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Abstract—The increasing volume and complexity of
data in modern applications necessitates flexible and
high-performance database systems. Traditional
relational databases struggle with unstructured data,
whereas existing NoSQL solutions often sacrifice either
query speed, ease of use, or persistence. This paper
presents ZenDB, a document-oriented NoSQL database
that integrates rapid in-memory sorted indexing, SQL-
like querying, and JSON-based persistence. ZenDB
provides fast equality and range queries, automatic
index maintenance, persistent storage, and a familiar
query interface for developers. We present a detailed
architecture, implementation strategies, performance
evaluation with large-scale datasets, and comparisons
with existing NoSQL and relational systems. Results
demonstrate  that ZenDB  offers  significant
improvements in query efficiency and system
durability, making it suitable for real-time analytics,
lightweight web applications, and large-scale data
storage solutions.

Index Terms—NoSQL, Document Database,
Persistence, SQL-like Query, Sorted Index, Rapid
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I. INTRODUCTION

Data-driven applications increasingly rely on flexible
stor- age systems capable of handling structured,
semi-structured, and unstructured data. Traditional
relational databases are efficient for well-defined
schemas but suffer performance penalties when
schemas evolve or when handling complex JSON
documents. NoSQL databases address schema flex-
ibility but present challenges in query speed,
persistence mechanisms, and developer usability.
ZenDB is designed to bridge this gap by offering
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rapid, persistent, and easily queriable document
storage.

A. Motivation

Existing NoSQL solutions often require manual

index creation, and unindexed queries can be

prohibitively slow, defaulting to O(N ) linear scans.

Furthermore, lightweight in-memory databases risk

data loss due to the absence of persistent storage, a

critical limitation for production systems. ZenDB

addresses these issues by:

- Employing in-memory sorted indexes for O(log n)
equality and range queries, minimizing latency for
common analytical workloads.

- Persisting collections to JSON files using an
atomic snapshot mechanism, ensuring durability
and crash con- sistency.

- Supporting a SQL-like query language for
developer familiarity and reducing the learning
curve.

- Automatically maintaining indexes on inserts,
updates, and deletions, eliminating manual index
management overhead.

B. Contributions

This paper makes the following contributions:

1) Design of a rapid, sorted array-based in-memory
indexing mechanism (SortedIndex) tailored for
document- based NoSQL databases, supporting
O(log n) search performance.

2) Implementation of JSON-based persistent storage
integrated with an atomic rename strategy and
automatic index rebuilding for robust durability
and recovery.

3) Development of a SQL-like query engine
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supporting full CRUD operations (SELECT,
INSERT, UPDATE, DELETE) with complex
WHERE  clauses and  index-intersection
optimization.

4) Comprehensive performance evaluation using
large- scale synthetic datasets (10 million
documents) and detailed algorithmic analysis.

5) Comparative analysis with  state-of-the-art
systems, including MongoDB and SQLite,
demonstrating superior indexed query
performance.

II. RELATED WORK

A. Document-Based NoSQL Databases
Document-oriented databases such as MongoDB [?],
CouchDB [?], and RethinkDB store documents as
flexible key-value pairs. MongoDB is feature-rich,
allowing field- level indexing via B-trees, but its
disk-based nature intro- duces 1/O latency. CouchDB
relies heavily on MapReduce views for querying,
which are static and less suited for dynamic ad-hoc
queries. RethinkDB supports continuous live

queries but has complex persistence management for
high- velocity inserts. ZenDB differentiates itself by
optimizing for a specific niche: maximizing in-
memory query speed for range and equality
conditions while offering a simple, durable
persistence model.

B. Indexing Strategies

The choice of index structure dictates query
complexity. Hash-based indexes offer O(1) equality
lookup but cannot efficiently support range queries.
Tree-based indexes, specifically B-trees or B+-trees
[?], are the standard for disk- based systems,
offering O(log N ) search time but involving
balancing operations and higher memory overhead
due to pointer storage. ZenDB introduces a sorted
array-based index (SortedIndex) with value-to-
document ID mappings, optimized for **in-memory
operations**. This eliminates disk-seek time and B-
tree balancing overhead, offering a performance
advantage for datasets residing in RAM [?].

