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Chapter 4 

Architecture

Before we dive into the implementation steps, it’s important to first get 

a clear picture of the architecture of machine learning and predictive 

analytics in SAP S/4HANA. We’ll walk through the architecture of the 

various implementation models in this chapter. 

In this chapter, we’ll dive into the architecture of SAP S/4HANA with machine learning

and predictive technologies. We’ll begin with a discussion of the technical challenges

involved with implementing machine learning and intelligent business processes.

We’ll then move on to an overview of the SAP S/4HANA solution architecture before

taking a closer look at the technical architecture for embedded machine learning, side-

by-side machine learning, and side-by-side predictive analytics. The objective is to pro-

vide you with the technical background for using the SAP S/4HANA delivered scenarios

and for implementing your own machine learning and predictive analytics use cases.

4.1    Introduction

In this section, we explain the challenges of applying machine learning in the context of

SAP S/4HANA. Solving those challenges is the added value that comes from the machine

learning approach provided with SAP S/4HANA. We also answer an important, often

asked question concerning what intelligence means within the scope of SAP S/4HANA.

4.1.1    Technical Challenges in SAP S/4HANA

Improved processing power, better algorithms, and the availability of big data are facil-

itating the implementation of machine learning for infusing intelligence into back-

office processes and providing an intelligent ERP system. With SAP S/4HANA, SAP

delivered the first intelligent ERP system on the market. SAP S/4HANA’s underlying

in-memory database SAP HANA increases speed, combines analytical and transac-

tional data, and brings innovation with embedded machine learning capabilities.

Thus, machine learning is natively integrated into SAP S/4HANA and can be easily used

across an entire organization to optimize business operations, improve employee job

satisfaction, and create better customer services. With SAP Conversational AI, a natural

language experience is provided by SAP S/4HANA, which revisits the way users interact

with the system due to enablement of hands-free applications. 
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However, incorporating machine learning capabilities into ERP solutions is a challeng-

ing task. This is due to the high complexity of such systems. SAP S/4HANA, for exam-

ple, consists of more than 250 million lines of code and 143,000 tables. It supports 25

industry verticals, localizations for 64 countries, and thousands of business processes.

Two substantial challenges must be solved: 

1. How can we integrate machine learning systematically into business processes for

ease of consumption? 

2. How can we make machine learning enterprise-ready? 

Machine learning models have been created by data scientists for decades. However,

often those models resided in special tools and were consumed by experts only, and so

they added hardly any value. 

The best approach for solution architecture is to systematically build machine learning

into business processes so that intelligence is provided to the right person, in the right

place, and at the right time. In context of ERP systems, fused machine learning func-

tionality must be enterprise-ready (which we’ll discuss at length in Chapter 5, Section

5.5). This covers qualities like compliance, security, scalability, robustness, extensibil-

ity, configurability, operations, supportability, globalization or auditing. For example: 

� Training and inference processes of machine learning must consider the General

Data Protection Regulation (GDPR)

� Machine learning models are new development artifacts that require a solution for

lifecycle management, starting from activation and moving through upgrades and

operations

� Prediction power of machine learning models decreases with time; degradation

strategies must be devised

� Reasoning behind inference results must be explained to end users and recorded for

legal auditing

In this chapter, we’ll focus on the solution architecture and conceptual foundations

that underly enterprise readiness. 

4.1.2    How to Operationalize Intelligence

Despite a long history of research and debate, there is still no common definition of

intelligence. Scientists have provided various models for mathematical, linguistic, tech-

nical, musical, and emotional intelligence, but none of them are generally accepted. But

how can we make SAP S/4HANA intelligent without knowing exactly what this means? 

The operationalization method is applied to resolve this dilemma and make the term

intelligence measurable by defining different automation levels, like psychologists are

doing with IQ values. Intelligence in the context of SAP S/4HANA is not just an end in

itself; rather, it’s about increasing automation toward an autonomous ERP system to

reduce the total cost of ownership (TCO), such as through faster process runtimes or
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optimized resources consumption. Thus, the following equation applies: the higher the

level of automation of a business process or a system, the higher the level of intelli-

gence is.

