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Abstract
Cloud Computing environments are a fantastic foundation for
unprecedented opportunities in the context of data management.
Scalability and availability can be achieved by consequently dis-
aggregating compute and storage and leveraging different data
centers around the globe. Although conceptually infinitely avail-
able resources promise an easy game for database systems, leverag-
ing those opportunities on the one side and providing enterprise-
scale data management solutions for a wide range of extremely
challenging business applications on the other side is by far not
trivial. Within this paper we share the fundamental principles of
SAP HANA Cloud—the data management backbone for all SAP
applications—by providing insights into design criteria and techno-
logical centerpieces of SAP HANA Cloud as a result of a stringent
evolutionary shift from a purely on-premise, in-memory database
engine to an on-Cloud, memory-storage hierarchy-aware data man-
agement platform. We will motivate the transition and the decision
of certain developments by sharing key characteristics of some key
applications run by SAP, which require enterprise qualities like
availability, cloud-capabilities like resource elasticity, while man-
aging overall costs and the flexibility to adapt the underlying data
management system to their specific needs. The overall goal of the
paper is to provide insights into the “story of SAP HANA Cloud”
by sharing challenges and lessons learned within the evolution
towards a composable cloud-based data platform, thus strongly
arguing for a “one size fits all” solution, if done right.

CCS Concepts
• Information systems→ DBMS engine architectures;Main
memory engines; Online analytical processing; Enterprise applica-
tions.
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1 Introduction
HANA Cloud is SAP’s strategic data management system as well
as data processing service. It is both the main database of SAP’s
business applications and the backbone of SAP’s internal data plat-
form. HANA Cloud is the evolution of SAP’s on-premise HANA
In-memory database engine, preserving its historical enterprise-
level qualities and further adding Cloud qualities by systematically
implementing Cloud-native architecture patterns to exploit the
capabilities offered by the Cloud.

This paper describes the experience of developing the HANA
on-premise database engine into a fully managed data platform
operated by SAP. We outline the motivation and objectives of this
evolution, the key decisions that have guided this evolution, and
today’s HANA Cloud as the outcome.

The fundamental decision at the origin of HANA Cloud was to
use the on-premise HANA database system as the technological
basis of the Cloud service. Consequently, HANA Cloud is not (yet)
stricto sensu "Cloud Native" in each and every aspect. A main rea-
son was the fact that many SAP applications already had adopted
HANA as their database layer, and hence it was important to assure
continuity as the HANA database evolved.

When SAP started to elaborate the plans for HANACloud, the on-
premise HANA database system was the successful Hybrid Trans-
actional Analytical Processing (HTAP) database used by SAP’s
flagship business application, S/4HANA [19]. S/4HANA itself can
be considered the evolution of SAP’s Enterprise Resource Plan-
ning (ERP) line of business applications: SAP R/2, SAP/R3, SAP
ECC. It is the core component of SAP’s Business Suite. Unlike the
previous ERP versions, S/4HANA was designed specifically to run
on the HANA database; and the HANA database was designed
specifically to support S/4HANA.

The foundation of this HANA ↔ S/4HANA co-innovation was
the observation that modern hardware made HTAP possible, and
HTAP was substantially simplifying the customer landscape run-
ning business applications. The landscape simplification was obvi-
ous: if the application’s main database supports, beyond its trans-
actional workload, also advanced analytics, then there is no need
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to extract the business data and implement analytics using a dif-
ferent specialized database. Data extraction and transformation,
either ETL or ELT, are error-prone costly processes, that, in the
ancient on-premise times, the customer IT department had to im-
plement, maintain, and operate. Eliminating them brought both
substantial cost savings, better robustness and real-time analytics
on transactional data to the customer landscape [30].

Although obvious, the implementation of HTAP was not trivial:
at that time, the database market was dominated by specialized
databases, which differed in the physical representation of relational
tables. Transactional databases were row oriented, to be friendly
to point data access and whole row DML operations. Analytical
databases were column oriented, to be friendly to range data access
on a subset of the columns. The buffer cache behavior and the
relative cost of disk IO vs. memory access resulted in a substantial
performance gap between them. The advent of that time’s modern
hardware changed that, by bringing large memory capacity at a
reasonable cost and substantial CPU processing power, including a
large number of cores and single instruction multiple data (SIMD)
instruction set support. That enabled in-memory computing—and
in-memory computing was the foundation for delivering superb
analytical performance in combination with sufficient throughput
on the transactional side.

SAP HANA became the first commercial HTAP system. To be
HTAP, HANA uses an in-memory columnar table format, which
supports both the performance needed for S/4HANA’s transac-
tional workloads and best-in-class performance for its analytical
workloads. Beyond being HTAP, the on-premise HANA database
system was also multi-model: flat-relational, hierarchies for multi-
dimensional schema, graph, document features [6, 7] as well as
built-in support for text retrieval and geo-spatial data representa-
tions. For the history of the on-premise HANA database system,
see [10, 25].

With the strategic transition of SAP to the Cloud, the on-premise
S/4HANA business application evolved as the core component of
SAP’s Cloud suite of business services, accompanied by other busi-
ness Cloud-native applications. Likewise, the on-premise HANA
database system evolved to the HANA Cloud database service. The
new S/4HANA still needed its "private" database offering HTAP
qualities and multi-model functionality. The on-premise HANA
database system has thus been the natural starting point for the
HANA Cloud service. However, the on-premise inheritance was
not sufficient. To be competitive in the Cloud, the SAP business
applications needed their main database to gain Cloud qualities,
as having a high availability SLA, being TCO effective, elastic, yet
better having separate compute and store elasticity, but still and at
the same time preserve and even enhance its enterprise qualities.

In order to outline the evolution of the SAP HANA database to
the SAP HANA Cloud data platform, this paper starts in Sect. 3 with
the specific requirements of enterprise-grade business applications.
In Sect. 4, it then describes the evolution of HANA Cloud: the
infrastructure running the service, the Cloud-native architecture
patterns that were implemented within HANA Cloud, the Cloud
qualities that it has acquired and incrementally enhanced, and the
additional functionalities that it gained, like native support of multi-
tenancy, a comprehensive underpinning of exploiting object stores
and SQL-on-Files, as well as a seamless Spark integration. The paper

motivates the choices that were made and highlights some insights
gained along the way, such that others may benefit from our failures
and success stories. It also illustrates why, in the specific context of
SAP, the optimal choice for building a data management platform
is one size fits all [39].

2 Preserving a Powerful Core: First Days and
Expectations of SAP HANA Cloud

We start the description of SAP HANA Cloud’s evolutionary steps
towards a Cloud-enabled database system by briefly outlining the in-
frastructure aswell as the expected Cloud properties of an enterprise-
scale platform.

Cloud Infrastructure. A detailed description of the infrastructure
running the service is outside the scope of this paper, which fo-
cuses on the evolution of the database technology, when offered
as a service. It deserves nevertheless to be mentioned here at least,
due to its impact on the service availability and total cost of owner-
ship (TCO), specifically since the cost of operating the service is
part of the TCO.

