hash Join (TIJ). The algorithm redistributes
the operand relations tuples on an early divi-
sion step, so that each bucket gets its tuples
horizontally interleaved among all PNs. After
this step, each of the n available PNs store the
n-th part of each bucket. The partition tun-
ing technique is then applied to combine the
buckets in equally sized partitions. After the
computation of the partitions, they are each
assigned to a distinct PN and their correspond-
ing tuples are moved to and processed in that

An example algorithm based on

node.

The wncremental technique is another strat-
egy that has led to load-balanced parallel join
algorithms. The Dynamic Balancing Hash-
Join Algorithm (DBJ), based on this tech-
nique, is proposed in [14]. The DBJ ana-
lyzes the distribution of tuples as the partition-
ing phase goes on and adjusts it dynamically,
whenever needed. Thus, even not knowing the
complete distribution of data a prior:, the al-
gorithm uses the partial information gathered
that far to estimate future distribution infor-
mation and to correct uneven workload.

A very interesting technique, called sam-
pling, is used in [2]. The authors claim that
the overhead to execute a workload balancing
technique within a parallel join strategy might
be too high in mild skew conditions. It hap-
pens when the attribute value distribution of
the join operand relations is relatively uniform.
The rationale is not to penalize a situation free
of skew using heavy skew handling algorithms.



Thus, before making any decision about load
balancing (and even partitioning), the relations
are sampled (about 5% to 10% at most) in or-
der to detect AVS.

The strategy itself comprises the choice of
the best suited algorithm to that particular de-
gree of skew detected at the sampling phase.
This method was shown to handle well RS skew
and, to some extent, JPS. An interesting result
is found in [5], where a variation of this sam-
pling algorithm was shown in practice to be
better than a partition-tuning-like algorithm
and a variation of DBJ, in many different skew
situations.

In [9] a different method is presented. This
method is based on two new techniques: the
demand-driven approach, which assigns a new
task to a PN only when it has finished process-
ing its last task; and a load balancing method
that consists of a task stealing step at the lat-
ests stages of execution, when idle PNs may
help overloaded PNs to finish the whole join
execution by taking them part of their local
tasks. In [12] similar ideas with respect to
workload balancing during join processing ex-
ecution are suggested, but quite different im-
plementation mechanisms are used there. The
work presented in [10] is an extension of the
approach given in [9], though directed to a
shared-nothing system and changed to a static
task allocation policy, instead of the demand-
driven one, used on their earlier work.

The work in [3] focuses specifically on han-
dling the effects of JPS skew during the exe-
cution phase of a sampling algorithms, like the
one proposed in [2]. The authors claim that
the ”don’t be idle when there’s work left to do”
strategy, presented in [12], is a naive load mi-
gration technique. They introduce their run-
time process migration instead, which apply a
load migration procedure at the precise mo-
ment one processor is detected to be over-
loaded. In this approach, the overload detected
is dynamically divided among the processors so
that their execution times are re-equalized.

The JPS skew has been one of the most dif-
ficult problems to deal with on workload bal-
ancing methods, as it is detected only at exe-

cution time. Even when the JPS is said to be
efficiently managed, as in [3], there is always
a considerable overhead added to the strategy
that might limit its use in practice.

When studying all these methods, it be-
comes clear that there is still work to be done
in order to handle the skew effects efficiently on
the processing of the parallel join. Most works
focus on the skew side-effects, when the im-
balance is already established, and only a few
show effectiveness on their workload balancing
techniques.

The common approach found on the best so-
lutions presented so far is to associate a set of
techniques (e.g., sampling and run-time pro-
cess migration) in a "mixed” strategy to eval-
uate the join operator. None of the known
algorithms handle all types of skew on a sin-
gle load balancing approach. Also, there is a
lack of strategies comparison work so that one
could choose a specific algorithm, if possible,
to achieve the expected parallel performance.