C. SQL-like Interfaces for NoSQL

Projects like Apache Drill [?], Presto, and Spark SQL
enable querying semi-structured data using SQL
syntax, but these often require external query engines
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and additional configuration layers. The goal of
ZenDB is to natively parse SQL-like queries, offering
intuitive CRUD operations and conditional queries
directly within the lightweight database engine,
similar in philosophy to lightweight embedded
relational databases.

D. Persistence Mechanisms

Durability in lightweight databases is achieved
through various mechanisms [?]. Append-only logs
ensure durability but complicate recovery and
compaction. Snapshots (like those used in Redis
RDB) simplify persistence but require the entire index
to be rebuilt. ZenDB adopts the JSON snapshot
approach, where collections are stored in text files,
and trades a longer startup/recovery time for
simplicity, full schema flexibility, and guaranteed
crash consistency via atomic file operations.

II. SYSTEM ARCHITECTURE

ZenDB is designed with five key components:
Collections, Documents, the Sorted Index, the Query
Engine, and the Persistence Layer.

A. Collections and Documents

A **Collection** is the primary data container,
implemented as an in-memory dictionary (hash
map) that maps unique **Universally Unique
Identifiers (UUIDs)**  to **Documents**. A
**Document** is a flexible key- value structure,
effectively a Python dictionary, allowing for
schemaless data storage. Using UUIDs ensures key
unique- ness and allows document references without
relying on a sequential integer ID, which simplifies
sharding in potential future distributed architectures.

B. Sorted Index

The SortedIndex is the performance core. For each

indexed field, it maintains two internal structures:

1) Sorted Value Array (V): A dynamic array of all
unique field values, kept strictly sorted. This
structure is essential for O(log n) binary search
across both equality and range conditions.

2) Value-to-ID Map (M): A hash map where each
key is a unique value from V, and the value is
a **set of Document UUIDs** referencing all
documents containing that value. This set is
crucial for efficient multi- document lookup and
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index intersection.Insertion, deletion, and
update  operations  automatically and
synchronously update these structures to
maintain index consistency.
C. Query Engine
The Query Engine supports parsing the SQL-like
syntax (SELECT, INSERT, UPDATE, DELETE)
with a powerful WHERE clause parser. The engine
employs an optimization strategy that prioritizes
indexed fields. It generates a **Candidate
Document Set** by performing high-speed
**set intersection** on the document ID sets
retrieved from the SortedIndex objects. This approach
drastically minimizes the number of documents that
must be fully retrieved and checked against the
remaining non-indexed conditions.
D. Persistence Layer
The Persistence Layer manages disk I/O. Collections
are stored in JSON files (collection_name.json). Write
operations are handled via an **atomic snapshot
mechanism**,  ensuring data  durability. On
application load, the JSON files are read, documents
are reconstructed into the in-memory Collection hash
map, and all associated SortedIndex objects are
rebuilt from scratch, guaranteeing index accuracy
relative to the persisted data.

IV. IMPLEMENTATION DETAILS AND DATA
STRUCTURES

ZenDB is implemented in Python 3.13, utilizing
highly optimized native data structures for maximum
performance.

A. Data Structures in Depth

- Collection: Implemented as a Python dict for O(1)
document retrieval by UUID. It encapsulates the
document storage and the index manager.

- Document: A standard Python dict, representing
the schemaless JSON document.

- SortedIndex: Relies on a sorted Python list for
the V array, facilitating binary search algorithms
(bisect module), and a Python dict mapping values
to Python set objects for the M map. Sets provide
fast O(1) addition/removal of UUIDs and O(N ) set
intersection for query optimization.
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B. Core Algorithms

1) Binary Search for Retrieval: The core

algorithm for both equality (search_eq) and range

(search_range) queries is a modified binary search

on the V array.

- Equality Query: A standard binary search finds the
target value’s position in V in O(log n), and the
corre- sponding document ID set is retrieved from
M in O(1).

- Range Query: Two binary searches (lower bound
and upper bound) quickly identify the relevant
contiguous slice of V. Document ID sets for all
values in this slice are aggregated via set union.

2) Index Maintenance and Consistency: Any
operation that modifies an indexed field triggers an
immediate, syn- chronous update to the SortedIndex.
- **nsert:** Requires an O(log n) search

followed by an O(n) array insertion/shift in V

(worst case for full array) and an O(1) set addition

in M.