The first approach to a database service, before HANA Cloud
itself became generally available, was using a semi-naive home-
grown Cloud infrastructure. The cost of operations was surprisingly
high, the availability was disappointing, and incident root cause
analysis (RCA) showed that in most cases the downtime was caused
by the control plane executing wrong actions based on wrong
decisions, not by database engine failures. Substantial labor cost was
added to the TCO by conducting the RCA itself, and by the human
operator intervention to keep the service running in spite of a
non-cooperating control plane. Yet worse, the disproportionate but
mandatory focus on availability took all bandwidth and the teams
could not invest in advanced cost reduction and high availability
techniques.

Based on that learning, the HANA Cloud control plane now
employs Gardener [14], a Kubernetes distribution (K8s), and its
operator architecture pattern: Custom Resource Descriptors and
Controllers. The K8s’ declarative nature and reliability of the rec-
onciliation loop immediately increased availability and reduced its
TCO. Gardner and Kubernetes provide a hyper-scaler agnostic in-
frastructure layer for HANACloud, which is a key enabler for SAP’s
multi-cloud strategy—not only for HANA Cloud. Furthermore, its
modularity and extensibility were instrumental to enhance HANA
with Cloud-native architecture patterns, which in turn enhanced
the service’s Cloud qualities.

Figure 1 shows the major building blocks of the HANACloud ser-
vice infrastructure. The management plane is the customer-facing
interface to manage and access HANA Cloud services including
Web-based interfaces like HANA Cloud Central, an administration
tool. The services in the management plane are built upon APIs
that can also be used to programmatically interact with HANA
Cloud. For each of the database products offered in the data plane,
e. g., SAP HANA database, SAP-managed Spark, or HANA Cloud
Datalake, there is a corresponding controller and custom resources
in the control plane to define the desired target state. As discussed
above, a change in the target state is implemented asynchronously
via the associated controllers in a reconciliation loop. Various other
such services realized as pair of custom resource and controller
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exist, e. g., for managing database tenants. Furthermore, the control
plane interacts with a set of BTP core services, which offer functions
that are used by various services in SAP’s Business Technology
Platform (BTP), e. g., a key management system (KMS).

On Delivering Expected Cloud Properties. A key cloud quality of
any service, and of an enterprise-grade database service even more
so, is its availability. In HANA Cloud, service availability is an
E2E quality, supported by the resilience and redundancy of all in-
volved components. We distinguish planned downtime, which we
eliminate through near-zero downtime operations (NZDO) and un-
planned downtime, against which we protect through the resilience
of the database engine itself, High Availability, and Disaster Recov-
ery techniques. In case of failures, High Availability is achieved by
replicating data synchronously across availability zones in the same
region and Disaster Recovery via replication and backup across
regions of a hyperscaler.

In addition to availability as one of the fundamental require-
ments, the team had to cope with the trio of the interrelated qual-
ities: low TCO, high performance, and maximum elasticity.
Achieving a low TCO is a challenge of an in-memory database
upfront, which delivers superb performance for HTAP scenarios.
Thus, elasticity is the key ingredient for a system allowing to iden-
tify the sweet spot for a specific application setting. From a tech-
nical perspective, the basis of elasticity is scalability: elasticity is
the capacity to change quickly the scale of consumed resources.
Enterprise applications have a broad range of scale requirements,
from the tiny persistency of a multi-tenant service to the large data
volumes of an application landscape data platform. HANA Cloud
covers both by delivering scalability with the core engine as well
as on a platform level.

Within the core engine, HANA Cloud is building upon a native
disk-processing as an alternative to pure in-memory computing,
as described in [38]. Consequently, yet another quality that HANA
Cloud inherits from its on-premise predecessor is the broad cost-
performance trade-off space, based on the dynamic choice to do
either in-memory or buffer cache processing, at the column parti-
tion granularity, switching between them at run-time, and based on
the same persistent data. Furthermore, HANA Cloud offers native
support for multi-tenancy in order to cope with the extreme vari-
ability of tenant sizes—from very small (for test and demo users)

Figure 1: HANA Cloud service enablement

Figure 2: HANA Cloud Management Plane integrated into
Business Technology Platform

to high-end enterprise scenarios in a resource-efficient manner.
Applications using a complete database instance or native multi-
tenancy facilitate the customer’s decision to either choose using a
customer-specific encryption key (CSEK) or a customer-controlled
encryption key (CCEK). For CSEK, SAP handles the lifecycle of the
key per customer, while for CCEK this is done by the customer.
Moreover, multi-tenancy capabilities allow operational tasks like
tenant copy, move, clone as well as the deployment of individual
backup and recovery schemes.

Modern Cloud applications are composed of multiple services.
They have a separate data processing need, beyond each service
having a private main database: they need a data platform for
cross-service data integration. HANA Cloud, through its tightly
integratedmenage a trois forms the backbone of SAP’s internal data
platform consisting of the native HANA database engine Spark
and underlying object stores through its native support of delta
tables and SQL-on-Files capabilities. Elasticity via scalability pat-
terns is also achieved by the rapid deployment of Elastic Compute
Nodes (ECN) [15] providing a single point of entry into the data
plane with coarse-grained data replication for high-speed analytical
processing. ECNs may be considered a result of applying Cloud-
native architecture patterns implemented in HANA Cloud.

Last but not least, the state-of-the-art keeps evolving beyond
Cloud technology, the latest example being GenAI. HANA Cloud is
enhancing its inherited on-premise multi-model and ML/AI func-
tionality with a native vector data type and vector engine, which
allows to efficiently exploit pre-packed LLMs tightly interwoven
with relational query processing, and with a Knowledge Graph
based on a native triples-store and SPARQL interface.

2.1 On Delivering Common Enterprise Qualities
Before diving into more specific details of application deployment
characteristics and challenges, we need to stress “the obvious” for
enterprise-critical application support. Operating a fleet of SAP
HANA Cloud clusters does not only require strong availability
guarantees in an end-to-end manner, but also requires extensive
supportability features and high code quality assured by a mature
software development process. During the evolutionary journey
from an on-premise to Cloud-style system, the team invested heav-
ily into code quality and innovative testing methods [4].

The sheer number of parameters required (a) to substantially
reduce the number of tuning knobs and (b) to provide self-tuning
properties makes this challenging from operations perspective. Due
to the complexity and internal characteristics of this topic, it will
be out of scope for the rest of this paper. From a user perspective,
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the HANA Cloud management plane consists of microservices that
provide interfaces to govern, monitor, and manage their HANA
Cloud instances. As a part of the BTP service, HANA Cloud uti-
lizes standard BTP tools for common administrative operations,
such as user and role management, billing and usage management,
alert notifications, and audit log management (Figure 2). For HANA
Cloud-specific administrative operations, such as upgrading HANA
database binaries and browsingHANA-specific catalog andmonitor-
ing data, HANA Cloud Central (HCC), a dedicated BTP application,
is provided.