Although not exhaustive, the list of papers
discussed here cover a broad variety of load bal-
ancing techniques published so far. The next
section tries to organize those techniques ac-
cording to the exact moment their load balanc-
ing procedures take place and to analyze their
success in handling different types of skew.

3 A New Taxonomy

In the previous section we have reviewed briefly
some of the most important works on parallel
join strategies that consider the workload bal-
ancing problem. It is quite difficult to group
these strategies in classes, much more than in
the monoprocessor situation, where any work
lies in one of the three known classes, nested-
loops, sort-merge and hash-based.

To the best of our knowledge, there is only
one such effort in the sense of a classification
[10]. In that work, the authors claim that it is
always possible to identify, in a given strategy,
three distinct phases: a data partitioning, a
tasks allocation (to PNs) and a local join (at

each PN).
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Figure 1: Algorithms and their balancing procedure time table.

In [10], the load balancing techniques are di-
vided in two categories: static and dynamic.
The first one refers to those strategies where
the tasks-to-PNs mapping is made before the
local join phase, while the latter comprises
strategies which allow this mapping to be
changed during the local join phase. However,
we can see that workload balancing procedures
occur in different phases of known algorithms
(e.g., before data partitioning, at later stages of
execution, et cetera) and sometimes even more
than just in one phase.

Actually, we can identify at least five dif-
ferent moments used by the known algorithms
to execute balancing procedures. Therefore,
we believe that a more specific classification
of load balancing techniques might capture in
detail those differences.

The load balancing algorithms are described
in Figure 1 in terms of the moment their cor-
responding balancing techniques take place.

As odd as it may sound, we claim that the
correct choice of that moment might be as im-
portant as the efficiency of the balancing tech-
nique itself to the success in handling a specific
type of skew. Let’s take for example the han-
dling of JPS effects: no technique is known to
be effective when applied in any pre-execution
moment - although RS are very well handled
by some techniques applied on that phase.

The question that we state here is whether
one can pick the best moment for handling
skewed distribution effects in a preventive way.
The search for a promising moment to ap-
ply preventive load balancing techniques is

strongly motivated by an intrinsic characteris-
tic of shared-nothing systems: the cost of task
movement around the PNs. In the reactiveload
balancing procedures, a tuple (or a whole set of
them) might be moved around several PNs be-
fore they get actually processed. In a shared-
nothing system, this movement could be ex-
pensive, as not seldom involves disk transfers
(and not just message-passing). In a preventive
scheme, the tuple should be moved only once
(if s0) to its destination PN.

A parallel join strategy based on this idea
could oppose the techniques described so far,
which focus on fixing the skew effects, when-
ever detected. The overhead due to partition
adjustment or task stealing phases on all these
algorithms is considerable. In the next section,
we will discuss a proposal that takes this ques-
tion in consideration and, at the same time,
deals well with all kinds of skew.

4 An Alternate Strategy

We claim that the answer to the question
stated in section 3 relies upon a combination
of two techniques: the demand driven ap-
proach for allocating tasks, as seen in [9]!, and
the dose-driven technique for sizing tasks, pro-
posed in [8]. The main rationale of this com-
bined approach is

e to assign a task to a PN when (and only
when) it is ready to execute it; and

! Although [9] is based on a shared-disks environment
and we remain here in the shared-nothing systems.
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Figure 2: The VAST-PJ Architecture.

¢ to define the task size to be processed in a
conservative taking-the-skew-into-account
way.

We expect better parallel times, as a result of
keeping processors busy (as long as there is
work left to do) and sizing tasks in such a way
that processors are not overloaded.

We introduce here the VAriable-Sized Tasks
Parallel Join Architecture (VAST-PJ), based
on this approach [6]. It distinguishes itself from
related works in a number of ways. First, it is
presented as an architecture, rather than an al-
gorithm, thus allowing for different implemen-
tations of its components. Second, it doesn’t
fit in the partition/allocation/execution phases
model [10], as its phases actually happen con-
currently.

