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Abstract
JSON Relational Duality is a novel solution to the object-relational

impedance mismatch problem. By decoupling the data access model

from the data storage model, application data can be read and writ-

ten in terms of application-friendly hierarchical JSON documents

using Duality Views, even when the underlying data is stored in

the form of normalized relational tables (that can include JSON

columns for schema flexibility). When data is stored natively as

JSON documents, shared data is duplicated across many documents.

With duality views, different JSON documents can efficiently share

the same underlying data without any data duplication, or the risk

of data divergence. Duality views also use a novel value-based op-

timistic concurrency control protocol that enables stateless APIs

such as REST to be used across multiple reads and writes with full

transactional consistency. JSON Relational Duality is a transforma-

tive breakthrough for application development that preserves the

best of both worlds: Developer-friendly JSON-oriented access to

application objects, combined with the power (efficiency, integrity,

and composability) of the relational model.

This paper describes the concepts of JSON Relational Duality and

various aspects of its implementation in Oracle Database Release

23ai. It also poses some interesting questions for further research.

CCS Concepts
• Information systems→ Data model extensions.
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1 Introduction
The Object-Relational Impedance Mismatch problem is a long stand-

ing problem for application developers using relational databases.

Applications prefer to process data in terms of use-case-specific

hierarchical objects, while relational databases store and process

data in terms of normalized tables. In a sense, pre-relational IBM-

IMS [22] was closer to what today’s developers want and JSON

document databases can be viewed as IMS reincarnations.

Previous attempts to solve the object-relational impedance mis-

match problem have had limited success. Some attempts [3, 5]

stored hierarchical objects directly in the database which added

to development complexity by introducing a complex object type

system. Storing objects directly in the database also duplicates

underlying data and loses the benefits of data normalization. In ad-

dition to object types, XML support was added to SQL [9], allowing

the expression of hierarchical structures as XML. More recently,

document databases [24] have tried to address this problem by stor-

ing application objects using a type-free text format, such as JSON.

Support for JSON was added to relational databases [23], paving

the way for a convenient data access model. However, it also in-

troduced significant data duplication across documents
1
that share

the same contents (such as different order documents that include

the same product). Like any hierarchical data model, JSON suffers

from the same problem as IMS: hierarchies need a root, and finding

a single hierarchy that is suitable for all use cases is impossible for

most applications. Therefore, data is stored in multiple hierarchies

(JSON documents) and shared data needs to be duplicated.

Other attempts added Object Relational Mapping (ORM) lay-

ers [13, 25] to translate application object accesses to database table

accesses, often introducing inefficient SQL and requiring multiple

databases round trips for single object retrieval. Furthermore, ORMs

are programming language-specific, making it impossible to share

mapping information across microservices written in different lan-

guages.

1
We use the words document and object interchangeably in this paper.
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We propose a novel solution known as JSON Relational Dual-
ity, in which we decouple the access model from the storage
model. Application object data is read and written in terms of

application-friendly JSON documents, while the underlying storage

may remain in normalized relational tables to eliminate storage du-

plication even if application objects have duplicated contents. With

JSON Relational Duality, you can optionally include de-normalized

storage (such as JSON datatype columns) for schema flexibility [18],

obsoleting the need for document databases, and avoiding compo-

sition and de-composition cost for fully-owned objects. With JSON

Relational Duality, JSON datatype-enabled relational databases can

provide enriched document functionality that is superior to docu-

ment databases, and far superior to the support and performance

provided by glued-on ORM frameworks. We also introduce a novel

optimistic concurrency control protocol to guarantee consistent

updates to application objects, regardless of how much content

duplication is present across the application objects. JSON Rela-
tional Duality is a truly transformative breakthrough for ap-
plication development that preserves the best of both worlds:
convenient and efficient document-based access to application ob-

jects; flexible, extensible, and highly efficient normalized relational

storage along with schema flexibility and de-normalized document

storage capability.

2 Related Work
The impedance mismatch between the flat relational model and

the hierarchical object model has promoted research on updatable

object views over relational storage. Literature [11] surveys two ap-

proaches to this. The first is a generic declarative approach based on

the view definition. The second uses an abstract datatype approach

with procedural coding. Keller et al. [15] follow the declarative

approach that lays out the semantic foundational work on updat-

able object views over relational storage. However, since there is

no RDBMS that supports a native hierarchical object data model

inside a purely relational database, there is no implementation for

either approach. The current popular industry practice for devel-

opers is to use Object Relational Mapping tools executed in the

middle tier [13]. During the object-relational DBMS wave, both

object-type views [2] and XMLType views [12] enabled users to

construct hierarchical object views over the relational model in

Object/XML-enabled RDBMS. However, updatable object-type and

XMLType views where updates are automatically handled by the

database are NOT fully supported by any database. Instead, users

are required to write an instead-of-trigger [1] to update such object

or XMLType views. The instead-of-trigger approach essentially

follows the abstract datatype approach with procedural code dis-

cussed in [11]. On the other hand, XQuery (XQUF) updates on XML

views over relational tables were researched in [10]. Separately,

updates over XML views and their propagation to the underlying

relational tables were implemented in [6] and [7]. Our approach is

different from these works, as our DMLs are not just restricted to

the propagation of updates of leaf scalars to updates of columns

in the underlying tables. We also handle insertion and deletion of

rows from the underlying tables. Our solution is comprehensive

in nature since we also handle schema-flexible cases. Another key

differentiation is that we compute both document- and row-level

ETags for each input row so that updates can simply compare ETags

instead of comparing every selected column value.

3 Key Contributions
To the best of our knowledge, JSON Relational Duality is the first

practical solution that supports a DBMS native update of object

views over the relational model in a completely declarative manner.

Our solution leverages the popular JSON hierarchical data model

support in a JSON datatype-enabled RDBMS [19]. It integrates the

strength of both approaches outlined in [11] but also accomplishes

the goal of native object view update fully inside DBMS as Keller

et al. [15] describe. In addition, JSON Relational Duality provides

many useful features, including optimistic concurrency control.

The underlying tables composing a duality view can be updated

concurrently (direct table updates). This is different than the ap-

proach proposed in [21] for updating XMLType objects that are

shredded and stored in multiple relational tables that are internally

owned and controlled by the XMLType object.

The key contributions of this paper are enumerated below.

(1) We introduce the concept of a ‘Duality View’ as a means of

achieving document and relational duality. The duality view

definition leverages and extends an intuitive GraphQL [30]

like syntax to ease the hierarchical construction of JSON

over a set of relational tables linked via primary key and

foreign key references. The GraphQL syntax is conceptually

like SQL macros over the standard SQL/JSON generation

functions.

(2) The duality view definition allows declarative DML and con-

currency control configurations using custom GraphQL di-

rectives. Thus, the approach proposed by Keller et al. [16] of

using dialogs to control the DML translation between objects

and tables is realized declaratively.