In this section, we introduce a methodology for how to measure intelligence of busi-

ness processes provided by SAP S/4HANA and describe both the business and technol-

ogy perspectives. 

Methodology

SAP S/4HANA operates as a central system for an organization’s business processes.

Key questions for defining automation levels center on understanding the common

structure of all those business processes. As illustrated in Figure 4.1, for a business pro-

cess, there are four dimensions to be considered for automation. This is an industry

standard that’s transformed for ERP software.

Figure 4.1  Methodology for Operationalizing Intelligence
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Each dimension is rated from 1 (low) to 5 (high) for its level of automation. By determin-

ing the level of automation for each dimension for a given business process or a sys-

tem, the overall level of automation can be detected. Thus, the current and target level

of intelligence can be determined, and an execution plan can be defined for making the

business process more intelligent. 

Data acquisition is the process of inputting data into SAP S/4HANA using devices such

as a keyboard, scanner, disk, or voice. The following qualities could be used for deter-

mining the different automation levels for data acquisition: 

1. Manual entry by user

2. Manual entry and data integration 

3. Data integration and manual entry (exceptional)

4. Conversational AI and data integration

5. AI-based data extraction and integration (e.g., PDF document is transformed to

structured data and entered by robotic bot) 

Information analysis is the process of studying and interpreting the data for meaning-

ful findings. The following qualities could be used for determining the different auto-

mation levels for information analysis:

1. Descriptive (what happened)

2. Diagnostic (why did it happened) 

3. Predictive (what will happen)

4. Prescriptive (what should we do) 

5. Cognitive (autonomous self-learning analysis of happenings)

Decision-making is the process of selecting a logical choice from the available options

by considering the impacts. The following qualities could be used for determining the

different automation levels for decision-making:

1. User makes decisions manually

2. User consumes system events and changes for decisions

3. System provides relevant information to the user for making decisions

4. System actively evaluates and recommends decisions

5. System autonomously makes decisions that are traceable and auditable

Action execution is the process of enforcing instructions to achieve a specific goal. The

following qualities could be used for determining the different automation levels for

action execution:

1. User performs actions manually

2. User consumes system events and changes for performing actions

3. System provides relevant information to the user for performing actions
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4. System actively evaluates and recommends actions

5. System autonomously perform actions that are traceable and auditable

To deepen your understanding, let’s apply this methodology to the following sales per-

formance use case: A sales plan is a strategy that sets out revenue goals and identifies

the steps to meet those targets. Developing such a sales plan is usually a manual process

of analyzing historical data in order to forecast the revenue as a key figure. The situation

could be improved by applying machine learning to predict the forecast in terms of how

sales could develop in the future. Thus, the manual effort for sales planning can be

decreased and the actual sales volume can be increased by providing better insights to

take action where needed. Figure 4.2 depicts the application of the approach to deter-

mine the current and target levels of intelligence for the explained sales performance

scenario. As you can see, with predicting the sales revenue based on machine learning,

the automation level of the dimensions decision and action making are increased. How-

ever, the level of automation for the dimensions data acquisition and information anal-

ysis remain unchanged because no additional intelligence is infused into them. 

Figure 4.2  Example of Applying Methodology
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Business View

Businesses of all sizes aim to increase their top line and bottom line by using a modern

ERP system like SAP S/4HANA. Increasing levels of intelligence within business pro-

cesses support them in achieving these goals by generating new insights from data or

by enabling data-driven automation. However, the individual business value of adding

intelligence is dependent upon the context or the use case in which it is used. For

example, already an incremental improvement through rule-based approaches can be

perceived as more intelligent compared to the status quo, thus adding more business

value. The proposed framework provides the foundation for an objective discussion

with various stakeholders about the current and future state of a business process and

the spectrum on which business value can be generated.

Technology View

To make a business process more intelligent, first the current level of automation

based on the described methodology should be determined. This is the foundation

from which the target level can be derived by solution managers based on business

needs. The next question is how to achieve the defined level of automation per dimen-

sion. There is not just one tool but various concepts and technologies to achieve the

specified intelligence level for the dedicated dimensions.