The VAST-PJ comprises the interaction of
three components: an Execution Manager, a
Task Manager and a Local Sequential Join
component. Each of them have their own role
in the parallel processing of the join operator.

Figure 2 illustrates the way in which the
three components interact, as described next.

1. The EM initiates the process by sending
a join command to LJ in a PN. The size
of the task to be processed is part of this
command;

2. LJ asks TM to transfer to its disk a task
sized just the way EM commanded;

3. TM transfers the task tuples (R;-S;) to the
PN that asked for it and gathers statistics

information that might help EM in deter-
mining the next tasks sizes;

4. The join process takes place and a status
report is sent to EM. Whenever a LJ fin-
ishes running in a PN, the whole processes
starts again.

As a matter of fact, the VAST-PJ suggests
a sixth moment for the execution of balancing
procedures in Figure 1. This moment stands
between those of Interleaving and Migration
techniques. The VAST-PJ architecture will try
to balance the workload just before the execu-
tion of a task, by simply sizing it in way not to
overload the PN.

It is of main importance to notice how ap-
propriate this moment is for preventive load-
balancing. It is neither late, because the next
task has not yet been assigned to the demand-
ing processor, nor early, because the algorithm
have already collected enough information to
make an allocation decision - information that
might have been collected on its initial stages
or on previously executed tasks. By making
a lazy allocation decision, the execution statis-
tics might be of great influence. The reader
may refer to [7] for a more complete discus-
sion on effectiveness of moments for balancing
procedures.

Simply stated, the greatest advantage of

a preventive scheme is that no wasted tuple
movements are made.



In the next three sub-sections, each of the
components expected behavior is analyzed and
candidate applicable algorithms are suggested.

4.1 The Execution Manager

The execution manager (EM) is responsible for
task sizes determination. It should carefully
consider execution and pre-execution statistics
information in order to prevent a task to over-
load a processor.

Basically, the EM has to estimate two val-
ues: the execution finished time and next task
size. The estimated finished time is the amount
of time taken by the whole algorithm to com-
pletely finish execution. On one hand, the EM
is not able to precisely calculate this time, de-
spite having operand relations cardinality in-
formation, as there are unforeseen execution
behavior as a result of JPS or CS skew. But,
on the other hand, the EM may count on pre-
vious task executions information in order to,
for example, estimate the selectivity factor of
the operand relations. As more and more tasks
are being executed, more information might be
gathered, so at later stages of execution values
such as the selectivity factor might be almost
completely known.

In order to correctly size the next task, the
EM considers the estimated finished time de-
scribed above. It will select a size so that the
execution of such a task do not take longer
than the whole amount of tuples left to pro-
cess. The heuristic should consider basically
the possibility of having JPS skew, but is not
limited to that. Actually, it may take into ac-
count any phenomena that might affect the ex-
ecution time, as HS and CS skews.

The working conditions of the EM resem-
ble those found on online scheduling algorithms
[1]. On an usual scheduling problem, an as-
signment algorithm maps tasks (jobs) to pro-
cessors (machines) knowing a priori all needed
information about them. An online algorithm
might make the assignment decisions with-
out complete information and still maintain
a good competitiveness, compared to off-line
ones. The EM online scheduler should instead

select a task, given an idle processor trying to
make as good as its off-line counterpart.

4.2 The Task Manager

The task manager (TM) deals with task gener-
ation. It should be able to transfer the tuples
corresponding to a specifically sized task to the
PN where they will be processed, as the EM
itself only determines the size, not the actual
task itself.

As with all VAST-PJ components, there is
no single algorithm to the TM. The candi-
dates must balance between accuracy and over-
head. The most accurate algorithms would
scan through the operand relations before any
actual execution in order to correctly map tu-
ples cardinality and distribution at each PN.
This would probably yield the best task se-
lection algorithm. Needless to say, accuracy
comes hand-in-hand with overhead. Sampling
techniques can dramatically decrease the over-
head, not completely sacrificing the accuracy
of the TM algorithm.