(3) The JSON object created from a duality view is a JSON

datatype instance with OSON format [19] binary efficiency

and built-in native schema flexible capability. OSON-based

JSON datatype is as efficient as Snowflake’s semi-structured

datatypes [28] for supporting unstructured data. Duality

views allow JSON datatype as a persistent column in addi-

tion to classical scalar datatype columns to achieve schema

flexibility and de-normalization for performance at any hier-

archical level. This means that our approach will enable data

that does not conform to the underlying relational schema

to be automatically stored inside a persistent native JSON

datatype column. This is one key differentiator from [4] that

requires tables to have a fixed schema that is fully normal-

ized.

(4) The other key differentiation from [4] is that the JSON ob-

ject instance constructed from duality view automatically

computes and embeds an ETag and a system change number

(SCN) as metadata inside the OSON [19] object. The ETag

provides optimistic object update concurrency control and

achieves object-update serializability via ETag validation pre-

and post-object updates. The SCN provides the foundation

for multi-version concurrency control with duality views.

Applications can issue AS OF SCN queries to read consistent

objects as of a certain timestamp or SCN. Although ORMs

432



JSON Relational Duality: A Revolutionary Combination of Document, Object, and Relational Models SIGMOD-Companion ’25, June 22–27, 2025, Berlin, Germany

S T U D E N T T E A C H E R C L A S S S T U _ S C H E D

S T U D E N T  S C H E D U L E
D U A L I T Y  VI E W

T E A C H E R  S C H ED U L E
D U A L I T Y  VI E W

S T U D E N T  
E N R O L L M E N T  

A P P

APP TIER

IN-DATABASE MAPPING 
LAYER

RELATIONAL SCHEMA

FK: StuID
FK: TeachID FK: ClsID

Figure 1: Overview of Duality Views (Green→ Direct Table Access, Orange→ Table Access via Duality Views, Blue→ PK-FK
Relationships)

can add a version column in a table to achieve lock-free

updates at the row level, duality view ETag computation is

hierarchically composable.

(5) Duality views provide query and DML parity with persistent

JSON datatype-based popular NoSQL style JSON collections.

Both SQL/JSON standard operators over JSON datatype and

popular NoSQL APIs, such as MongoDB-compatible API and

REST API, are supported over duality views. Queries over

duality views are optimized using automatic rewrites of JSON

path queries into relational queries leveraging SQL/JSON

path algebra. The construction of duality view objects is

optimized using top-down OSON template-based streaming

generation. DMLs over duality views are optimized using

object-level diffs to execute only the required modifications

to the underlying tables. Moreover, application logic can be

written on top of duality view objects in PL/SQL or JavaScript

using a new declarative construct called directives.

4 Concepts
This section describes the key concepts of JSON Relational Duality.

4.1 Duality View
We introduce the concept of a ‘duality view’ as a means of achiev-

ing document and relational duality (i.e., document access and

relational storage). A duality view exposes data stored in relational

database tables as JSON documents. The documents are material-

ized – generated on demand, not stored as such. Duality views give

data both a conceptual and an operational duality: it is organized

both relationally and hierarchically. Different duality views can

be based on data that is stored in one or more of the same tables,

providing different JSON hierarchies over the same, shared data.

A duality view directly defines and reflects the structure of JSON

documents of a given kind (structure and field types). The JSON

duality view is defined on top of a set of relational tables, which

are conceptually linked via primary and foreign key joins to formu-

late a hierarchical view over the Entity/Relationship (E/R) graph.

A duality view object is a sub-tree (directed acyclic graph) of the

E/R graph with a single root table and (possibly many) dependent

tables to formulate nested objects and arrays using the JSON data

model. By default, tables can be joined automatically to realize

documents of that kind based on the primary key (PK), unique key

(UK), and referential constraint (RI) information recorded in the

system catalog. Figure 1 shows a conceptual overview of duality

views.

There are fundamentally two kinds of joins. One-To-At-Most-
One join conceptually reflects the PK or UK of a table joined with

the PK or UK of another table. One-To-Many join conceptually

reflects the PK or UK of a table joined with the foreign key (FK)

of another table. In the absence of such pre-defined PK/UK/FK

information, users are required to declare them syntactically as

part of the duality view definition. Note that the one-to-one and

one-to-many linking relationships among entities is reflected as

One-To-At-Most-One joins and One-To-Many joins, respectively.

The many-to-many linking relationship among entities is reflected

as a One-To-Many join followed by a One-To-At-Most-One join.

Therefore, duality views can be used to support all common linking

relationships among entities to formulate hierarchical objects.

Importantly, a duality view is updatable. So, a user may read

a JSON document from the view, make any change to the docu-

ment, and send it back to the database for update. The database

automatically determines what has changed in the document and

updates the underlying relational tables. The underlying update

automation reflects and obeys the explicitly defined or implicitly

inferred referential constraint relationships between the underlying

tables and conforms to the updatability annotations declared on the

duality view. A duality view must be able to translate a document

update to row updates, so we do not allow arbitrary complex SQL

query constructs (such as window functions or non equi joins) for

updatable portions of a duality view. However, read-only parts of a

duality view may use arbitrary SQL constructs.

4.2 Value-based Concurrency Control
Many real-world applications explicitly store versions numbers

into relational tables to implement optimistic concurrency con-

trol manually in the application. This assumes a single hierarchy

with the version number in the root row of the hierarchy. Every

update to any row in the hierarchy must also update the version

number in the root of the hierarchy. However, this needs to be

implemented manually. We introduce the concept of value-based

concurrency control as an alternative to the traditional lock- and

version-based concurrency control methods. We use the concept

of ETags to achieve this - an ETag represents a tag or hash value
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Figure 2: Sample Relational Schema for a Student Sched. App.

of the document contents. Each duality view document has an em-

bedded ETag - which represents a collision-resistant hash of the

document contents. ETags can be used for value-based optimistic

concurrency control - an update to a duality view document is

only accepted if the ETag of the document has not changed from

a previous read. The advantages of using ETags for value-based

concurrency control are twofold: (1) Updates to different duality

views with overlapping data are automatically synchronized, and

(2) no locks are required until the user wants to update a document.

The advantage of value-based concurrency control over conven-

tional lock-based concurrency control is twofold: (1) Concurrency

control can be implemented across stateless APIs (such as REST)

where transactions and locks cannot be held across database calls,

and (2) it reduces the use of expensive locks commonly used in re-

lational databases since locks do not need to be held during human

or application think time.

5 Defining Duality Views
A JSON Relational Duality View is an updatable view that maps a

hierarchical JSON object representation to a set of tables that are

related by primary key and foreign key relationships. JSON Duality

Views can be defined using both SQL and GraphQL, as described

in sub-sections below.

5.1 Using SQL JSON for Defining Duality Views
Duality views can be defined using SQL/JSON generation functions.

An object hierarchy can be obtained using nested scalar sub-queries.