However, as shown in Figure 4.3, categorization of techniques can be provided for real-

izing different levels:

� Manual

� Rule-based

� Self-learning

Business processes can be run manually without any kind of automation. To overcome

this, various rule-based techniques can be applied to increase the level of automation

and intelligence. Let’s consider a few rule-based examples: 

� An ABAP report performing input or process validations and displaying error mes-

sages with resolution instructions to the user

� A workflow for performing individual tasks/decisions moving from one step to the

next until a predefined process is complete

� An insight-to-action analytics scenario starting with a key performance indicator (KPI)

tile notifying the user about drifting trends, performing root-cause analysis and exe-

cuting corrective actions

� A situation-handling application informing the user about a problem, providing the

necessary data for resolution, and recommending actions 

When it comes to achieving level 5, rule-based approaches are no longer sufficient; they

must be extended to self-learning techniques. These techniques make sense of raw

data and discover hidden insights and relationships by learning from that data, rather

than programming explicit rules. Some examples include the following: 
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� Deep learning for image recognition

� SAP Conversational AI for natural language processing (NLP)

� Bots or intelligent applications based on machine learning models for autono-

mously making decisions and performing actions 

Figure 4.3  Categories for Automation Technologies
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4.2    Architecture Overview

In this section, we explain which machine learning application patterns have been

identified in the context of SAP S/4HANA. These are basically the underlying use cases

that must be solved with the proposed architecture. We also describe the guiding prin-

ciples behind the solution architecture. 

4.2.1    Machine Learning Application Patterns

For defining the solution architecture, it’s crucial to understand which technical capa-

bilities are required for the implementation of the machine learning scenarios. Thus,

the machine learning use cases were first analyzed concerning this matter. In this con-

text, several machine learning application patterns were identified, and those will be

described in this section. The strategic direction is to provide for each pattern a uni-

form concept and framework for implementation. Thus, the machine learning applica-

tion patterns can be applied as reusable building blocks by development teams to

accelerate the implementation of machine learning use cases.

Matching

Matching assigns relationships and detects similarities and anomalies in a given data-

set. As an example scenario, say that as a master data specialist, you want to reduce the

number of duplicates in the system during consolidation. While manual matching is

very time-consuming for users, intelligent systems can significantly speed up match-

ing decisions by using machine learning methods. The system can present one or more

strategies and their quality to link similar objects. Users then only need to approve or

reject the suggestions or adjust them to their needs. Matching is needed when at least

two artifacts can be linked together due to a degree of similarity. 

The process of matching follows a set of rules, which can be dynamically adjusted

(“learned”) by the system. The learned rules can change over time due to user input or

other triggers. Matching can be applied on different content types, including the fol-

lowing: 

� Text (e.g., search and replace) or images (e.g., find all dogs in a set of pictures)

� Audio (e.g., natural language processing, when an audio stream is matched to a

query) 

� Video (e.g., find out which company logos appear and how often during a football

game)

� Complex business objects (e.g., matching of invoices to good receipts or finding a

duplicate of a customer) 

The content to be matched highly influences the type of output and its presentation.

One aspect of matching is the quality of a match. This means that objects can fully or

only partially match together. A full match is given when all defined parameters are
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met, whereas a partial match finds only some of the required parameters to fit. The

more parameters match, the better the quality of a match is. The following matching

types have been identified so far:

� Relationship matching

Logically connects objects of different types—for example, matching multiple

invoices to one payment

� Compatibility matching

Fits objects of different types but with shared properties together to form a com-

plete system—for example, assembly of a high/medium/low-end computer (a com-

puter consists of several components, such as a motherboard, a CPU, memory, and a

display, which have to fit together—and, for instance, the CPU fits only into mother-

boards with a specific socket)

� Similarity matching

Merges similar objects of the same type into one—for example, merging multiple

similar business partners because they’re the same type of object

For developing matching patterns, commonly used algorithms include multiclass clas-

sification algorithms like XGBoost/multilayer perceptron, clustering algorithms like K-

means, and nonparametric methods like the k-nearest neighbors algorithm.