Finally, the variety of supported business applications pushes
the limits on the data modeling side. SAP HANA Cloud offers
an end-to-end data modeling environment embracing the multi-
model capabilities offered already by the on-premise variant of
HANA. It goes without saying that the relational side requires
a high coverage of modern SQL language features (e. g., window
functions, lateral join, a rich set of built-in functions), procedural
language support, and opportunity for externally provided packages
of stored procedures. Everything expressed within a multi-model
system is expected to be ACID compliant.

2.2 Expectations in a Nutshell
Before providing insights into characteristics and requirements of
large business application suites offered and operated by SAP in
the Cloud on-top of HANA Cloud, we have holistically provided
some insights into the requirements that guided the development
of SAP HANA Cloud. During the journey to a Cloud-enabled sys-
tem, the team successfully preserved existing qualities like a high-
performing DB core with best in class HTAP capabilities combining
in-memory and disk-aware processing, rich multi-model and query
features, as well as extensive capabilities for federation and repli-
cation) and added Cloud-native architecture patterns (elasticity,
multi-tenancy, control plane for low TCO and native object store
support for high-volume datasets) as well as novel features like
AI-relevant technologies (e. g., HANA vector engine). Thus, without
building from scratch, HANA Cloud has matured to a platform able
to provide high HTAP performance on medium to large data sets,
cloud store-native performance for analytical scenarios on big data
sets, high expressiveness in terms of data model and queries, and
full integration into SAP’s BTP with competitive TCO.

3 Requirements for Modern Enterprise
Applications

In this section, we outline specific requirements we see in enterprise
applications running on HANA Cloud. Some of these requirements
are quite common over a wide variety of Cloud applications, and
we outline how they are supported by HANA Cloud. Beyond this
baseline, some SAP applications have specific requirements that go
significantly beyondwhat is typically supported by Cloud databases.
We will present those challenges on a conceptual level and sketch
how these challenges are addressed by SAP HANA Cloud. A more
detailed description of the facilitating technological centerpieces
are detailed in the subsequent sections.

3.1 Ariba Business Network: A Million of
Skewed Tenants with Large OLTP
Workloads

The Ariba business network (Ariba BN) is a Cloud-based envi-
ronment where enterprise buyers and sellers can trade goods in
a marketplace similar to eBay in the private context. As of now,
Ariba has over five million buyers and vendors. Its three main appli-
cations for sourcing, procurement and the business network each
have a data footprint of more than 100TB of compressed data. Typ-
ically, database instances of 6TB are used, and the customer data is
sharded across the database instances.

In the Ariba business network (BN), participants, i.e. vendors
and buyers, are represented as tenants, which are grouped into
communities (see Fig. 3). These communities are created by arrival
of customers considering data growths over time, which occasion-
ally requires a re-balancing of customers between the communities.
Obviously, the data of each tenant needs to be isolated securely
using customer-specific or customer-controlled encryption keys.
However, as tenants, especially buyers, may be quite small, it is not
practical from a TCO perspective to devote a dedicated database
to every tenant. Instead, Ariba may share the resources of a single
database instance between multiple tenants. Overall there are more
than 100k tenants in the Ariba BN with their size highly skewed: A
bit more than 100 tenants have a transaction data size larger than
30 GB of data (excluding binary LOBs, which are kept separately
within the HANA Data Lake File infrastructure) with the largest
tenant having more than 660GB of transactional data. As shown in
Fig. 3, the data is not well-balanced between the communities as
there are millions of very small tenants with very low data volume.

From this figure, we derive requirements for HANA Cloud re-
garding the organization and efficient support of tenants. Very large
tenants or business-critical customers shall be isolated so that it
is possible to backup and recover their data separately from other
tenants. Such special customers may also want to use customer-
controlled encryption keys to have a tighter control over their
data. Small tenants could be grouped together and encrypted us-
ing customer-specific keys to limit security issues. Consequently,
further lifecycle operations like backup, restore, or database move-
ments would be done on the granularity of groups of tenants. It
shall be possible to easily move tenants between communities, and
thus between HANA Cloud database instances, to evenly distribute
their compute and memory requirements, e. g., into communities
of approx. 4TB in size.

Conclusion: Ariba illustrates the need for native support of
multi-tenancy inside the database. By using different encryption
keys per customer a strong security isolation is achieved, which
needs to be complemented by resource isolation between tenants.
Multi-tenancy enables not only a seamless scale up and down for
tenants within a database instance, but it also allows to move, copy,
backup, and restore tenants.

3.2 S/4 HANA: Low Latency HTAP on Large Hot
Data

SAP S/4HANA is SAP’s flagship ERP product comprising modules
covering essential business processes, such as accounting, sourcing
and procurement, manufacturing, supply chain, asset management,
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Figure 3: Size distribution of tenants in Ariba business network grouped by community

sales, project management, and engineering [5, 9, 34]. Additionally,
63 country and 17 industry-specific solutions, e. g., for retail or
utilities exist indicating the great degree of customizability and
extensibility of this product suite. Various deployment options are
available, e. g., on-premise, private Cloud or public Cloud, which
all run on SAP HANA as its database. The application logic of SAP
S/4HANA is mainly implemented in the ABAP (Advanced Business
Application Programming) language.

The ABAP application server interacts with SAP HANA via SQL
leveraging various specific features of SAP HANA, e. g., passing
table-valued parameters to queries in a HANA-native format. The
S/4HANAworkload is composed of highly concurrent transactional
workload, e. g., to process orders, invoices, payments, or stock of
materials, supporting millions of transactions per hour. Unlike
benchmarks like TPC-C, even the transactional workload is dom-
inated by queries and not updates [20]. Concurrently, S/4HANA
users can perform complex analytical queries on the same tables
without any replication or transformation of data, e. g., analyzing
sales order processing, allowing to analyze the latest transactional
snapshot of committed transactions. As shown in Fig. 4, such analyt-
ical queries can be quite complex with over 280 relational operators
including 274 table or partition accesses, 130 joins, 8 union all oper-
ations, 61 group-by operations with complex expressions, or shared
sub-plans [25].

As formulating such complex logic in SQL correctly is challeng-
ing, SAP defines the virtual data model (VDM), a deeply nested
DAG of view definitions. At the lowest level, these views provide
an abstraction layer on top of the physical database schema. Higher
layers in the view stack represent reusable building blocks for a
well-defined business context. In the ABAP application code devel-
opers would reference a single view for projecting away irrelevant
columns to perform a query as shown in Fig. 4. Clearly, interactive
analytic query processing on these normalized base tables poses
significant challenges for the query optimizer and query processing
engine in SAP HANA [25].