- **Update:** Involves an O(log n) removal of the
old value mapping and an O(log ) insertion of
the new value mapping.

- **Delete:** Requires locating and removing the
docu- ment’s UUID from the ID set in M. If the set
becomes empty, the value is removed from V.

The synchronous approach ensures immediate

consistency, guaranteeing **Read-Your-Writes**

durability, which is paramount in real-time systems.

C. Query Examples

INSERT INTO users ( name , age , city )
VALUES (’Alice’, 30, 'NewYork ’);
SELECT * FROM users WHERE age=30 AND cit
y="New

UPDATE users SET age=31 WHERE name="
Alice’;

DELETE FROM users WHERE age <25;

V. PERFORMANCE EVALUATION
METHODOLOGY

To rigorously evaluate ZenDB’s design, we
conducted a comprehensive performance study using
large-scale synthetic data and compared it against
established systems.

A. Experimental Setup and Competitors
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- Hardware: Intel Core 19, 32GB RAM, SSD
Storage.

- Software: Python 3.13 (ZenDB prototype),
MongoDB

7.0 (with B-Tree indexes), SQLite 3 (with B+-

Tree indexes).

- Dataset: Synthetic dataset of 10 million
documents.

Document Schema: { i UUID, “name”™ string, “age’™ itnotcbge

r fab8e105tha neithye”: nata i @ @- joSikn

witigteglieldataliz eldKByrdhdom sting )

Fields age and city were indexed for ZenDB,

MongoDB, and SQLite.

B. Benchmarking Metrics and Queries
1) Query Latency: Measured as the average

time over 1,000 warm-up-excluded runs (ms).

- Q1 (Equality): SELECT * FROM collection
WHERE agesh=ift worst-case complexity for
insertion into the V array, 30 (High Selectivity,
Indexed) the operation remains purely in-memory,
bypassing the disk

- Q2 (Range): SELECT * FROM  collection
WHERE age >1/0 and complex
logging/transaction mechanisms of the 30 AND
age < 35 (Medium Selectivity, Indexed)
competitors, which dominate their write latency.

- Q3 (Compound): SELECT * FROM collection
WHERE age = 30 AND city = ’Springfield’
(Index Intersection)

- Q4 (Non-Indexed): SELECT * FROM collection
WHERE data =

’specific_random_string’ (Linear Scan Baseline)

2)  Write Throughput and Index Rebuild:
Throughput was measured in operations per second
(ops/sec) for INSERT, UPDATE, and DELETE.
Index Rebuild Time measures the time required to
load the 10 million documents from disk and fully
reconstruct all in-memory SortedIndex structures.

C. Results and Comparative Analysis

TABLE I: Expanded Query Latency Comparison
(ms)

age=30)

Q2 (Range, 4.8 1050.2 7.1 59
30jage;35)

Q3 35 920.8 6.2 4.5
(Compound)

Q4 (Non- | 645.1 649.9 630.5 |640.1

Indexed)

TABLE II: Write Operation Throughput Comparison
(oper- ations/sec)

Operation ZenDB-  [MongoDB|SQLite
Indexed
Insert 12,010 9,850 {11,500
Update (Indexed 9,540 7,920 8,510
Field)
Delete 8,720 8,100 {9,010

Query Type| ZenDB- | ZenDB- [MongoDBSQLite
Indexed |NonIndexed

Q1 2.1 650.4 4.5 32
(Equality,
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1)  Comparative Analysis of Query Performance:
The re- sults in Table I demonstrate that ZenDB-
Indexed offers sig- nificant latency reduction
compared to both its non-indexed counterpart (150x
speedup for Q1) and competing systems. The key
advantage lies in the in-memory nature and the con-
tiguous storage of the V array, which minimizes the
overhead associated with cache misses and pointer
following inherent in disk-based B-tree navigation.
For compound queries (Q3), the efficiency of the
setintersection on UUIDs proves

competitors.

