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Abstract: Query performance is a critical factor in managing large-scale databases. One of the
most widely used optimization techniques is indexing. This study aims to analyze the impact of
indexing on query performance in PostgreSQL, compare the effectiveness of B-Tree and Hash
indexes, and evaluate their influence on query planner decisions. A quantitative experimental
approach was employed using the TPC-H benchmark dataset at scale factors SF0.1, SF1, and
SF10. Experiments were conducted using EXPLAIN ANALYZE on exact match, range, and
join queries under three conditions: without indexing, with B-Tree indexing, and with Hash in-
dexing. The results demonstrate that indexing significantly improves query performance. For
exact match queries on the SF10 dataset, execution time decreased from 93.36 ms without in-
dexing to 0.034 ms using B-Tree and 0.045 ms using Hash indexes. For join queries, execution
time was reduced from 857.77 ms to 0.180 ms using B-Tree and 0.079 ms using Hash indexes.
B-Tree showed consistent performance across different query types, while Hash achieved the
best results for equality-based queries. Furthermore, index usage influenced query planner deci-
sions in selecting more efficient execution strategies. These findings indicate that appropriate
index selection can substantially improve data access efficiency in PostgreSQL.
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Abstrak: Performa query merupakan faktor penting dalam pengelolaan basis data berskala
besar. Salah satu teknik optimasi yang umum digunakan adalah indexing. Penelitian ini
bertujuan menganalisis pengaruh penggunaan indexing terhadap performa query pada
PostgreSQL, membandingkan efektivitas B-Tree dan Hash index, serta mengevaluasi
pengaruhnya terhadap keputusan query planner. Penelitian menggunakan metode eksperimen
kuantitatif dengan dataset benchmark TPC-H pada skala SF0.1, SF1, dan SF10. Pengujian dil-
akukan menggunakan EXPLAIN ANALYZE pada exact match query, range query, dan join
query dalam kondisi tanpa index, menggunakan B-Tree index, dan Hash index. Hasil penelitian
menunjukkan bahwa indexing meningkatkan performa query secara signifikan. Pada exact
match query dataset SF10, execution time menurun dari 93,36 ms tanpa index menjadi 0,034 ms
menggunakan B-Tree dan 0,045 ms menggunakan Hash index. Pada join query, execution time
berkurang dari 857,77 ms menjadi 0,180 ms menggunakan B-Tree dan 0,079 ms menggunakan
Hash index. B-Tree menunjukkan performa yang konsisten pada berbagai jenis query, se-
dangkan Hash index memberikan performa terbaik pada query berbasis equality. Selain itu,
penggunaan index memengaruhi keputusan query planner dalam memilih strategi eksekusi yang
lebih efisien. Hasil penelitian menunjukkan bahwa pemilihan metode indexing yang tepat dapat
meningkatkan efisiensi akses data pada PostgreSQL
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The rapid growth of information
technology and digital transformation has
led to an unprecedented increase in data
volume across various sectors. This con-
dition requires database management Sys-
tems capable of handling data efficiently,
reliably, and at scale. One of the most
widely used relational database manage-
ment systems is PostgreSQL, which is
recognized for its stability, open-source
nature, and extensive support for query
optimization features. PostgreSQL is a
robust and secure open-source relational
database management system that deliv-
ers reliable performance in a wide range
of applications [1]. In large-scale data
environments, query performance plays a
crucial role in determining data access
speed and overall system efficiency [2].

Query performance issues com-
monly arise when database systems pro-
cess large volumes of data without ade-
quate optimization mechanisms [3]. Que-
ries involving data retrieval, filtering, and
table joins may experience significant
increases in execution time when the da-
tabase performs sequential scans over the
entire table [4]. Such conditions lead to
higher computational resource consump-
tion and reduced system efficiency [5].

One of the most widely adopted
techniques for improving query perfor-
mance is indexing. Indexes provide -effi-
cient access structures that enable faster
data retrieval without scanning the entire
table [6]. Among the various indexing
methods available, B-Tree and Hash in-
dexes are the most commonly used. B-
Tree is the default indexing method in
PostgreSQL and supports both exact-
match and range queries due to its or-
dered structure [6]. In contrast, Hash in-
dexes are specifically designed for equal-
ity comparisons and are theoretically
more efficient for exact-match queries
[7]. These differences indicate that the
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effectiveness of each indexing method
depends on the characteristics of the que-
ry being executed [8].