S/4HANA systems are run by the largest enterprise customer
resulting in high expectations regarding availability, disaster tol-
erance, robustness, and performance. Large customers, for exam-
ple within the retail industry wish to analyze their transactional
data down to the level of single line items. In one such system
the database schema of S/4HANA systems is mainly optimized for
transactional processing with 194k tables and 111k views with an
overall table size of 20TB of compressed data. The largest table for

accounting documents (ACDOCA) has 153 billion records, 9.7 TB in
compressed size distributed over 490 partitions. Three other tables
in that system also have more than 100 billion records, and all tables
in top 10 store more than 10 billion records. Four tables out of the
194k tables in this S/4HANA system are larger than 1 TB in size;
note that these in-memory tables benefit from effective compres-
sion schemes. There are even bigger customers than this exemplary
S/4HANA instance, which then meet the sizing restrictions of to-
day’s scale-up hardware. To handle these, we could successfully
deploy S/4HANA on scale-out clusters of the HANA database with
multiple nodes. In such a scale-out scenario, data placement is the
key to avoid high-latency cross-node operations, e. g., joins in OLTP
paths. To this end, SAP HANA offers an automated data placement
advisor and benefits from the application classifying tables into
table groups that should be kept co-located on a single node.
Conclusion: The ability to do real-time analytics on the latest
transactional snapshot is perceived as a distinguishing feature of
these applications running on top of SAP HANA in the Cloud. As
data does not have to be replicated from a transactional system to
a data warehouse costs are reduced not only for operating multiple
database systems but also for the associated ETL processing. At the
same time the demanding workloads of these applications challenge
especially the query optimizer, the query execution engine, and
transaction management to achieve high throughput and reliably
low response times balancing the demands of the transactional and
the analytical workload [28].

3.3 Data Lakehouse: Complex OLAP on Large
Data Lakes with Delta Updates at Low Cost

With the data gravity leading towards data lakes, Data Lakehouses (LHs)
for analytical query processing became crucial [18, 42], e. g., for
deep learning [17], and in this work especially analytical enterprise
applications [3, 21, 23, 35]. These use cases are enabled by their in-
teroperability with various tools in their ecosystem based on open
formats [42], cost efficiency, high throughput [16], and reliable data
lake storage (e. g., AWS S3 [36]). LHs typically feature elastic com-
pute (e. g., Apache Spark [11, 41], Presto, Trino [37]) for processing
data physically stored in data formats like the column-oriented
Parquet [29, 40] or ORC [13]. For efficient elastic query processing
with relational table semantics and analytical capabilities on the
data, open table formats (OTFs) such as Delta Lake tables [31] or
Apache Iceberg [12] manage the underlying data through a separate
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Figure 4: Complex Query for Sales Order Analysis

metadata layer on the object store [2, 42]. Despite their design spec-
ifying certain relational DBMS functionality like transactions for
single tables and rows, indexes, and time travel [2, 42], analytical
query processing for enterprise applications remain challenging.
Conclusion: Enterprise-scale data warehouses and lakehouse de-
ployments feature complex analytical queries using features beyond
standard SQL, e. g., data cubes or multi-dimensional queries. In ad-
dition, advanced privilege modeling and multi-query, multi-table
consistency is required for certain regions of the overall data sets.

3.4 Integrated Business Planning: Fluctuating
OLAP & MLWorkloads at Low Costs

SAP Integrated Business Planning (SAP IBP) for Supply Chain [1]
is a Cloud-based solution for supply chain planning. The applica-
tion helps enterprises to forecast product demand, build optimized
execution plans for their supply chain networks, and respond effec-
tively to unexpected changes. As a consequence of the application
characteristics, SAP IBP is one of the most demanding applications
suites to be supported by SAP HANA.

First of all, IBP requires a data management platform that not
only stores data but more importantly functions as an analytical
engine supporting what-if simulations, a platform for traditional
planning algorithms, and compute-intensive machine learning (ML)
algorithms. To meet these demands, the DBMS must offer analyti-
cal in-memory performance and built-in ML capabilities, without
moving a large amount of data to external systems for processing.

Secondly, the use of and resulting workload for the underly-
ing data management platform is very sporadic, i. e., the customer
workloads are known only shortly in advance, which requires a
flexible provisioning technique: while spikes in the workload may
quickly lead to temporary under-provisioning of resources, simple
over-provisioning to cope with an increasing number of such fluc-
tuating resource demanding workloads in large-scale is obviously
also not feasible.
Conclusion: IBP as one of SAP’s core application suites requires
(a) support of extensive analytics and ML functionality executed
close to the data and (b) a sophisticated workload prediction to
facilitate high compute elasticity.

3.5 Beyond the Gang of Four
Although S/4HANA, Ariba, Data Lakehouses, and SAP IBP are
spanning already a gigantic design space of requirements on an un-
derlying "one-size-fits-all" data management platform, SAP HANA
is the backbone of many more applications offered directly by SAP

as well as by the worldwide ecosystem consisting of partners and
customers. For example, SAP Cloud Application Lifecycle Manage-
ment requires—similar to Ariba discussed in Sect. 3.1—support for
thousands of very small tenants in a cost-effective and scalable way.

Furthermore, SuccessFactors for human capital management (HCM)
in the Cloud features a demanding HTAP workload. SuccessFactors
has deployed several hundred TB of data across hundreds of data-
base instances processing billions of transactional and analytical
statements per day. A distinguishing feature of SuccessFactors and
Ariba is that more than 70% of the data footprint of these applica-
tions are based on LOB data, which must be accessible online to
the application.
Conclusion:Although SAP is primarily known for the ERP-suite, it
offers a large portfolio of different applications with many diverging
requirements in performance as well as data structure and workload
complexity. HANA Cloud as the underlying eco-system has to
provide a robust, scalable, and low-TCO solution.

3.6 Requirements—Overview
In the following, we review the characteristics of modern enterprise
applications. We remark that to the best of our knowledge no other
database system covers all the requirements presented in Tab. 1.
In the rows of the tables, we summarize the requirements of the
business applications we used as examples to derive requirements
for modern Cloud database systems. The heading of the columns
groups these requirements along the Cloud qualities, i. e., costs,
elasticity, availability, variety, and volume. The columns refer to
solutions we considered during the implementation of SAP HANA
Cloud to address these requirements. The cells indicate, how rele-
vant the Cloud qualities and related solution options are for each
of the presented business applications.

Modern enterprise applications require operational database sys-
tems with additional capabilities not found in current systems. No-
tably, the required capabilities are barely overlapping. The common
approach of having one best-of-breed system for every requirement
would require a zoo of well-integrated but different data systems.
As an alternative to this approach, this paper presents how these
requirements can be addressed within a single database system.