Data gathered from a sub-query is joined to data gathered from a

parent table by a relationship between the corresponding columns

in the sub-query’s WHERE clause. Listing 1 shows an example of a

duality view created using SQL/JSON syntax with multiple nested

scalar sub-queries using the schema shown in Figure 2. In this case,

the root table is student. For each student, the student table is joined

with the stu_sched table using a one-to-many join to construct an

array of schedule objects via a JSON array aggregation scalar sub-

query. For each schedule, the schedule table is joined with the class

table which in turn joins with the teacher table to pull columns of

class and teacher tables and construct the schedule object. Note

that the join from schedule to class and class to teacher is a one-to-

at-most-one join, which is semantically enforced by a correlated

1 CREATE JSON RELATIONAL DUALITY VIEW
Student_schedule AS

2 SELECT JSON {
3 '_id' : s.stuid ,
4 'student ' : s.name ,
5 'schedule ' : [SELECT JSON {
6 'scheduleId ' : ss.scid ,
7 'class ' : SELECT JSON {
8 'classId ' : c.clsid ,
9 'class ' : c.class ,
10 'time' : c.time ,
11 'room' : c.room ,
12 'teacher ' : SELECT JSON {
13 'teachId ' : t.teachId ,
14 'teacher ' : t.name
15 } FROM teacher t WITH NOUPDATE
16 WHERE t.teachid = c.teachid
17 } FROM class c WITH NOUPDATE
18 WHERE c.clsid = ss.clsid
19 } FROM stu_sched ss WITH INSERT UPDATE DELETE
20 WHERE s.stuid = ss.stuid]
21 } FROM student s WITH INSERT UPDATE DELETE;

Listing 1: Defining a Duality View using SQL

1 {
2 "_id" : 8524,
3 "student" : "John",
4 "schedule" : [{
5 "scheduleId" : 2,
6 "class" : {
7 "classId" : 567,
8 "class" : "HISTORY 202",
9 "time" : "14:00",
10 "room" : "A102",
11 "teacher" : {
12 "teachId" : 612,
13 "teacher" : "Andrew"
14 }
15 }
16 }],
17 "_metadata" :
18 {
19 "etag" : "1EFA13A3D6B5B81E97258F74B4F2CC1A",
20 "asof" : "00000000000C20CE"
21 }
22 }

Listing 2: Sample Student Schedule Document

scalar sub-query. Listing 2 shows a sample student schedule duality

view document.

5.2 Using GraphQL for Defining Duality Views
Using the SQL/JSON generation function syntax can be complex,

especially for document database users.Moreover, it is prone to bugs

even for a seasoned SQL developer. We, therefore, conceptualize a

fully functional GraphQL syntax as an intuitive and simpler way

of creating a duality view. GraphQL syntax provides a significant

advantage for duality views since it is easy to use and learn, and

hides a lot of relational complexities that developers working with

object or document models are not very familiar with.

434



JSON Relational Duality: A Revolutionary Combination of Document, Object, and Relational Models SIGMOD-Companion ’25, June 22–27, 2025, Berlin, Germany

1 CREATE JSON RELATIONAL DUALITY VIEW
Student_schedule AS

2 student @insert @update @delete {
3 _id : stuid
4 student : name
5 schedule : stu_sched @insert @update @delete [{
6 scheduleId : scid
7 class @noupdate {
8 classId : clsid
9 class
10 time
11 room
12 teacher @noupdate {
13 teachId
14 teacher : name
15 }
16 }
17 }]
18 };

Listing 3: Defining a Duality View using GraphQL

GraphQL [30] is an open-source query and manipulation lan-

guage for APIs. As a language, it was first developed at Facebook in

2012 and open-sourced in 2015. Subsequently, the GraphQL project

has moved under the Linux foundation. GraphQL defines the output

of a query in a JSON-document-like hierarchical structure. In other

words, GraphQL provides a what-you-see-is-what-you-get (WYSI-

WYG) syntax for creating duality views. Listing 3 shows an example

of a duality view created using the GraphQL syntax. Notice that the

DDL statement itself defines the output of a query in a JSON-like

structure. The fields in this JSON object are strongly typed objects

that can be linked together like a graph in a GraphQL schema. The

GraphQL query syntax can thus be used as a shorthand for duality

view definition without explicit specification of nested scalar sub-

queries. The methods to automatically derive a GraphQL schema

from underlying relational objects and to construct a duality view

from the schema are described in subsequent sections.

Another useful feature of GraphQL is the notion of ‘custom

directives’ which can be used to customize the output of a GraphQL

query. For instance, a directive can be used to unnest attributes

of a child object into its parent object. We use custom directives

wherever the GraphQL standard does not have an equivalent today.

Some of these directives may be more generally applicable and can

be standardized.

5.3 Deriving a GraphQL Schema
A GraphQL schema represents a graph of strongly typed objects.

Tables in a relational schema can be considered vertices in a graph,

with FK relationships representing the edges. Thus, our sample

relational schema can be represented as the graph shown in Figure 3.

Converting this graph to a GraphQL schema involves following

a simple set of rules listed below.

(1) Every table T is mapped to a GraphQL object type. The name

of the object type is the same as the table name, except that

the first character is capitalized and the remaining characters

STUDENT

STU_SCHED

TEACHER

FK: StuID

FK: ClsID

FK: TeachID

CLASS

Figure 3: Student Schedule Relational Schema as a Graph

type Student {
  stuid: String!
  name: String
  sinfo: String
  stu_sched: [Stu_sched]
}

type Teacher {
  teachid: String!
  name: String
  tinfo: String
  class: [Class]
}

type Class {
  clsid: String!
  class: String
  room: String
  time: String
  teacher: Teacher
  stu_sched: [Stu_sched]
}

type Stu_sched {
  clsid: String
  stuid: String
}

Figure 4: Student Schedule GraphQL Schema

are in lowercase. E.g., the object type for a table named

STUDENT is Student.
(2) An object type T’s field definitions are based on the columns

in table T’s definition. Each scalar column ‘f’ of table ‘T’

is mapped to a scalar field of the same name as f but in

lowercase. E.g., columnCLSID of type VARCHAR2 ismapped

to a GraphQL field clsid of type String. If a column has a

NOT NULL constraint, it is marked as a non-null field in the

schema.

(3) If a link T->T1 exists via a foreign key ‘fk’, then we add an

object field (an object field is a field with type Object) in the

object type T with the field name as the object type name

corresponding to the parent table T1. The field type is the

object type name corresponding to the parent table ‘T’. E.g.,

for a foreign key column TEACHID in table CLASS which

references table TEACHER, an object field teacher of type

Teacher is added to the Class object.

(4) If a link T2->T exists, via a foreign key ‘fk’ on the child

table T2, then we add an object field ‘fk’ to the object type

T where the field name is the same as the object type name

corresponding to T2 (in lowercase). The return type of the

field fk is an array of the object type corresponding to T2.

E.g., when CLSID is a foreign key from table STU_SCHED

to CLASS, we add a field stu_sched of type [Stu_sched] to

the object Class.

(5) GraphQL’s built-in scalar types include String, Float, Int,

Boolean, and ID. We add the following custom scalar types

to allow better representation of Oracle native data types:

Date, Timestamp, Binary, Vector, and JSON.
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Based on this set of rules, the GraphQL schema corresponding

to the STUDENT schema is shown in Figure 4.