Recommendations

Recommendations propose datasets or actions based on the current context. For

example, as a material requirements planner, you want to see potential solutions for

resolving a material shortage issue. Intelligent systems can help users by recommend-

ing appropriate content or by suggesting an action or input the user may prefer. In this

case, we speak of a recommendation pattern and its impact on the UI. We differentiate

among three types of recommendations:

1. Content recommendations

The system filters the content down to what may be interesting for the user, based

on the user’s behavior or the content characteristics. Examples of typical content

recommender systems include Amazon and Netflix.

2. Input assistance

The system assists the user by entering data or filtering data. Typical examples might

be a search phrase suggestion, an appropriate form template, or a set of suggested

default values for certain fields, based on the user input and interaction history.

3. Solution proposals

The system supports users working on complex problems by recommending spe-

cific actions or proposed solutions. In some use cases, this might be combined with

a simulation of the possible outcome. Typically, solution proposals involve various

decision-support systems. Examples use cases include payment and invoice match-

ing, and material shortage scenarios.
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As a prerequisite for the implementation of recommendation patterns, you must have

historical data concerning actions performed and inputs provided during business

processes. For the recommendation type solution proposal, the logging of business

processes is mandatory; for content recommendation, the necessary historical data

might be derived from application data. For the recommendation type, input assis-

tance in addition to texts/descriptions could be required. 

For recommendation patterns, commonly used algorithms include social analysis,

multiclass classification algorithms like XGBoost/multilayer perceptron, text analysis/

mining, or the recurrent neural network (RNN).

Ranking

Ranking distinguishes between relevant and less relevant datasets of the same type in

relation to the current context. For example, as a purchaser, you want to see the top

suppliers for a specific product in the context of a given purchasing request. Ranking

simplifies complex decisions for business users by showing the best options first.

Items in a group are ranked by comparing criteria that are relevant for the user’s busi-

ness context, such as an amount, priority, or score. In a ranked table or list, the results

are always sorted to show the most highly ranked items on top. We differentiate

between two types of ranking:

1. Ranking by inherent value

Ranking is based on a value that is already available in the existing dataset, such as

the price. The value is typically known and understood by the user and requires no

further explanation.

2. Ranking by score

Ranking is based on a calculated grade, mark, or score. In this case, users might need

to understand the calculation behind the score, especially if machine learning meth-

ods are used.

Although you can rank a list of items based on their rating, ranking and rating are two

different concepts. A rating places a single item on a predetermined scale—for exam-

ple, rating your service provider on a scale from 1 (very bad) to 5 (very good). Ranking is

always about comparing a common value across a group of items. In the UI, rankings

are usually shown for a list or group.

For developing relevance and ranking patterns, commonly used algorithms include clas-

sification algorithms like XGBoost and clustering algorithms like K-means/the gaussian

mixture model, as well as nonparametric methods like k-nearest neighbors algorithm.

Predictions

Predictions forecast future data and trends based on patterns identified in past data,

taking into account all potentially relevant information. For example, imagine that as

a master data manager, you want to estimate the potential number of change requests

a team will need to process in the next quarter to balance the workload. Intelligent
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systems based on predictive models significantly reduce the cost required for compa-

nies to forecast business outcomes, environmental factors, competitive intelligence,

and market conditions. 

There are two main classes of predictive models: parametric and nonparametric. The

features of these can be combined to form a third class, semiparametric models. Usu-

ally, parametric models make specific assumptions with respect to one or more of the

population parameters that characterize the underlying distribution. Nonparametric

models typically include fewer assumptions about structure and distributional

arrangement but often encompass strong assumptions about independencies. 

Some algorithms for predictive models include ordinary least squares, generalized lin-

ear models (GLM), logistic regression, random forests, decision trees, neural networks,

and multivariate adaptive regression splines (MARS). Each of those algorithms has a

particular use and answers a specific question or uses a certain type of dataset.