Previous studies have demons
trated that indexing can significantly im-
prove query performance compared to
non-indexed databases [4], [9]. However,
most existing research primarily focuses
on execution time measurements without
examining how different indexing meth-
ods influence query planner decisions in
selecting execution strategies. Further-
more, comparative studies evaluating the
performance of B-Tree and Hash indexes
across different query types and data
scales remain limited. This issue is par-
ticularly important because the -effective-
ness of an indexing method may vary as
dataset size increases; an index that per-
forms well on small datasets may not ex-
hibit the same efficiency on larger da-
tasets [10].

Therefore, this study aims to ana-
lyze the impact of indexing on query per-
formance in PostgreSQL, compare the
effectiveness of B-Tree and Hash indexes
for exact-match, range, and join queries,
and evaluate their scalability using the
TPC-H benchmark dataset at scale fac-
tors SF0.1, SF1, and SF10. In addition,
this study investigates how different in-
dexing methods influence query planner
decisions when selecting query execution
strategies. This research contributes by
providing a comparative analysis of B-
Tree and Hash index performance across
various query types, evaluating the im-
pact of data growth on indexing perfor-
mance, and offering insights into the rela-
tionship between indexing methods and
query planner behavior in PostgreSQL.

METHOD
Research Approach
This study employed a quantita-
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tive experimental method with a compar-
ative approach to analyze the impact of
indexing on query performance and que-
ry planner decisions in PostgreSQL. The
experimental method was selected be-
cause it enables direct measurement of
query performance under controlled test-
ing conditions. Experimental approaches
have been widely used in database opti-
mization studies to evaluate the effec-
tiveness of indexing techniques and que-
ry execution strategies [9]. This research
compares two indexing methods, namely
B-Tree and Hash indexes, across differ-
ent query types and data scales.
Dataset and Experimental Environ-
ment

This study utilized the TPC-H
benchmark dataset, which is widely used
for evaluating the performance of analyt-
ical database systems and query pro-
cessing across different data scales [11].
Experiments were conducted using three
dataset scales: Scale Factor (SF) 0.1,
SF1, and SF10, representing small, me-
dium, and large datasets, respectively.
PostgreSQL version 16.13 was used as
the database management system. Query
performance was analyzed using the EX-
PLAIN ANALYZE command to obtain
information  regarding  execution  time,
planning time, and execution plans.

Experimental Scenarios

The experiments were conducted
under three conditions: without indexing
(No Index), using a B-Tree index, and
using a Hash index. Each condition was
evaluated using three query types:

1. Exact-match queries using the
equality (=) operator.
Range queries using the BE-
TWEEN operator.
Join queries between related
tables based on relational at-

2.

3.

tributes.

All queries were executed on the
SFO0.1, SF1, and SF10 datasets. Each ex-
perimental scenario was repeated five
times. The first execution was used as a
cache initialization phase (cold cache),
while the remaining four executions were
used to calculate the average execution
time (warm cache). Repeated executions
were performed to minimize result varia-
tions caused by caching mechanisms and
to obtain more consistent benchmarking
results.

Performance Metrics

The primary performance metrics
analyzed in this study are presented in
Table 1.

Table 1. Measurement Parameters

Metric Description

Query execution

Execution time
time

Time required by
the query planner to
determine an execu-

tion strategy

Planning Time

Type of scan used
during query execu-
tion

Scan Type

Number of scanned

rows that were not

used in the final re-
sult

Rows Removed

Query execution
strategy selected by
PostgreSQL

Query Plan
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The average query execution time
was calculated using the following equa-
tion:

T,
N
Where:
T = average execution time

(D
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T;= execution time of the i-th experiment
N = total number of experimental runs

Query Planner Analysis

Query planner analysis was con-
ducted using the output of EXPLAIN
ANALYZE in PostgreSQL to identify
query execution strategies based on the
cost-based optimization approach [12],
[13]. The analysis focused on the utiliza-
tion of Sequential Scan, Parallel Sequen-
tial Scan, Index Scan, and Nested Loop
Join.