4 HANA Cloud Data Platform as Persistency
Layer for Enterprise Applications

Starting from an on-premise in-memory database engine, the SAP
HANA Cloud team has been confronted with a wide spectrum of
requirements coming from business applications and found itself
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Table 1: Requirements of SAP Business Applications
Costs Elasticity Availability Variety Volume
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S/4 HANA (“Complex HTAP”) � � � � � � � � � � � � �
Ariba Network (“many tenants”) � � � � � � � � � � � � �
Successfactors (“HTAP and many LOBs”) � � � � � � � � � � � � �

SAP IBP (“fluctuating workloads”) � � � � � � � � � � � � �
SAP “Data Lakehouse” (“data sizes”) � � � � � � � � � � � � �

Required:� Potentially required: � Not required: �

Temperature-based data placement (Cache), Expressiveness / compiled query engine (Expr.), SQL-on-Files (SoF), Scalability (Auto Scale), Federation /
user-defined functions / transformations (Fed. / UDF), Replication (Repl.), Multimodel (MM), Machine Learning (ML)

always in the area of conflict between delivering functional ex-
tensions and achieving Cloud qualities with respect to scalability,
robustness, security, and essentially low TCO. In addition, SAP’s
core business in offering large-scale end-to-end enterprise solutions
in many different flavors requires a strong core of customer-tailored
solutions for core requirements of these applications complemented
by open technologies where a strong ecosystem is the key.

As a result, HANA Cloud Data Platform consists of three major
components, which are seamlessly integrated and are providing
enterprise scale data offerings. The HANA Cloud Database Core
Engine—as the direct successor of the SAP HANA on-premise
in-memory engine—provides a full-scale HTAP system with multi-
model and big data capabilities. Section 5 will dive into more details
of the evolution and functional extensions of this component. The
HANA Cloud Data Lake Files (HDLF) component builds the
storage backbone for all SAP applications (see below). HDLF is
obviously extensively used by the HANA core engine for direct
SQL-on-Files processing. As the thirdmajor component, SAPHANA
Cloud embraces Apache Spark as a fully managed service aug-
menting it with enterprise-critical services, thus resulting in a first
class citizen of the SAP HANA Cloud offering. In the remainder
of the section, we briefly sketch the relevant characteristics of and
contributions to HDLF and Spark.

4.1 HANA Cloud Data Lake Files (HDLF)
HDLF serves a need for access to industry-standard Object Stores
using a uniform access mechanism for all major Cloud providers
namely AWS S3, Azure Files, Google Cloud Store, Alibaba OSS.
HDLF provides REST-based access for data ingress/egress as well as
metadata operations in combination with SAP’s authentication and
authorization mechanisms based on standards. Cross-tenant feder-
ation is supported including full data encryption using managed
keys. HDLF provides a unified interface of the basic services offered
by object stores of hyperscalers satisfying the need of elastically
scalable storage capacity in an enterprise-scale environment. In
such an environment data confidentiality, integrity, and availability
is non-negotiable, and data management must follow applicable
law and regulatory requirements. Allowing applications, SAP as
well as non-SAP, to store and access data in HDL Files, allowing
business analysts, data engineers, and data scientists to work with
data in HDLF, using SAP as well as non-SAP technologies, is key

to its success/adoption. HDLF thus allows for authentication, pol-
icy enforcement and definition, storage provisioning, and a virtual
namespace under which all storage managed by HDLF is made
accessible to applications and users.

One of the services provided by HDLF is a governed access to
all connected storage and their data lifecycle via policies governed
to enforce security and compliance. Publishers are able to author
policies and store them in a governance policy store; if no policies
exist a default policy applies. Policies govern access to and lifecycle
of their data. They are defined in the context of a resource or a
resource set that is defined by a URI within HDL Files. A resource
URI can address data or metadata describing data. Policies are able
to grant or deny authorizations for a given consumer for a given
operation on a given URI. They can refer tometadata of data, locality
of data, i.e. the region or availability zone of the hyperscaler, as
well as the attributes of the consumer to the extent that these are
available through the request context. A strong focus is given to a
request’s origin, path, and all involved identities.

SAP HANA Cloud uses the concept of zones to group tenants of
different applications and services into a common context. Within
a zone it is guaranteed that all applications share a common set of
users, and services can therefore allow sharing of data within this
zone. For governed access to data across regions of one hyperscaler
or even between different hyperscalers HDL Files can offer a single
virtual namespace for governed access to storage. This includes sup-
port for cross-zone federation without violating the strong access
and lifecycle governance requirements for HDL Files.
Merits for HANA Cloud: HDLF is SAP’s abstraction and exten-
sion of industry-standard object stores leveraging the scalability
and availability of existing infrastructures on the one hand and
enhancing the core service with business-critical capabilities in
the context of security and compliance, authentication and au-
thorization as well as a single virtual namespace across different
hyperscalers and provider regions on the other hand.

4.2 Managed Apache Spark
Many SAP lines of business (LoBs), SAP partners, and customers uti-
lize capabilities of Apache Spark for streaming and batch processing
workloads, ingesting data from various sources, e. g., LoB-managed
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Kafka clusters. As industry-leading solution for distributed process-
ing of big data workloads and machine learning with a comprehen-
sive eco-system of libraries and flow definitions, Apache Spark is an
attractive solution for these stakeholders. Additionally, LoBs wish
to offer curated data as data products to their customers using stan-
dardized file formats and sharing technologies. This requirement
sparked a development to embrace Apache Spark as a technology
platform and include it as a first-class citizen into the SAP HANA
Cloud Data Platform. In addition to infrastructure services, specifi-
cally focusing on open table formats (OTF) such as Delta Lake [31]
and Apache Iceberg [12] is of utmost relevance from a technological
perspective to allow a secure and efficient integration in and cooper-
ation with HDLF as the underlying uniform object store. Spark jobs
are fully Kubernetes-integrated Cloud-native workloads. To aid fair
scheduling among multiple tenants over a single resource pool and
to mitigate challenges that arise when operating big data work-
loads as Kubernetes jobs, a dedicated batch job scheduler with more
sophisticated workload-aware queue management is employed.

For a secure communication between Spark applications and the
HANA database a trust relation must be established. Consequently,
LoBs are expected to configure trust between HANA Cloud, HANA
Database and Spark, as well as to establish trust between HANA
Cloud, HANADatabase and HDL Files, allowing a HANA tenant (or
HDI container [26]) to communicate with its corresponding file
container within the same LoB customer subaccount with strong
security. In order to facilitate a secure communication of Spark
jobs with the systems in HANA Cloud, Apache Spark can securely
retrieve credentials from the BTP Credential Store service and
thus leverage the same for authentication with systems external to
Apache Spark.

In HANA Cloud, the data lakes are implemented by HDL Files.
HDL Files provide client libraries for Apache Spark, allowing Spark
applications to read or write Delta tables. Thus, LoBs can produce
data in files, described as a table, specific to a target audience, and
provide access to the data using delta sharing as open protocol. OTF
Files (Tables) stored in HDL Files, just like other files, are served to

Figure 5: Trust Level in HANA Cloud with HDLF, Managed
Apache Spark, and HANA Core Engine.

authenticated users. Together, these technologies enable building a
distributed data mesh.
Merits for HANA Cloud: A fully managed and tightly integrated
Apache Spark deployment facilitates to use the existing eco-system
of libraries and pre-defined dataflows and is therefore heavily used
for data wrangling activities.