Categorization

Categorization assigns datasets to predefined groups (classes). For example, as a service

agent, say you want to classify the priority of incoming requests (high/medium/low)

based on their content to improve customer service. Categorization can also discover

new groups (clusters) in the datasets, such as grouping customers into segments for

appropriate product offerings, targeted marketing, or fraud detection. 

Categorization is a complex task in which intelligent systems can help increase the

level of automation by applying machine learning methods of classification and clus-

tering. Those are used for the categorization of objects into one or more classes and

clusters based on their features. Classification and clustering are similar processes, but

there is one minor difference. For classification, there are predefined labels assigned to

each input instance according to its properties; in clustering, those labels are missing.

Because classification uses labels, training and testing datasets are required for verify-

ing models. This is not necessary for clustering. Usually classification is more complex

than clustering because there are many levels in classification, whereas only grouping

is done in clustering.

For developing categorization patterns, commonly used algorithms include classifi-

cation methods like XGBoost, neural networks like CNN/RNN/GAN, dimension-reduction

algorithms like principal component analysis, and clustering algorithms like K-means/

the gaussian mixture model.

Conversational AI

Conversational AI interacts with a system based on natural language conversation and

enables a hands-free paradigm. For example, as a purchaser, say you want to create a

purchase order by talking with the system. Being able to have a conversation with a dig-

ital assistant to complete your business processes is a key part of the user experience

for an intelligent application. 
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SAP Conversational AI understands typical natural language patterns to search for

business entities using various parameters, look up a specific business entity by name

or ID, retrieve the value of an attribute of a specific business entity, and create simple

new entities, including line items. SAP Conversational AI enables a humanized user

experience for applications to get tasks done in the context of the business data. Thus,

interaction with applications in natural language is supported. Creation of business

objects with information prepopulated from a conversational context is ensured. The

SAP Conversational AI technology supports sharing of notes, screenshots, and business

objects with other users within the context of a conversation. The ability to synthesize

business transactions from multiple SAP applications at a single point of interaction is

enabled with this technology. Customer skills for using a digital assistant can be cre-

ated and deployed across applications and channels.

4.2.2    Guiding Principles for Solution Architecture

The defined solution architecture will follow the key guiding principles of SAP S/4HANA,

which we’ll describe in this section, as depicted in Figure 4.4.

Figure 4.4  Guiding Principles for Solution Architecture
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Let’s walk through these principles: 

� One model/uniform in cross

Often the core data model is defined numerous times for different purposes only

because minor metadata must be added. For example, technology solutions for inte-

gration, user interface (UI), analytics, or transactions unnecessarily require their own

specific business object models. This increases the total cost of development (TCD)

as the same content must be provided again and again. Due to incompatible meta-

models, cross topics like UI integration, extensibility, and authorization must be

solved various times. This results in a high TCO and makes the consumption of solu-

tions difficult for customers. Therefore, one core data model will be defined and be

reused in different contexts by domain-specific enhancements. 

The data model of SAP S/4HANA is based on core data services (CDS). Thus, redun-

dant data modeling is avoided and cross topics are solved uniformly. For machine

learning, this data model will be reused as much as possible.

� Multiple deployments

SAP S/4HANA supports multiple deployment options. Therefore, the defined solu-

tion must be invariant regarding different deployment options and work in on-

premise, privately managed, and public cloud environments. This must be ensured

also for machine learning applications.

� Close to data

In the context of machine learning, one golden rule is to bring the algorithms to the

data and not vice versa. Algorithms consist of minor lines of code and are usually

self-contained. In contrast, application data has high volume and holds numerous

dependencies. Thus, replication or extraction of application data is usually a very

complex and TCO-intensive task (e.g., handling of deltas, meeting performance re-

quirements, interpreting the data semantically) and should be avoided.