5.4 Defining Duality Views using a GraphQL
Schema

Deriving a GraphQL schema corresponding to a relational schema

allows us to construct the expected query output from the duality

view in its GraphQL syntax. Defining a duality view on top of this

query is then a simple extension of the SQL syntax.

Consider the schema from Figure 2 and the STUDENT_SCHEDULE

duality view from Listing 1. The GraphQL equivalent DDL repre-

senting this duality view can be derived as follows.

(1) Start by listing the tables included in the duality view and add

the corresponding GraphQL objects to the expected query

output. Remember to start from the ‘root’ object or the table

on which the view is created.

(2) For each related sub-object required, add a level of hierarchy

into the expected query output.

(3) Include fields at each object level based onwhether they need

to be a part of the duality view. Note that fields might be

of type JSON array or object depending on the parent-child

relationships in the relational schema.

(4) Prefix the GraphQL query with ‘CREATE JSON RELATIONAL
DUALITY VIEW <view_name> AS’.

5.4.1 Custom Directives For Ambiguous Cases. In many cases, am-

biguities may arise in the GraphQL DDL that require clarification

using declarative annotations (directives). For example, it is possi-

ble to have multiple foreign key relationships between two tables,

in which case, the expected query output needs to specify which

foreign key will be used to perform the join or fetch. Similarly, a

self-join might result in a cyclic definition if the correct foreign

key column is not specified. We use custom GraphQL directives

to achieve this. The GraphQL directive @link(from: [String1],
to: [String2]) allows us to specify the foreign key to be used for

joining two types (tables). The ‘from’ argument indicates that the

foreign key column name represented by ‘String1’ needs to be used

to join from this table to its parent table, whereas the ‘to’ argument

is used to indicate that child rows fetched should correspond to the

column specified by ‘String2’. In the case of a self-join, the parent

and child tables are the same. For multi-column FKs, an ordered

array of column names is passed to the to and from arguments.

5.4.2 Re-shaping Output. Nesting refers to grouping several at-

tributes of an object as a sub-object of that object, while unnesting

refers to externalizing parts of a sub-object into its parent object.

The GraphQL standard does not allow the specification of nesting or

unnesting in a query. We, therefore, support nesting and unnesting

through extension to the standard, as follows.

(1) We add a self-association attribute in the GraphQL object

schema. E.g., the Student object contains a field of type Stu-

dent.

(2) We introduce custom directives called @nest and @unnest
to achieve the effect of nesting and unnesting. E.g., Unnest-

ing simply requires addition of an @unnest directive to the

field(s) or sub-object(s) that need to be unnested into the

parent object.

5.4.3 Updatability Annotations. Duality views are updatable using

both SQL and JSON syntax. Moreover, the duality view definition

lets developers specify whether each field or each sub-object in

the view is updatable. Such restrictions are especially important to

achieve different business use-cases, for example, prevent updates

to dimension tables which are rarely modified. For instance, the

Teacher sub-object cannot be modified from the Student_schedule

view, but it can be modified from the Teacher_schedule view. We

support the following directives to specify updatability for each SQL

operation. The duality view updatability related annotations include

INSERT / NOINSERT, DELETE / NODELETE, and UPDATE / NOUPDATE.
These annotations specify whether users can perform INSERT, UP-

DATE, or DELETE operations on a specific sub-object (table). In

addition to these, we also support two additional annotations to

specify whether the value for a field (column) or sub-object (table)

should be included in the ETag for the duality view object: CHECK
/ NOCHECK. All of these annotations are expressed in GraphQL us-

ing custom directives: @insert / @noinsert, @delete / @nodelete,
@update / @noupdate, and @check / @nocheck.

5.4.4 Predicates for Filtering. By default, the WHERE clause in du-

ality views is used to define join key columns. However, users are

allowed to add additional filter predicates on base table columns.

Semantically, filter predicates behave just like predicates on regular

views with the check option. Predicates are processed as additional

check constraints when performing DMLs over the underlying

relational tables.

5.4.5 Flex Clause for Schema Flexibility. Duality views provide full
schema flexibility [8, 18] like pure JSON databases. A column of

data type JSON holds the schema flexible content and allows two

modes: If the JSON datatype column is explicitly referenced, then

the flexible object content has an explicit key associated with it.

Otherwise, the JSON datatype column is implicitly used to support

fields that are not mapped to predefined columns of a table. In

that sense, it serves as an ‘overflow’ column. When constructing

the document, the content of the flex column is merged into the

corresponding JSON object such that a user cannot tell which parts

are mapped to columns versus using the flex column.

6 Access APIs for Duality Views
Duality views expose data as JSON documents for read and write

access. For simple single document access, each document has a

unique ID (usually mapped to primary key columns) which is also

indexed for fast retrieval. In addition to this key/value style access, it

is also possible to search for documents using filter criteria or even

run aggregation operations on top of multiple documents. Multiple

APIs are supported to allow different developer personalities to

interact with the data in their preferred way.

6.1 SQL
The SQL standard has introduced a dedicated JSON datatype and

several operators to work with JSON data [23]. For example, JSON
VALUE and JSON_QUERY to extract parts of JSON data, JSON_EXISTS
to select data based on filter predicates, and JSON_TABLE to map

the hierarchical JSON data to flat rows and columns. All oper-

ators use path expressions to navigate inside the JSON data to
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select one or multiple values. For example, the path expression

$.address[*].zip navigates to all values of the field zip under

address. The path step [*] first selects (or iterates over) all items

of the address array.

Duality views expose JSON data in a single column using JSON

data type. The column is always called DATA, therefore clients can
issue database operations without an extra round trip to first find

out column names and types. The view can be queried using any

SQL/JSON operator. In many cases, the path expression of the

SQL/JSON operator matches to a column of an underlying table.

In that case, the query gets optimized and yields full relational

performance without any JSON processing overhead. Duality views

are fully updatable and, therefore behave just like tables. Updates

can be full document replacements or piecewise updates using the

JSON_TRANSFORM or JSON_MERGEPATCH operators.

6.2 REST API
Using the Oracle REST Data Services (ORDS) technology [26], du-

ality views can be ‘REST-enabled’. This automatically creates a

complete set of REST APIs (endpoints) to work with data: standard

HTTP commands like PUT, GET, PATCH, or POST provide func-

tionalities to load, update, or fetch JSON documents. Each HTTP

operation is automatically translated to an equivalent SQL opera-

tion by ORDS. Therefore, the database can pick the best execution

plan and leverage indexes automatically. For existing (legacy) rela-

tional applications, the use of duality views and REST is an easy

way to implement the microservice architecture without changing

the application.