5 HANA Cloud Database Core Engine
Due to the existence of the well-proven technology of the HANA
core engine as well as the dependency of many applications and
application suites on HANA’s functional and non-functional prop-
erties, the team decided on a strategy between the extreme cases of
"completely starting from scratch" and "just putting an on-premise
engine into a container". Over the last years, HANA Cloud develop-
ment pursued a systematic process of applying Cloud architectural
patterns to the overall system by carefully balancing between in-
crementally re-writing parts of the engine to make HANA a good
Cloud citizen and extending the functionality with respect to re-
quirements from application side. As a result, SAP HANA evolved
from a pure in-memory database engine to an ecosystem consisting
of multiple components—internally called "Cloud Bricks", which
can be "leveraged" for a specific application thus addressing the
main requirements discussed above with respect to economic viabil-
ity, costs, elasticity, availability, and variety. Subsequently, we will
point out the main building blocks of the current HANA Cloud.

5.1 In-Memory Query Processing
The HANA Execution Engine (HEX) is the new query execution
engine of the SAP HANA database and specifically tuned for query
performance and resource efficiency. Next to a rich set of features,
HEX provides extensibility for different non-relational function-
alities appearing in the context of enhanced analytics and AI/ML,
such as vector type. A major differentiating feature of HEX com-
pared to other database execution engines (such as Meta’s Velox
or Databrick’s Photon) is the ability to process HTAP workloads,
for example, by providing a context-aware parallelization strategy.
Thus, HEX is able to efficiently process queries that touch a few
rows of a single table and run less than a millisecond to queries that
scan, join, and aggregate tables of very high cardinality. Although
query processing in HEX is optimized for data residing in memory,
HEX works together with NSE to access block storage (see Sect. 5.2).
For scale-out, HEX implements homogeneous distributed query
processing including a set of optimizations to minimize the number
of requests being sent within the cluster. For example, to avoid
the access of remote tables, distributed query processing in HEX
triggers the early materialization of values. HEX is built around
the concept of pipelining. Conceptually, a pipeline consists of a
sequence of operators, which operate on individual tuples, and a
pipeline breaker at the end holding the result. HEX implements
a version of push-based pipelining that passes a chunk of tuples—
sized to fit into cache—of an intermediate result from one operator
to the next. The HEX framework can fuse the code of multiple
operators of a pipeline into a single LLVM program, which is then
either compiled into machine code or interpreted. Just-in-time com-
pilation based on the LLVM tool chain is particularly helpful to
speed up the processing of complex expressions on large data sets.
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Late materialization allows HEX to postpone reading of columns
from the column store to the point in the query execution plan,
where the columns are needed by an operator for the first time. HEX
also implements several performance optimizations that leverage
existing partitioning information. Compile-time partition pruning
decides at query optimization time which partitions can be skipped
for a given filter to still calculate the correct query result. Runtime
pruning does the same for filters with runtime parameters. Next
to partition pruning, dynamic pruning allows to skip reading of
partitions based on intermediate results.
Merits for HANA Cloud: The well-proven in-memory database
engine is still the main pillar for HTAP query processing. The
HEX framework allows to process not only relational queries but
facilitates to coordinate and execute complex and data-intensive
business processing tasks.

5.2 Disk-centric Query Processing
In addition to its in-memory column store, SAP HANA supports a
page-based columnar storage option, called Native Storage Exten-
sion (NSE) [38]. Upon access, pages of the dictionary-compressed
columns or dictionaries are loaded from disk into an in-memory
page buffer and evicted following an LRU-based eviction strat-
egy. This disk-based data processing adds another option on the
cost-performance spectrum allowing to provision smaller DRAM
capacity and loading data into memory on demand. It also extends
the usage scenarios for SAP HANA to cases where the working
set of data does not necessarily fit into the memory of the host
system. With a recent extension, SAP HANA now allows to choose
between the traditional in-memory column representation or the
page-based column organization when loading a column from disk
based on the metadata defined for the column. We refer to [38] for
further details on NSE.

The SAP HANA execution engine, HEX, supports spilling inter-
mediate results stored in pipeline breakers to disk complementing
the disk-based table storage discussed above. This further pushes
the boundaries of query processing beyond the DRAM capacity of
a single host.
Merits for HANA Cloud: NSE offers new options on the price-
performance spectrum allowing to load pages from disk following
the conventional page buffer technology. NSE is complemented by
HEX query operators that can spill intermediate results to disk. This
enables application scenarios for SAP HANA that were previously
limited by the available DRAM capacity of the host.

5.3 Cloud Object Store Query Processing
Parquet files stored in HDLF may be exposed via an open table
format (OTF) like delta tables [31]. Access to delta tables in an
object store in the same cluster or even in a remote object store of
another hyperscaler can be provided via delta sharing. SAP HANA
allows for query processing on files stored in the object store, in
particular delta tables, using the federation capabilities of HANA.
Delta tables are represented in the SAP HANA metadata as virtual
tables with a defined schema, allowing for the same way to access
as for tables [27].

Figure 6 shows the high-level architecture for SQL-on-Files
processing (SoF) in SAP HANA Cloud. The delta sharing service

Figure 6: SQL-on-Files Architecture

offers access to Parquet files via pre-signed URLs, and via this
technology also access to delta tables in remote object stores is
available. As another alternative HANA can access files directly
based on file name and path, i.e. without delta sharing involved. In
either case, the File Adapter of SAP HANA parses the Parquet files
and applies filters or projection that can be pushed down to the
level of a file access to reduce the amount of data to be processed
as early as possible. The HEX query execution engine then receives
the column chunks produced by the File Adapter and continues
query processing in the same way as for local tables.

The delta table metadata and file statistics either provided by the
delta sharing server or stored in the footer of the Parquet files allows
for skipping entire files when scanning a delta table at runtime and
thereby improving performance and reducing data transfer costs.
File statistics, such as row count, distinct count, or minimum and
maximum are used when optimizing queries accessing delta tables.
Merits for HANA Cloud: SQL-on-Files processing operating on
open file formats is the foundation for PB-scale data management
and allows to seamlessly tap into large data lake environments
while preserving the business-application perspective (complex
business objects, privilege management, etc.) and expressivity of
HANA SQL.

5.4 Data-Mesh Query Processing
SAP HANA Cloud leverages powerful federation capabilities to
seamlessly make queries to various external data sources - that
include both relational and non-relational databases and even un-
structured or semi-structured sources such as spreadsheets and file
systems. However, in order to implement an efficient Data Mesh,
HANA provides the Fabric Virtual Table (FVT) as option for local
replicas of remote data—either with synchronous or asynchronous
replication—for better query performance and availability. Thus,
users may conveniently toggle the options between full federa-
tion and replication modes for a remote data source. For remote
data federation and replication, SAP HANA provides two major
artifacts—remote data sources and virtual tables.