2) Analysis of Write Throughput: Table 11
shows that while ZenDB’s synchronous index
maintenance incurs a small overhead compared to its
non-indexed mode, its overall write throughput
remains competitive or superior to Mon- goDB and
SQLite. This is because, despite the O(n) array

3) Durability and Index Rebuild Cost
Analysis: The mea- sured 42.5 second Index Rebuild
Time (Table III) is the primary cost of ZenDB’s
simplicity. While high, it represents a guaranteed
recovery time based purely on the data file, ensuring
index accuracy after any system failure. The 15%
write time increase due to JSON persistence is
acceptable for lightweight applications but signals
the necessity for asynchronous or binary persistence
for high-velocity write scenarios.
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VI. DETAILED IMPLEMENTATION: INDEX
AND QUERY ENGINE MECHANICS

A. The SortedIndex Structure and O(log n)
Operations

The SortedIndex object is the linchpin of ZenDB’s

per- formance, explicitly leveraging the strengths of

in-memory computing.

1) Insertion and Deletion Complexity: The

SortedIndex must maintain a sorted array V. When a

new unique value is inserted, the array requires an

O(n) insertion/shift operation in the worst case,

where n is the number of unique values. However,

given that n (cardinality) is typically far smaller than

N (total document count) for most useful index fields,

the practical penalty is minimal, and the simplicity of

the structure outweighs the complexity of maintaining

a balanced tree.

2) Range Query Logic: For a range query, such as
age >

30 AND age <40:

1) Two independent binary searches on the sorted
array V find the precise indices for the lower and
upper bounds in O(log n).

2) The Query Engine iterates through the resulting
slice of V, retrieving the document ID sets from
the hash map M.

3) All retrieved ID sets are merged using a

**set union**, The total complexity is dominated

by the binary search,

O(log n), making it exceptionally fast for

selective range

conditions.

B. Query Optimization and Execution Flow

The ZenDB Query Engine follows a sophisticated

**filter- based optimization** strategy designed to

minimize the final document retrieval cost.

1) Parsing and Standardization: The SQL-like query
is converted into a standard internal Abstract
Syntax Tree (AST).

2) Predicate Identification and Mapping: The
WHERE clause is broken down into indexable
and non- indexable atomic predicates.

3) Candidate Set Generation: For each indexable
pred- icate, a set of matching document UUIDs is
retrieved. These sets are combined using **set
intersection**. This is the core optimization,
rapidly reducing the search space to a small
CandidateDocumentSet.
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4) Final Document Retrieval and Filtering: The
Can-

didate UUIDs are used to fetch the full document

payloads from the Collection hash map. Any

remaining non-indexable predicates are applied via a

final, much shorter linear scan.

VII. PERSISTENCE MECHANISM IN DEPTH

ZenDB’s persistence strategy is defined by simplicity
and crash consistency.

A. The Atomic Write Mechanism

To prevent data corruption during disk I/O, ZenDB

em- ploys an **atomic snapshot mechanism**.

1) Serialization: The entire in-memory Collection is
se- rialized into a JSON string.

2) Temporary Write: The JSON string is written to a
temporary file (collection_name.json.tmp).

3) Atomic Rename: A system-level rename()
operation atomically replaces the original
collection_name.json file with the temporary one.

This technique guarantees that the disk always holds

a valid, complete state (either old or new), thus

providing **crash consistency** without the

complexity of transactional log- ging.

B. Index Rebuilding as a Self-Healing Strategy

The reliance on index rebuilding upon load serves as
a self-healing mechanism. Since the index is
ephemeral and derived entirely from the crash-
consistent data file, the system is fundamentally
robust against index corruption. The system trades a
longer startup time for guaranteed index accuracy, an
acceptable compromise for many lightweight
applications.

VIII. CASE STUDY: REAL-TIME WEB
APPLICATION (EXPANDED
ANALYSIS)

The real-time analytics dashboard demonstrated
ZenDB’s unique value proposition in a production
scenario.

A. The Event Velocity Challenge
The application generated 50 million events/day.
ZenDB was used to manage the last **7 days of
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hot data** (= 700 million documents) in memory,
with older data archived. This configuration provided
sub-10ms query latency for dashboard filters and
aggregations. ZenDB’s performance in this high-
velocity read environment was a direct result of
its SortedIndex, which executed compound analytical
filters faster than conventional B-tree systems.