6.3 MongoDB-Compatible API
MongoDB [24] is a NoSQL database that organizes JSON docu-

ments in collections. In addition to key/value semantics, MongoDB

provides document filters, JSON transformations, transactions, and

limited analytical capabilities. An additional API provides Mon-

goDB compatibility for duality views: each view is automatically

also a MongoDB-compatible collection. Documents can be eas-

ily identified by the ‘_id’ field, which maps to the primary key

columns of the root table of the duality view. Similar to the REST

API that translates HTTP commands to equivalent SQL, the ‘Or-

acle Database API for MongoDB’ also translates MongoDB wire-

protocol commands to SQL. For example, a MongoDB filter expres-

sion like Student_schedule.find({"student" : "Jill"}) gets
translated to the equivalent SQL/JSON statement:

SELECT sch.data
FROM Student_schedule sch
WHERE JSON_EXISTS(sch.data, '$.student?(@==:b1)'

PASSING 'Jill' as "b1")

This intermediate query then gets further optimized by the database

to pick the right column from the ‘student’ table:

SELECT sch.data
FROM Student_schedule sch, student stu
WHERE stu.STUDENT = :b1

This relational query then gets planned by the optimizer to use

indexes and materialized views, when possible.

All these query rewrites and optimizations are transparent to the

user using path query rewrites over relational storage [17]. With

the ‘Oracle Database API for MongoDB’, it is possible to connect

MongoDB tools, drivers, and frameworks directly to duality views.

A MongoDB user would not need to know how the documents

are being stored. This is a major benefit for document API (and

REST) users: the duality view abstracts the storage from the access,

allowing users to redesign the storage without affecting clients as

long as the JSON shape remains the same.

6.4 JSON Schema
An application programmer who works with JSON documents

returned by duality views can also use a JSON schema description.

It is auto-generated from the underlying relational schema and

describes the object’s shape, data types, constraints, and keys as

a standard JSON schema document. Schema flexible content can

be further described by a JSON dataguide, a JSON schema derived

from instance data. We have extended the JSON schema standard

with a database-specific vocabulary to capture the richer SQL type

system and other database-specific information.

7 Queries on Duality Views
This section covers the JSON and ETag generation process when a

duality view is queried. It also describes how queries are optimized

using automatic rewrites.

7.1 JSON Generation
The duality view definition specified via GraphQL is transformed

into SQL/JSON generation functions to assemble relational data into

a JSON object as if the view were defined using the full SQL/JSON

generation syntax as shown in Listing 1. JSON_OBJECT() is used to
construct a JSON object from columns of one table or a set of tables

linked via one-to-at-most-one join without row cardinality expan-

sion. JSON_ARRAYAGG(), on the other hand, is used to construct a

JSON array by assembling a set of rows linked via one-to-many

join with row cardinality expansion. A one-to-at-most-one join

JSON object output can be UNNESTED into the parent object, if

needed. It is internally evaluated as a correlated scalar sub-query to

enforce one-to-at-most-one join semantics which raises a runtime

error if the join has more than one matching row. When there is no

matching row, the correlated scalar sub-query semantically behaves

like a left outer join. The un-matching row content is returned as

either an empty JSON object for the NEST-ed object construction

option or as the absence of an object for the UNNEST-ed object

construction option.

We optimize the object construction query by leveraging top-

down streaming evaluation of the SQL/JSON generation operator

tree. If we evaluate in a bottom-up manner, we will generate many

intermediate JSON objects, which is very inefficient. Rather, by us-

ing the top-down approach, one final JSON object is created by the

top-level JSON_OBJECT() operator. All the nested JSON_OBJECT()
and JSON_ARRAYAGG() operators assemble data into the final output

JSON object directly. For single-table duality views, we internally

optimize the JSON_OBJECT() construction even further using an

OSON template that reflects the underlying table columns with a
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Algorithm 1 ETag Computation Algorithm

1: function EtagJsonObj(json_obj_expr 𝑗𝑜𝑒)

2: 𝑒𝑡𝑎𝑔← init_seed

3: for all sorted scalar fields 𝑠 𝑓 in 𝑗𝑜𝑒 do
4: 𝑒𝑡𝑎𝑔← ChainHashFunc(𝑒𝑡𝑎𝑔,GetValue(𝑠 𝑓 ))
5: for all sorted json objects 𝑗𝑜 in 𝑗𝑜𝑒 do
6: 𝑒𝑡𝑎𝑔← ChainHashFunc(𝑒𝑡𝑎𝑔, EtagJsonObj( 𝑗𝑜))
7: for all sorted json arrays 𝑗𝑎 in 𝑗𝑜𝑒 do
8: 𝑒𝑡𝑎𝑔← ChainHashFunc(𝑒𝑡𝑎𝑔, EtagJsonArr( 𝑗𝑎))
9: return 𝑒𝑡𝑎𝑔

10: function EtagJsonArr(json_arr_expr 𝑗𝑎𝑒)

11: 𝑒𝑡𝑎𝑔← init_seed

12: for all sorted json objects 𝑗𝑜 in 𝑗𝑎𝑒 do
13: 𝑒𝑡𝑎𝑔← Xor(𝑒𝑡𝑎𝑔, EtagJsonObj( 𝑗𝑜))
14: return 𝑒𝑡𝑎𝑔

fast OSON construction phase. The idea is to create a binary tem-

plate (just like an online form) that already contains the structure

and type information for fields in the object. When a document in

the view is read, the pre-created template is loaded and filled with

column values read from the table.

7.2 ETag Generation
ETag computation is a chained process reflecting the document

construction order. ETag checked field values are fed into a hash

function based on lexicographical field name order. Similarly, the

ETag from each child object is fed into the hash function based

on lexicographical object field name order. For arrays, ETags of

objects comprising the array are XORed to create an aggregate

ETag. Algorithm 1 describes the pseudocode for ETag computation.

Note that each row must have a unique/primary key that is part of

the row ETag to ensure that the XOR result does not cancel values

from different rows.

The root JSON object contains the ETag value for the object. To

avoid computing the ETag in the post-evaluation path after JSON

object construction, we compute the ETag in the same evaluation

process as the SQL/JSON generation operator tree evaluation. Each

JSON_OBJECT() and JSON_ARRAYAGG() operator has metadata to

determine which column values are required to compute the ETag

and uses them to compute the final ETag value while assembling

the JSON object. The JSON_OBJECT() operator computes the ETag

for a row using its column values. The JSON_ARRAYAGG() operator

computes the ETag for a set of rows as an aggregate value from

ETag values computed from each input row. During root JSON

object evaluation, the final ETag value computed from the top-

down process is returned and added to the final JSON object output

of the duality view.

7.3 Optimization of Queries
JSON_VALUE() and JSON_EXISTS() queries over duality views go

through a query rewrite phase which converts the SQL/JSON path

predicates into equivalent relational predicates. This allows such

operations to be pushed down to the underlying relational tables

and avoids JSON object construction whenever possible. Query

rewrite uses query algebra reduction rules on the JSON_VALUE()
and JSON_EXISTS() operators over JSON_OBJECT() and

JSON_ARRAYAGG() operators, and is conceptually similar to query

rewrites over XML [17].

8 Updates to Duality Views
Duality Views allow users to access relational data as hierarchical

JSON documents or objects. Access APIs support reads or GETs of

objects and modifications of the object itself (PUTs). Duality views

can be modified using SQL syntax, Oracle JSON syntax, and REST

APIs. This section expands on the internals of updating a duality

view object.