A remote data source refers to an external entity such as a data-
base service, to which HANA’s federation can make a connection.
HANA can refer to various data source types like databases using
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Figure 7: Federation into SAP’s Application Layer

ODBC or services exposing a REST API. A virtual table is a syn-
onym for a catalog object to abstract a remote data source that
physically exists outside HANA. It is therefore a proxy object for
reading and manipulating data in the remote as if it were a local
HANA table. Like any other local tables, virtual tables can be read
or manipulated with HANA’s SQL statements, which are translated
into compatible and optimal equivalent statements or operations
to be executed on the remote system.

The following applies to the Fabric Virtual Table feature:
• A fabric virtual table cannot have multiple replica tables.
• Multiple fabric virtual tables can share a single replica table
when the source table in the remote system is the same.

• A replica table can be configured to use in-memory tables
or NSE.

• Replicas can be created with a single snapshot or be incre-
mentally updated as DML operations are executed on the
remote source.

Fabric Virtual Tables rely on Real Time Replication (RTR) to repli-
cate a remote object in real time. For snapshot replication, Fabric
Virtual Table utilizes an INSERT INTO ... SELECT statement.

While the core technology is used in many "traditional" fed-
eration scenarios, SAP HANA also pushes the envelope in data
integration by remotely accessing ABAP Entities. ABAP is SAP’s
application server hosting the application logic for a large number
of SAP applications, especially for SAP S/4 (see section 3.2). Since
accessing data at the database level does miss many of the appli-
cation semantics in "refining" the raw data stored in the database,
ABAP-federation allows to "see" business entities like any front-end
application. Examples of application semantics "augmented" within
the application server are the consideration of access rights defined
via potentially complex business rules or the composition of busi-
ness artifacts due to some additional information not available at
the database layer (for example, a business partner may be resolved
into a supplier or customer depending on the previous business
transaction).

Figure 7 illustrates the access to business entities at the level
of the ABAP application server. Within the federation framework
both aggregations and joins are pushed down to the remote ABAP

system and executed there. If the ABAP server provides statistics
over its runtime data, the query optimizer will consider it and create
the optimal execution plan for this particular data access pattern.
Merits for HANA Cloud: Providing a data management solu-
tion in large customer scenarios with many operational systems
potentially around the globe is based on extensively using data
mesh technology. Fabric Virtual Tables are instrumental in pro-
viding functionality as well as performance (via transparent and
object-based replication).

5.5 Query Processing with Elastic Compute
Nodes

SAP HANA in its on-premise version already provided comprehen-
sive support for scale-up and scale-out. On the scale-up side, HANA
implemented cost-aware NUMA strategies for efficient access to
data in memory [32, 33]. On the scale-out side, SAP HANA provides
a cluster-based setting with client-side routing for efficient transac-
tional processing considering data locality [22]. Analytical query
processing exploits scale-out capabilities for increased throughput.
In addition, SAP HANA Elastic Compute Node (ECN) [15] is a
feature that provides elasticity for CPU and memory to the over-
all HANA Cloud database offering and is a prime example of the
evolution towards a fully elastic architecture that separates storage
and compute.

A new HANA node type called Elastic Compute Node was intro-
duced as a part of the HANA landscape configuration. When a node
has a compute role, it runs with a special semantics for persistence
as it does not allow the creation of persistent tables and is thus
excluded from HANA System Replication.

Although ECN is therefore perceived to be persistence-less, it
has a persistence layer and uses persistence volumes serving all
types of temporary tables, handling LOB, and serving table replicas.
However, an ECN volume is not a part of global persistence oper-
ations like disaster recovery (DR) and backup and restore (BNR).
In this regard, ECN does not offer durability in the sense of ACID.
As a consequence, an ECN is excluded from log replay and from
distributed transaction (DTX) commit logs but is notified during
DTX handling to clean up necessary transaction related objects.

ECN has its own SQL endpoint, users can open a connection di-
rectly to an ECN. For transparent elasticity with a single entry point,
client-side statement routing and extended workload management
features are used. Workload management is extended to specify the
routing location to cover the ECN routing use case. Certain types
of workloads like all statements of a specific user or queries with
a specific session variable can be routed to ECN. For ECN-aware
query processing, the SQL optimizer generates a query plan to
make use of as much computing power of the ECN as possible. The
optimizer generates query plans accordingly, where non-leaf nodes
will always be executed in ECN while leaf nodes will be executed in
the data location. By default, for persistent tables data locations will
be the primary HANA node where the table partitions are located.
However, to reduce data transfer during query processing, HANA
Advanced (Synchronous) Table Replication can be leveraged by
ECN to install a local replica. The existence of replicas in ECNs
is controlled by the application and comes obviously with some
overhead. The initial synchronization may take several minutes to
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Figure 8: Customer Scenario of ECN usage

hours depending on the size of table, and replication needs to be
re-initialized after takeover or recovery.
Merits for HANA Cloud: Elastic Compute Nodes are one core
mechanism in HANA to implement elasticity in the level of data-
base processes. Business logic, e. g., quarter end calculations, very
often allows to "plan ahead" and deploy additional HANA resources
using DB/application-co-design strategies. As a concrete example,
Fig. 8 shows the timeline of an elasticity scenario for an IBP applica-
tion (Sect. 3.4) instance scheduling big, overlapping planning jobs
to start every 5 minutes. The timeline shows an instantiation of up
to 43 ECNs with a size between 200GB and 4TB and an overall peak
of 23TB main memory for the planning process. As can be seen,
using ECNs HANA Cloud can breath autonomously.

5.6 Multi-Model and Vector Processing
In order to accommodate requirements to support use cases re-
lying on vector embeddings (like Retrieval Augmented Genera-
tion (RAG) [24]), HANA has been extended by Vector Database
capabilities to find the most relevant entries in a given Vector
database. The extension consists of:

• a new SQL data type REAL_VECTOR that represents a vector
of single-precision floating-point number elements,

• a specialized implementation of column fragments in the
column store,

• functions to create vectors from textual and binary formats
and to serialize them again to textual and binary formats,

• functions to compute the cosine similarity and the 𝐿2 dis-
tance of two vectors,

• an index used to accelerate top-kmost similar vectors searches
based on the idea of hierarchical navigable small worlds [8],

• integration of vector processing in the query optimizer and
query processing engines of SAP HANA.

While vector support is reflected by a new relational data type,
SAP HANA Cloud offers an alternative to a strict tabular modeling
and storing of data. On the one hand, the SAP HANA JSON Doc-
ument Store is a dedicated store in HANA to store and process
JSON data. It is completely independent from the Column and Row
Stores. Document Store runs in a dedicated HANA service. SQL
statements containing references to the document store are cen-
trally optimized and the logical plans for accessing the content of
the document store are sent to the Document Store for execution.

Document Store also runs in the same transactional domain and
uses the HANA persistence, hence providing full ACID capabilities.

Merits forHANACloud:Multi-Model capabilities have already
proven extremely beneficial for complex structured data sets (esp.
considering graphs) and document-style data sets. The vector data
type supports upcoming application scenarios natively embracing
LLMs and related technologies, thus strengthening HANA Cloud
as the central eco-system for data-related services.