Unlike previous studies that pri-
marily focused on execution time meas-
urements, this research also evaluates the
influence of different indexing methods
on query planner decisions when select-
ing execution strategies. This analysis
provides a deeper understanding of the
relationship between indexing techniques
and query optimization effectiveness in
PostgreSQL.

Data Analysis

The experimental results were an-
alyzed using a comparative approach to
evaluate query performance under differ-
ent indexing conditions and dataset
scales. The analysis focused on execution
time, execution plans, and data access
strategies selected by the query planner.
In addition, scalability analysis was con-
ducted to assess performance changes as
the dataset size increased from SFO.1 to
SF10. This comparative approach was
employed to identify the relationship be-
tween indexing methods, query charac-
teristics, and database system perfor-
mance [14].

RESULTS AND DISCUSSION

Exact-Match Query Performance

Exact-match query experiments
were conducted to evaluate the perfor-
mance of equality-based data retrieval
under three conditions: without indexing,
using a B-Tree index, and using a Hash
index. Table 2 presents the average exe-
cution time of exact-match queries for
each experimental scenario.

Table 2. Average Execution Time of
Exact-Match Queries (ms)

Dataset "° '™ BTree Hash
dex

SFO0.1 5.77 0.25 0.10

SF1 14.92 0.046 0.033

SF10 93.36 0.034 0.045
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Figure 1. Average Execution Time of
Exact-Match Queries

Based on Table 2 and Figure 1,
the use of indexes significantly improved
query performance compared to the no-
index scenario. On the SF10 dataset, exe-
cution time decreased from 93.36 ms to
0.034 ms using a B-Tree index and 0.045
ms using a Hash index. These results in-
dicate that both indexing methods sub-
stantially ~reduce data access costs
through the use of Index Scan operations.
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Hash indexes demonstrated sligh
tly better performance on the SFO0.1 and
SF1 datasets, whereas both indexing
methods exhibited comparable performa
nce on the SF10 dataset. These findings
suggest that both B-Tree and Hash in-
dexes are highly effective for exact-
match queries, with Hash indexes gener-
ally providing advantages for equality-
based search operations due to their hash-
based lookup mechanism.

Range Query Performance

Range query experiments were
conducted using the BETWEEN operator
to evaluate the effectiveness of each in-
dexing method in handling range-based
data retrieval. Table 3 presents the aver-
age execution time of range queries for
each experimental scenario.

Table 3. Average Execution Time of

Range Queries (ms)

No In-

contrast, the Hash index did not provide a
significant performance improvement, as

PostgreSQL  continued to utilize a
Sequential Scan strategy.
This behavior occurs because

Hash indexes do not maintain data in a
sorted order, making them unsuitable for
efficient range-based searches.
Consequently, PostgreSQL cannot
effectively  utilize Hash indexes for
queries  involving the = BETWEEN
operator. These findings highlight the
superiority of B-Tree indexes for range
queries and demonstrate their flexibility
in supporting different query workloads.

Join Query Performance

Join query experiments were con-
ducted to analyze the impact of indexing
on table join operations. Table 4 presents
the awverage execution time of join que-
ries for each experimental scenario.
Table 4. Average Execution Time of Join

Dataset dex B-Tree Hash Queries (ms)

SF0.1 3.46 3.46 4.01 Dataset No Index B-Tree Hash
SF1 18.32 0.335 2152 SF0.1 21.36 0.13 0.16
SFI0 5577 0172 56.62 SF1 12293 0136  0.136

SF10 857.77 0.18 0.079

Average Execution Twme of Range .
Cruenes Exa .|I. T umie ol i
r—ﬂ_ﬂ_ﬁ-

Figure 2. Comparison of Average Execu-
tion Time for Range Queries

Based on Table 3 and Figure 2,
the results indicate that B-Tree is the
most effective indexing method for range
queries. On the SF10 dataset, execution
time decreased from 55.77 ms to 0.172
ms after applying a B-Tree index. In
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Figure 3. Comparison of Average Execu-
tion Time for Join Queries