A duality view is a view built on top of tables related by PK and

FK relationships, and an object in this view corresponds to a set

of rows related by PK and FK constraints. Modification of fields in

the JSON object therefore results in the modification of rows in the

underlying tables that construct this object. Consider an object in

the Student_schedule duality view. A valid insertion (or POST) of

a Student_schedule object in this view will result in the addition

of a new student row in the STUDENT table and insertion of one

or more rows in the STU_SCHED table based on the classes this

student intends to take. An invalid insertion, on the other hand,

would result in an error. For example, if the StuID already exists,

or if the classes listed in the new object are not part of the CLASS

table, then it is considered an invalid insert. Decomposition of

an object-level modification into DMLs on the underlying tables

and validation of the operations therein are performed by three

specialized modules in the duality view infrastructure: Shredder,

Diff-Computer, and Row-Updater.

In addition to basic modifications, duality views allow view

definitions to specify PK-FK and custom constraints on the up-

datability of underlying tables. This is especially important in the

case of dimension tables. For example, the insertion of a new Stu-

dent_schedule object cannot result in the addition of new classes,

i.e. rows in the CLASS table. This is a custom rule that needs to be

specified during the creation of the duality view using additional

SQL clauses as discussed in section 4.4. The enforcement of such

custom rules is done by the Row-Updater module.

8.1 Shredder
The duality view DDL driver analyzes the entire query in the view

definition to enforce required semantics and constructs a metadata

JSON document that captures the duality view definition. In partic-

ular, it analyzes linking relationships among tables that are used in

the view definition and then creates a duality viewmetadata tree
as a single JSON document that captures all the involved tables’

metadata.

During the production of a JSON document for a particular

duality view, the SQL/JSON operator tree is traversed and a JSON

document is written without concern for duplication. Shredding

the object back into rows is more complex, and requires the duality

view metadata tree to drive the process. The tree contains a cross-

reference that traces fields back to the row and column of origin.

When a document is received, it is decomposed by a depth-first

traversal that creates rows and populates the column values from

the fields originating from them.
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Rows are placed into hash tables and explicitly linked to their

immediate parent row on the tree. The hash tables are keyed by the

primary key, and this process allows duplicate rows within a table

instance to be resolved. Resolution requires that all column values

match; if not, it is considered an error.

During the process of disassembling a document back into rows,

some table instances may offer support for flexible fields. That is,

fields in the document that are not bound to any specific column

of origin can be stored in a JSON object specifically provided for

them. If a table offers flex-field support, fields that are not traceable

to a column or a calculation are assembled into a new value for the

flexible column.

8.2 Diff-Computer
Update operations against a duality view can be done either by

replacement of a document with a new version, or by sending a

change set (a difference or patch document).

The replacement process works by first running the document

through the disassembly process to re-create the tree of rows and

resolve any duplicates. Both the new replacement version (pro-

posed by an application) and the original version (as read from the

database) undergo this process, although as an optimization the

original version can be directly created as a set of rows and bypass

the disassembly process.

Once both documents exist as hash tables with row instances,

the rows are compared by a ‘differencing’ engine to classify them

as unchanged, new, removed, or changed. Only the new, removed,

and changed rows are reported to the Row-Updater. This reporting

is done in a pre-determined visitation order. Changed rows include

information about exactly which columns have changed. The Row-

Updater can determine if a new or removed row implies a need to

insert or delete a row in the underlying table.

8.3 Row-Updater
The Row-Updater module is responsible for updating the tables

underlying the duality view based on the ‘diff’ calculated by the

Diff-Computer. It relies on constraints defined on tables and up-

datability annotations defined on the duality view to understand

user intent behind a specific DML. It guarantees no-harm updates

to tables - (1) on an update to a duality view document, only rows

that are part of the document are modified, (2) rows are unlinked in-

stead of deleted whenever possible, and (3) rows in read-only tables

are never modified. We run SQL statements to update the under-

lying tables, so all integrity constraints defined on the underlying

relational tables are enforced as usual.

For understanding user intent, thismodule relies on the following

rules:

(1) UPDATE: A row is updated if it is marked updated or in-

serted by the Diff-Computer, it already exists in the database

(based on key lookup), and the table containing the row is

annotated as updatable in the view definition. It may also be

updated if it is marked deleted by the Diff-Computer, and

the table containing the row is annotated as updatable but

not deletable. In this case, the row is simply unlinked from

its parent row.

Algorithm 2 Isolation Algorithm

1: function Update(usr_obj, usr_etag, _id)

2: 𝑐𝑢𝑟_𝑜𝑏 𝑗, 𝑐𝑢𝑟_𝑒𝑡𝑎𝑔← ReadObj(_𝑖𝑑)
3: if 𝑐𝑢𝑟_𝑒𝑡𝑎𝑔 ≠ 𝑢𝑠𝑟_𝑒𝑡𝑎𝑔 then
4: throw error
5: 𝑐𝑢𝑟_𝑟𝑜𝑤𝑠𝑒𝑡 ← Shredder(𝑐𝑢𝑟_𝑜𝑏 𝑗)
6: 𝑢𝑠𝑟_𝑟𝑜𝑤𝑠𝑒𝑡 ← Shredder(𝑢𝑠𝑟_𝑜𝑏 𝑗)
7: 𝑑𝑖 𝑓 𝑓 ← DiffComputer(𝑢𝑠𝑟_𝑟𝑜𝑤𝑠𝑒𝑡, 𝑐𝑢𝑟_𝑟𝑜𝑤𝑠𝑒𝑡)
8: RowUpdater(𝑑𝑖 𝑓 𝑓 )
9: 𝑢𝑠𝑟_𝑒𝑡𝑎𝑔_𝑛𝑒𝑤 ← ComputeETag(𝑢𝑠𝑟_𝑜𝑏 𝑗)
10: 𝑐𝑢𝑟_𝑒𝑡𝑎𝑔_𝑛𝑒𝑤 ← GetETag(ReadObj(_𝑖𝑑))
11: if 𝑐𝑢𝑟_𝑒𝑡𝑎𝑔_𝑛𝑒𝑤 ≠ 𝑢𝑠𝑟_𝑒𝑡𝑎𝑔_𝑛𝑒𝑤 then
12: throw error

(2) INSERT: A row is inserted if it is marked inserted by the Diff-

Computer, it doesn’t already exist in the database (based on

key lookup), and the table containing the row is annotated

as insertable in the view definition.

(3) DELETE: A row is deleted if it is marked deleted by the

Diff-Computer, the table is not shared (dimension), and the

table containing the row is annotated as deletable in the

view definition. Shared rows are simply unlinked from any

dependent rows.

Based on the rules described above, the row updater generates

SQL statements to update the relational tables based on the object

diff obtained from the diff computer. Importantly, it only generates

statements to update rows and columns that have been modified

by the user (values not modified by the user are left untouched).

This enables fast update operations on duality views.