5.7 Application-specific Query Processing
In addition to multi-model support, HANA Cloud offers HANA
Cloud Plugins as a delivery mechanism for Application Function
Libraries (AFL). An AFL consists of procedures that are released
by stakeholders from within SAP. Business applications may either
push-down specific application logic into the data management
platform or leverage specific extensions developed outside of the
HANA core. A prime example is the Predictive Analytics Li-
brary (PAL), which is extensively used for analytical scenarios
and is providing comprehensive support of a phletora of highly
specialized statistical and mathematical functions. Requests of an
AFL-PAL-procedure are routed internally to a specific service par-
tially running in its own Kubernetes Pod but shared (since stateless)
within a HANA cluster.

It is worth mentioning that also ECNs are capable of running
Application Function Library (AFL), since ECNs are a clone of a
regular HANA node with all components and functionalities. As
the ECN is separated from the main HANA node, an ECN crash
does not affect regular execution but at the same time it provides all
the advantages of executing the AFL code close to the data logically
within the core engine (and within the same pod).
Merits for HANA Cloud: SAP’s application has a large number of
specialized (and proprietary) application domain-specific process
indicators to compute. While some can be computed within the ap-
plication server, many indicators are compute- and data-intensive.
HANA Cloud Plugins allow to deploy (SAP internal, yet HANA ex-
ternal) application code in managed environments. Although often
underestimated, it has a high relevance for supporting application
code "close to the data".

5.8 Native Multi-Tenancy
One of the lessons learned by running a phletora of different appli-
cations of varying deployment sizes is the necessity of an efficient
(and ideally natively supported) multi-tenancy concept. HANA has
devised and implemented support for schema-based tenant iso-
lation providing the following core features in HANA Cloud for
tenant-aware data management.

Even though a tenant’s data is grouped at different granular-
ities, a fundamental set of features need to be provided for all
multi-tenancy database architectures. We outline the main features
needed in HANA Cloud for tenant-aware data management.

(1) Tenant Lifecycle Management: Tenants are first class ob-
jects in HANA Cloud,their functionality is extended to cover
tenant lifecycle management, i.e. to create, drop, move, copy,
and recover from backup. Tenant-level Copy is an internal
operation and thus the basis of implementing the tenant-
level offline move, online move, recovery from backup, and
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cloning. Since multiple tenants usually reside on one HANA
instance, some of them need to bemoved to a different HANA
instance as they grow. On the one side a Tenant-level On-
line Move needs to be online because no downtime is ac-
cepted for such an operation. On the other side, a Tenant-
level Offline Move is a disruptive operation, during which
the application may not use the tenant. Finally Tenant-level
Recovery is necessary, because usually only the data of a
specific corrupted tenant needs to be recovered to a specific
point in time. This feature complements the instance-level
backup and restore feature, which addresses the need for
durability in case of failures.

(2) TenantContentManagement:Database artifacts like users,
tables, or views can be assigned to tenants. Schema-level ar-
tifacts created by a tenant-user are implicitly assigned to
that tenant. The HANA Cloud DDLs are extended to support
the specification of the tenant’s group of objects.

(3) Tenant-level Encryption: HANA’s encryption capabilities
are extended with the functionality to encrypt each tenant’s
data-at-rest with a separate key even though data are not
physically segregated anymore but do now reside in the same
database. Tenant-specific data encryption is only ensured
for data in the tables that are assigned to a tenant. Shared
data and meta-data (catalog, users, shared containers) are
encrypted only with the DB instance key. By default HANA
native tenancy uses CSEK to encrypt the data of a tenant.
In this setup, SAP creates and manages keys for different
database tenants to assure isolation in the storage layer. As
an alternative, customers can use CCEKs where the customer
creates and manages the lifecycle of keys of a tenant in a
KMS, e. g., by revoking the key, a customer can make sure
that not even SAP is able to access the customer data in the
main database persistency, the database log or the backup.

(4) Isolation, Security and Authorizations: Isolation and
cost-efficiency are conflicting Cloud qualities. The main rea-
son of introducing multi-tenancy to HANA Cloud is cost
efficiency for small data volumes, and thus this Cloud quality
takes precedence over the others. Nevertheless, isolation and
security may not be ignored and must still be offered, result-
ing in a trade-off with cost-efficiency. Due to the schema-
based tenant isolation with a user being the owner of the
tenant, the multi-tenancy feature inherits various security
features. The privileges assigned to the tenant user are trans-
ported during the tenant move. Also, care is taken to avoid
cross-tenant dependencies, e. g., via foreign key constraints,
which would interfere with tenant lifecycle operations.

(5) Tenant-level Workload Management: Another essential
functionality is tenant-level quotas. While such quotas target
memory and thread limits in the current phase, they will
eventually be extended to limit network IO, disk IO, and disk
size. This feature is based on the instance-level workload
management features of SAP HANA [28].

Merits for HANA Cloud: Native support of multi-tenancy is a
core driver for cost-efficiently operating already more than eight
thousand productive tenants for SAP-internal applications. As a

matter of fact, 25% of the services in SAP’s BTP have adopted native
HANA Cloud multi-tenancy already.

6 Summary and Conclusion
SAP HANA started out as an on-prem engine paving the way for in-
memory database systems to satisfy demanding SAP applications.
While moving strategically to the Cloud, the SAP HANA Cloud of-
fering is now positioned as a data management platform to cater for
all SAP application suites as well as applications provided by SAP
partners and customers. Thus, SAP HANA morphed into an ecosys-
tem with Cloud architectural patterns applied and able to satisfy a
wide variety of requirements—most importantly and usually not ex-
plicitly addressed by the database research community—regarding
coping with the complexity of the application scenarios—schema,
data sets, users, workloads, deployments, security and auditing,
etc.—by providing low TCO and not compromising overall query
performance. Thus, SAP HANA Cloud . . .

• . . . provides reliable HTAP and multi-model query process-
ing in "4+1" hyper-scaler independent multi-Cloud environ-
ments (currently operating on AWS, Azure, Google, Alibaba,
and SAP Converged Cloud).

• . . . provides a data-mesh style access to different data sets
leveraging locality-aware query processing.

• . . . architecturally de-couples petabyte-scale from gigabyte-
scale query processing by offering query capability in-memory,
on-disk, and on-Cloud.

• . . . tightly integrates into SAP’s Business Technology Plat-
form and application programming model for a one-stop
shopping experience for application developer and modeler.

• . . . preserves the unprecedented performance for in-memory
analytical query processing using the proven HANA data-
base engine.

• . . . builds the strategic foundation for all SAP business appli-
cations.

Within this contribution, we conveyed not only the evolution
towards SAP HANA Cloud, but also shared some demanding char-
acteristics of typical SAP applications that push the boundaries
of what is seen in traditional industry benchmark scenarios and
which might spark research activities within the database commu-
nity. Like any other software system, SAP HANA Cloud is and will
be an ongoing endeavor. We share a snapshot of the current state
with our community.
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