A task generation algorithm should choose
an existing task, given the EM defined size.
The TM could use a best-fit heuristic to pick
If it does not find a good candi-
date task, the algorithm might try to com-
bine smaller buckets into a bigger one in a
bucket tunning approach. As a last resource,

a task.

the fragment-and-replicate technique should be
used to break heavy buckets into lighter ones.
The application of the three techniques should
make it possible to always make a good deci-
sion.

Once chosen, the tuples corresponding to a
task should be transferred to the PN where
they will be processed. This is not an easy
task to accomplish in a shared-nothing envi-
ronment, given the tuples might be horizon-
tally spread all over the PNs of the parallel ma-
chine. Besides, this should be done just before
the task execution, as moving tuples around
not knowing its actual destination PN would
risk moving tuples more than once - a great
overhead penalty.

The suggested solution is to instantiate a



copy of the TM at each PN and to coordinate
their activity in order to consistently distribute
tuples to processors as the algorithm executes.

4.3 The Local Join

The local join component (LJ) actually per-
forms the join. It executes a local (sequential)
algorithm in order to join the tuples of its as-
signed task.

Any variation of the three known classes of
sequential algorithm might be used. An op-
timization might be coordinated between the
three components: the generation of tasks in
which one of the relation tuples fit in the PN
memory. Any sequential algorithm might ben-
efit from that.

5 Final Comments, Ongoing
and Future Work

The contribution of this work is twofold. First,
it has organized previous related works in a
new taxonomy. We have identified and ana-
lyzed different moments where the load balanc-
ing steps of these algorithms take place and
have suggested a strategic one in preventing
(instead of fixing) load imbalance caused by
different types of skew.

Second, the VAST-PJ architecture was in-
troduced, motivated by the evidences of the
above mentioned analysis. Besides being pre-
ventive, this approach is the first, to the best
of our knowledge, to suggest the use of (a)
a demand-driven strategy on a shared-nothing
system and (b) a dose-driven technique to size
parallel join tasks.

The accommodation of different algorithms
under the same solution is not completely un-
known in the area. By shaping the solution as
an architecture, we allow for specific configura-
tion of algorithms to address specific scenarios.

This work is currently being extended in a
number of ways. The taxonomy itself is be-
ing validated as a result of the evaluation of
a more representative number of works. We
plan to review not only shared-nothing (and

alike) works, but also shared-memory, shared-
disk and hybrid (hierarchical) systems.

The heuristic used in the next task size cal-
culation of VAST-PJ is drawing special atten-
tion. As a matter of fact, one might think of it
as a peculiar scheduling algorithm. Instead of
assigning tasks (jobs) to PNs (machines), this
scheduler must pick a task whenever a demand-
ing PN asks for it. The task selection must
be accomplished in a way not to compromise
the whole system response time in the case of
skewed distribution, therefore it sizes the task,
although not knowing its exact selectivity fac-
tor (i.e., its running time). This restriction
resembles those met by online scheduling al-
gorithms and we are currently evaluating the
applicability of a number of them.

Finally, an implementation of some VAST-
PJ derived algorithms, proposed in [6] is being
built. Our goal is to study the VAST-PJ be-
havior under real join scenarios (not only sim-
ulations) of a experimental parallel database
management system (DBMS). As a DBMS ad-
dresses the issues of data storage and memory
management in very peculiar ways, we think
this kind of experiment is extremely important
in order to analyze the suggested algorithms.
Besides, an effective measure of the overhead,
that of the whole algorithm, and particularly
the one involved on the demand-driven gener-
ation of tasks, could only be met by such an
experiment.

This paper is the first one to introduce the
VAST-PJ, but there is still work to be done. In
the near future, we intend to devote a specific
paper to discuss the detailed architecture and
to present its practical results.

As mentioned earlier, the area lacks com-
parison reports between the different suggested
strategies. Such a report would help gathering
all the research effort together and would be of
great assistance in establishing use profiles for
each algorithm.
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