8.4 Isolation and Concurrency Control
Providing ACID transactions on duality views is a must for a practi-

cal solution. By leveraging the existing transactional properties of a

relational database, atomicity, consistency, and durability of trans-

actions are guaranteed out-of-the-box. That is because a duality

view DML gets broken up into several row DMLs that all execute in

the same transaction. Isolation, however, is non-trivial to support.

Since data is stored as relational rows, a single object can comprise

multiple rows. Updating a single document may involve updating

multiple rows in discrete steps which may be interleaved with con-

current updates to the same rows by other sessions. This may cause

anomalies such as lost writes (e.g., an update incorrectly overwrites

a field updated by a concurrent update to its previous value) or

inconsistent updates (e.g., two sessions are able to concurrently

modify the same object).

An obvious solution to this problem is to lock all rows com-

prising the object before modifying it. This approach has several

performance issues. First, locking reduces concurrency. Since a du-

ality view need not include all columns in a table, locking an entire

object would unnecessarily prevent modifications to columns not

part of the view. Second, locking in relational databases may be a

disk-based change that requires the generation of redo. For large

objects comprising several rows, this can be quite expensive.

To solve this problem, we reuse the client-side value-based con-

currency control scheme for server-side isolation (or concurrency
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control). Algorithm 2 provides the pseudo-code for our approach.

The algorithm consists of three parts, pre-validation (lines 2-4),

data-update (lines 5-8), and post-validation (lines 9-12). During pre-

validation, we compare the ETag contained in the user object with

the ETag of the current version of the document in the database.

This step allows users to realize client-side concurrency control and

guarantees that there are no lost writes. However, it is not critical

for achieving isolation of object updates within the database. Dur-

ing data-update, we shred both the old (cur_obj) and new (usr_obj)

objects into a set of rows. We then diff these row sets to find out

what has changed in the object. Finally, we update the relational

tables based on the diff. Note that rows could have been concur-

rently updated between the time we read the object containing the

rows (line 2) and we update the rows (line 8). To guard against such

consistency issues, the SQL statements used to update rows contain

a predicate on the row ETag to ensure that the row has not been

modified since the object was read (e.g, UPDATE student SET name
= :name WHERE stuid = :id and ROW_ETAG = :cur_row_etag,
where ROW_ETAG is a virtual column representing the ETag of the

row). As rows are updated, row locks are automatically taken by the

database. During post-validation, we compare the expected ETag of

the user object (after update) with the ETag of the current version

of the document in the database. This ensures that any rows in the

object that were not modified by the user are also not modified by

a concurrent session. Since it is possible for a concurrent session

to have modified the unchanged rows in the object and still not

have committed the transaction, the computation of the current

version of the ETag (in line 10) must also read uncommitted changes

from concurrent sessions. Once post-validation is complete, we can

safely assume that two transactions did not concurrently modify

the same object through the same duality view and that the update

to the object appeared to happen as of a single point in time.

The proposed isolation algorithm is an optimistic concurrency

control algorithm, so updates on duality views may fail when a

conflict is detected, and the user must retry the update later. In

highly concurrent environments (which we expect to be rare), this

algorithm may result in frequent conflicts and repeated retries.

We have designed two approaches to handle these environments.

First, users can annotate fields or objects as NOCHECK to exclude

them from ETag computation. This prevents conflicting concurrent

updates on those fields or objects from failing and increases trans-

action throughput. Second, users can lock an entire object using

the SELECT FOR UPDATE statement on a duality view. This enables

traditional lock-based concurrency control on duality views. Users

can thus choose the appropriate concurrency control solution for

their use-case based on workload concurrency requirements.

9 Directives on Duality Views
Duality views allow applications to represent application objects

on normalized relational data along with SQL/REST operations. In

addition, applications usually need to extend these operations on

application objects with additional logic. Some additional supple-

mental logic that may be needed in a typical database interaction

includes:

1 CREATE DIRECTIVE AddCourseCnt FOR Student_schedule
2 AUGMENT ON SELECT
3 USING
4 DECLARE
5 jsonobj json_object_t;
6 BEGIN
7 jsonobj := json_object_t (:OLD.data);
8 jsonobj.put('courseCount ',
9 :OLD.data.schedule [*]. count());
10 :NEW.data := jsonobj.to_json;
11 END;

Listing 4: Defining a Directive on a Duality View

(1) Augmentation: Augment the object with additional values

on a read or a modification. E.g., Compute the total course

count or GPA for a student.

(2) Validation: Ensure that an object (including its augmented

values) conforms to business rules. E.g., Limit the maximum

number of courses a student can register for in a semester.

(3) Notification: Generate a notification that an object has been

created, modified, or deleted via a history table, an event

queue, or even via the redo log. Notification has many uses

such as history tracking, replication, and event processing.

Regardless of how an object is changed (direct update to

tables or updates to duality views with overlapping content),

we track all affected objects. E.g., When the timings for a

class change, notify all registered students of the change.

(4) Continuation: An action on an object may require a follow-

up action. Continuations are needed to facilitate workflow-

style processing. E.g., When a new class is added, send an

email to facilities to schedule the time and room for the class.

Directives are a new declarative construct that extend the capa-

bilities of duality views to allow the specification of supplemental

logic for duality view operations. They have the following proper-

ties:

(1) Deterministic: The outcome of each directive is determin-

istic and transactional, based only on the sequence of the

operations within the directive.

(2) Declarative: Directives are defined via declarative SQL con-

structs (that may involve expressions or side-effect-free func-

tions). Only continuations, which are downstream opera-

tions, are allowed to use arbitrary procedures.

(3) Use-Case Oriented: Directives are use-case specific, i.e. dif-

ferent directives can be used on different use-case-specific

views. New use cases can use new views or directives but

should not require changes to the underlying table declara-

tions.

(4) Tunable: For performance, an application can choose to apply

the directive only to the object(s) explicitly being modified.

For completeness, an application can also choose to have the

directive apply to the closure of all modified objects.

Importantly, directives enable applications to add business logic

directly on objects instead of rows, simplifying the development

process. Directives on duality views are supported using new SQL

syntax. The procedural logic for a directive can be specified in
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Figure 5: Performance Comparison with Hibernate and DB X

PL/SQL or JavaScript. Listing 4 shows the DDL for creating an

augmentation directive on a duality view that adds a courseCount
computed field to the output object on a SELECT. The value of

the field is computed using a JSON path expression. :OLD.data
represents the input object and :NEW.data represents the output
object.

10 Performance of Duality Views
This section discusses performance aspects of duality views com-

paredwith ORMs and document databases. Specifically, we compare

duality views with Hibernate [27], a popular open-source ORM,

and DB X, a popular open-source document database. Our goal is

to verify through thorough experimental evaluation that duality

views provide performance that delivers the best of both ORMs and

document databases.

10.1 Performance Testbed
Our testbed consists of an Oracle Exadata cluster (Exadata X8M-8

HC). Each server in the cluster has eight Intel Cascade Lake CPUs

(8268@2.90GHz), 3TB DRAM, and 192 cores. The client and server

are run on separate servers with 14 additional servers used for

storage. We use Oracle database release 23ai, Hibernate version

5.2.11, and JDK 11 for all tests.