B. Comparative Indexing Efficacy

For a complex compound query, such as SELECT
COUNT (*) FROM events WHERE age> 25 AND
city = ’Springfield’, ZenDB’s 3.5 ms latency
showcases the efficacy of the set intersection on
O(log n) results, validating the architectural choice
for real-time filtering in Big Data environments.

IX. DISCUSSION AND CRITICAL ASSESSMENT
(DEEPENED)

A. The Inherent Memory Barrier

ZenDB’s most severe constraint is  the
MemoryBarrier. Its single-node implementation
limits its capacity to the available physical RAM,
effectively restricting its scope to
**medium-to-large single-node workloads** (up to
hundreds of millions of documents). For petabyte-
scale datasets, a distributed or disk-based solution
remains necessary.

B. Concurrency Control and Write Blocking

The current single-process model dictates that every
write operation **blocks all other operations** until
index mainte- nance and synchronous persistence are
complete. This is un- suitable for high-concurrency
environments (e.g., thousands of concurrent writers).
This necessitates the immediate future
implementation of **non-blocking reads** and a

robust concurrency control mechanism.

C. Persistence Efficiency vs. Simplicity Trade-off
The JSON persistence method maximizes simplicity
and readability but introduces two penalties: high
CPU utilization during serialization/deserialization,
and high disk usage due to the textual format. The
42.5 second index rebuild time serves as a clear
metric for this trade-off—a duration too long for
mission-critical ~ systems requiring  sub-second
recovery.
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X.FUTURE WORK AND PROPOSED
ENHANCEMENTS (DETAILED ROADMAP)

A. Advanced Query Engine Functionality

To meet the demands of sophisticated applications,

the query language must be enriched:

- Complex Predicates: Full implementation of
OR, NOT, and IN clauses requires modifying
the Query Engine’s set logic to use set union
and set difference operations on the document
ID sets, maintaining the speed of index
operations.

- Aggregation and Grouping: Adding native support
for GROUP BY, HAVING, and aggregate
functions (SUM, COUNT, AVGQG). This will be
implemented by creating intermediate in-memory
columnar views to efficiently perform aggregations
on the final Candidate Document Set.

B. Transactional Guarantees and Concurrency
Control

1) ACID Transactions: The primary path to
full durability is the integration of a **Write-Ahead
Log (WAL)**. All write operations will first be
logged to a durable, append-only WAL file before the
in-memory index is updated. The JSON snapshot
would occur periodically, and the WAL would be
replayed during recovery, drastically reducing
recovery time from seconds to milliseconds.

2) Multi-threaded Access: The implementation of
Reader — Writer locks on the Collection and
SortedIndex structures is crucial. This model allows
multiple concurrent readers but serializes write
access, ensuring Isolation and high read
throughput in  multi-threaded  application
environments.

C. Optimized Persistence and Index Storage

The JSON strategy must be replaced for large-scale

dura- bility:

- Binary Persistence: Adopting compact binary
formats like **Apache Arrow** or **Protocol
Buffers** will reduce serialization latency and file
size, addressing the 15% write overhead.

- Persistent Index Storage: The SortedIndex
structure itself should be serialized to disk. This
would reduce the index rebuild time from seconds
to milliseconds, as the index would only need to be
loaded, not reconstructed.
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D. Distributed Architecture for Scalability

The final stage is the implementation of horizontal

scala- bility:

- Sharding: Implementing a consistent hashing or
range- based sharding mechanism to distribute
collections across multiple physical nodes. The
SortedIndex mech- anism is highly amenable to
this, as index lookups can be executed locally and
concurrently on each shard.

- Replication: Introducing primary-replica
replication for high availability and read load
distribution.

XI. CONCLUSION

ZenDB successfully combines in-memory sorted
indexing, SQL-like querying, and JSON-based
persistence to provide a lightweight, high-
performance document-based NoSQL database.
Performance evaluation demonstrates significant
gains in query efficiency, with 100x to 150x speedup
for indexed operations over linear scans and superior
latency compared to B-tree based competitors.
ZenDB’s architectural simplicity provides robust
crash consistency and developer usability, making it
highly suitable for real-time applications, analytics,
and medium-to-large single-node data storage solu-
tions. Future work will focus on achieving ACID
compliance and horizontal scalability to address the
current memory and concurrency limitations.
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