Based on Table 4 and Figure 3,
the use of indexes resulted in a substan-
tial improvement in query performance
compared to the no-index scenario. On
the SF10 dataset, execution time de-
creased from 857.77 ms to 0.180 ms us-
ing a B-Tree index and 0.079 ms using a
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Hash index.The results indicate that Hash
indexes achieved the best performance
for equality-based join queries. This ad-
vantage can be attributed to the hashing
mechanism, which enables faster lookup
operations than tree traversal. Further-
more, index utilization reduced the num-
ber of rows processed during query exe-
cution, thereby improving the owverall ef-
ficiency of join operations. These find-
ings demonstrate the importance of ap-
propriate index selection in optimizing
join query performance, particularly
when processing large-scale datasets.

Query Planner Behavior

The output of EXPLAIN ANA-
LYZE was examined to identify the que-
ry execution strategies selected by Post-
greSQL  under different experimental
conditions.
Table 5. Query Planner Decision Patterns

Condition Query Planner Strategy
ial Parallel
No Index Sequential Scan/Parallel Seq
Scan
B-Tree Exact
Match Index Scan
B-Tree Range Index Scan
Query
Hash Bxact-
Index Scan
Match Query X
H
ash Range Sequential Scan
query
Join Query
+
With Indexes Nested Loop + Index Scan
The results indicate that Post-
greSQL  adaptively selects execution

strategies based on query characteristics
and index availability. Under the no-
index condition, PostgreSQL relied on
Sequential Scan or Parallel Sequential
Scan, resulting in increased execution
time as the dataset size grew. When B-
Tree indexes were applied, the query
planner consistently selected Index Scan
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for both exact-match and range queries.
In contrast, Hash indexes were utilized
only for equality-based operations, while
range queries continued to use Sequential
Scan because Hash indexes do not sup-
port ordered data access. For join queries,
PostgreSQL selected a combination of
Nested Loop and Index Scan, which sig-
nificantly improved data access efficien-
cy. These findings show that the execu-
tion strategy chosen by PostgreSQL is
closely related to both query characteris-
tics and the indexing method applied.

Discussion

The results demonstrate that in-
dexing significantly improves query per-
formance compared to the no-index con-
dition. As the dataset size increased from
SF0.1 to SF10, execution time in the ab-
sence of indexes increased substantially,
whereas both B-Tree and Hash indexes
maintained  consistently low execution
times. These findings indicate that index-
ing provides good scalability in maintain-
ing data access efficiency as data volume
grows.

B-Tree proved to be the most ver-
satile indexing method, delivering per-
formance improvements for exact-match,
range, and join queries. Its ordered data
structure enables PostgreSQL to effi-
ciently utilize Index Scan operations
across various query patterns [8]. In con-
trast, Hash indexes achieved the best per-
formance for exact-match and equality-
based join queries but were ineffective
for range queries because they do not
support ordered data access [15].

In addition to the indexing meth-
od, the results also indicate that query
optimization effectiveness is influenced
by the execution strategies selected by
the query planner. The query planner
consistently  utilized Index Scan when
suitable indexes were available and re-
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verted to Sequential Scan when an index-
ing method could not efficiently support
a particular query type. Therefore, query
performance improvements depend not
only on the presence of indexes but also
on PostgreSQL's ability to utilize those
indexes effectively through its cost-based
optimization mechanism.

CONCLUSION

This study demonstrates that in-
dexing significantly improves query per-
formance in PostgreSQL compared to the
no-index condition. B-Tree proved to be
the most versatile indexing method,
providing substantial performance im-
provements for exact-match, range, and
join queries. In contrast, Hash indexes
achieved the best performance for exact-
match and equality-based join queries but
were ineffective for range queries. The
results also indicate that the indexing
method influences query planner deci-
sions in selecting query execution strate-
gies.

The main contribution of this
study is the comparative analysis of B-
Tree and Hash index performance across
different query types and data scales, as
well as the evaluation of their impact on
query planner behavior in PostgreSQL.
Future research may extend this work by
investigating  other indexing methods,
such as BRIN, GIiST, and GIN, and by
evaluating their performance using larger
datasets and more complex workloads.
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