10.2 Comparison with Hibernate
We use the JPAB benchmark [14] collection test to compare with

Hibernate. The schema contains one entity class that represents a

person. The Person class contains an auto-generated integer pri-

mary key field, nine string fields, one integer field, three date fields,

and a List<String> collection field containing 1-3 phone numbers.

The test executes the following 5 CRUD operations:

(1) Persist: Person objects with randomized data are inserted

into the database.

(2) Query: Person objects are queried from the database using a

predicate on a string field (last name starts with a random

prefix).

(3) Retrieve: Objects are retrieved from the database by using

the primary key (random primary key values are selected

for retrieval).

(4) Update: Random person objects are retrieved from the data-

base (by their primary key), updated in memory, and then

sent to the database.

(5) Remove: Random person objects are retrieved from the data-

base (by their primary key) and then deleted from the data-

base.

We simulate two batch sizes, small and large. In the small mode,

transactions are committed after every 5 operations, and objects

are retrieved in groups of 5. In the large mode, transactions are

committed after every 5,000 operations, and objects are retrieved

in groups of 5,000. We compare operation throughput with duality

views in two modes. The first is DEFAULT, where all fields in the

duality view are checked and included in the ETag. The second

is NOCHECK, where all fields are excluded from ETag computa-

tion, effectively resulting in the isolation algorithm being skipped.

NOCHECK represents an apples-to-apples comparison with Hiber-

nate since it does not provide server-side isolation of DMLs.

Figures 5(a) and 5(b) show the results of this experiment. In the

DEFAULTmode, duality views outperformHibernate in bothmodes

for all operations, except update. By building the mapping interface

into the database, duality views avoid multiple round-trips to re-

solve a single operation. Further, queries are optimized by pushing

operations to the relational tables and DMLs are optimized by only

modifying columns mapping to fields modified by users. For up-

dates, duality views are slower due to the overhead of the isolation

algorithm. When the isolation algorithm is disabled (NOCHECK

mode), duality views outperform Hibernate in all operations. Since

Hibernate does not offer server-side isolation of updates, appli-

cations typically need to explicitly handle concurrency control,

for example, by adding a version field to objects. This approach

reduces operation throughput and is generally not scalable. There-

fore, we concluded that duality views offer superior performance

compared with ORMs (up to 3x better query throughput and up to

40% better DML throughput) despite providing stronger isolation

and concurrency control guarantees.

10.3 Comparison with Document DB X
We use an extended version of the TPC-C [31] benchmark, called

TPC-C-Duality, to compare with DB X. We use a denormalized

schema as well as DB X’s recommended TPC-C schema – collec-

tions are normalized and mirror the relational schema used by

duality views (except order lines are embedded inside order docu-

ments)
2
. Figure 5(c) shows the results of this experiment. Duality

views outperform DB X by up to 2x on transactions per minute

2
This schema was shown to perform the best for TPC-C.
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across all concurrency levels. The main reason for this is that DB X

(normalized) requires multiple round-trips to the database for every

transaction since multiple collections need to be updated for every

transaction. With the denormalized schema, each transaction can

be processed in a single round-trip. However, there is significant

data duplication across documents. A single transaction needs to

update many documents and overall performance is worse com-

pared with the normalized schema design. On the other hand, one

duality view is created for each TPC-C use case, without any data

duplication. A single transaction requires an update to exactly one

duality view with a single round-trip to the database.

11 Future Work
This section discusses future research avenues for JSON Relational

Duality.

11.1 Schema Evolution
The relational model often assumes a perfect schema to begin with

and is confronted with schema evolution issues as application busi-

ness requirements evolve. The JSON datatype has complemented

the relational model by partially solving the schema bootstrapping

and evolution problem to allow high entropy data to be stored,

queried, and indexed without up-front schema design. Such high

entropy data should be self-contained without the need to have

a centralized schema definition [18]. A data guide [20] over high

entropy JSON datatype instances can be obtained so that schema-

based relational access can be defined as JSON_TABLE() views over
such JSON data. Therefore, the physical storage of duality views

can be either a set of schema rigid tables, JSON datatype-based doc-

ument collections containing schema flexible high entropy data, or

a combination of both. Duality views form a layer of abstraction or

indirection over the underlying physical schema, allowing users to

evolve the physical schema while keeping the same logical schema.

Duality views offer better schema evolution than both relational

and document databases, since new views can be created for new

use cases without impacting existing use cases. To provide seamless

schema and application evolution, we need extensive research on

two fronts. First, there is a need for future work on automatically

defining and evolving the duality view definition by analyzing the
entropy of data. Second, there is a need for future work on identify-

ing the changes required to the layer of abstraction (duality views),

such that the physical schema can be changed in any way without
impacting the data access APIs.

11.2 Normalization
Relational normalization avoids data duplication and data update

consistency issues by storing common data only once. Proper use

of JSON datatype does NOT violate the relational model’s normal-

ization principle. This can be done by only embedding data that

belongs to a single parent while keeping data that does not belong

to a single parent as referenced data. Referential constraints be-

tween JSON datatype based collections can be defined so that users

can use JSON duality views to link multiple JSON datatype based

document collections as one virtual de-normalized JSON object

without any data duplication and update consistency issues. Each

JSON document can store an array of identifying references for

linking relationships to avoid foreign key joins and maintenance of

foreign key indexes. Therefore, there is a need for future work on

automatically defining duality views by analyzing linking and em-
bedding relationships between entities [29], in particular, the implicit
referential constraints between JSON datatype based collections.

11.3 Caching Performance
De-normalization in relational storage is a common technique to

boost query performance by materializing join results. Relational

materialized views are often used to achieve performance at the

cost of materialized view updates whenever base data is changed.

JSON datatype can be considered as an advanced de-normalization

form as it avoids the entire hierarchical object construction cost that

involves many joins. Therefore, JSON is a commonly used datatype

in object caches. Unfortunately, it is at the expense of keeping

replicated data in the cache synchronized with base data. JSON

datatype object caches can be supported in the form of JSON duality

materialized views, that are in-memory, on disk, or a combination

of both. Therefore, there is a need for future work on automatically

defining materialized duality views by analyzing query and update
requirements of data in the application workload. In particular, the

challenge is that a single relational table update can affect many

objects from multiple duality views. This fan-out issue requires

computation of the closure of objects impacted by the update, which

can be non-trivial.

12 Conclusion
There is a historical debate between relational and document mod-

els, each of which has its strengths andweaknesses. JSON Relational

Duality represents a logical data model abstraction to unify the two

physical models inside the database kernel. It is a new approach that

architecturally provides the simplicity of use-case-specific solutions

with powerful support for implementing multiple use cases. The

strength of duality views is that they enable users to independently

design application-specific data access and data storage models

based on business requirements. The view defines only what the
mapping between these models should be and that database auto-

matically derives how to map these models. Future work includes

the design of intelligent tools that can automatically design the

data access model (duality view definitions) and data storage model

(relational schema with JSON type, if needed) based on workload

and business requirements.
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