4.2.3    Solution Architecture

Improved processing power, better algorithms, and the availability of big data are facil-

itating the implementation of machine learning functionality in SAP S/4HANA. Fur-

thermore, SAP S/4HANA’s underlying in-memory platform, SAP HANA, increases speed,

combines analytical and transactional data, and brings innovation with embedded

machine learning capabilities. With SAP Data Intelligence, additional features are inte-

grated into SAP S/4HANA and the platform covers the entire spectrum, ranging from

simply consuming intelligent services to training and deploying its own machine

learning models. 

Use cases like ranking, categorization, and prediction can be solved with classic algo-

rithms like classification, clustering, regression, or time series analysis. Usually those

algorithms do not allocate much memory and CPU time. Thus, they can be imple-

mented within the SAP S/4HANA stack, where the application data for model training
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and the machine learning consuming business processes also are located. This embed-

ded machine learning architecture has very low TCO and TCD. As illustrated in Figure

4.5, the embedded machine learning architecture is based on the SAP HANA machine

learning provided with the Predictive Analysis Library (PAL) and the Automated Predic-

tive Library (APL) as the necessary algorithms.

Figure 4.5  Overall Solution Architecture
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and predicting what’s likely to happen in the future. This ensures decision-makers have

access to the right information at the right time to influence the best possible out-

comes. The focus here is on smart predict, which is an explorative approach for unfore-

seen, exceptional, and irregular needs for machine learning methods.

A conversational UI for natural language interaction with SAP S/4HANA is enabled by

SAP Conversational AI. This is a self-learning solution using machine learning func-

tionality to gain knowledge based on historic data and experience. Machine learning

requires additional visualization capabilities in the UI, such as for illustrating confi-

dence intervals or forecasting charts. Thus, to embed machine learning capabilities in

UIs, intelligent SAP Fiori elements are used. 

In the following sections, we’ll provide more details about embedded machine learn-

ing, side-by-side machine learning, and predictive analytics architecture. The focus

here is on the development architecture; the data science tasks are not within the scope

of this book. 

4.3    Embedded Machine Learning

Embedded machine learning is an appropriate approach for use cases like ranking, cat-

egorization, and prediction, in which classic algorithms such as classification, cluster-

ing, or regression are sufficient for the implementation. The SAP S/4HANA platform

contains with SAP HANA machine learning libraries that can be used for the develop-

ment of embedded machine learning scenarios without the need to move application

data. For a given key question to be solved with machine learning, data scientists per-

form experiments and explorations to determine the required algorithms and the data

attributes for model training. Those are the input for the development of the machine

learning use case that is the focus of this section. 

As illustrated in Figure 4.6, the solution is based on two main architecture decisions:

using CDS views and making use of the machine learning techniques provided by SAP

HANA.

The data persistency in SAP S/4HANA is represented by application database tables. On

top of these tables, a virtual data model (VDM) is implemented using CDS views. One

purpose of these VDM views is to hide the cryptic database model and to provide a

reusable semantic layer that can be consumed in different scenarios, such as analytics,

planning, search, or transactions. At runtime, the CDS views are consumed via the ana-

lytical engine or the Service Adaptation Description Language (SADL), which is part of

the ABAP application server. Those frameworks evaluate the metadata of the CDS views

in terms of annotations to enable the required functionality for the business process,

such as hierarchy handling or analytics capabilities. Out of the ABAP CDS views, the SAP

HANA SQL views are generated so that SQL operations can be pushed down to SAP

HANA for optimal performance.
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The algorithms for embedded machine learning can be performance-intensive as

high volumes of application data must be processed. Thus, for performance optimi-

zation, the algorithms should be processed close to the application data. SAP HANA

provides PAL and APL to offer statistical and data mining algorithms. In addition,

specific algorithms can be implemented if required. As shown in Figure 4.6, those algo-

rithms are invoked and orchestrated by the modeling and administration component,

which is explained later in this section.

Figure 4.6  Embedded Machine Learning Architecture

The algorithms require application data as input for model training. The VDM, with its
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is to provide a common interface for the consumption of machine learning models inde-

pendent of the underlying predictive engine. The intention is to harmonize the manage-

ment of machine learning models and to provide a simple common interface to allow

applications to interact with different types of supported machine learning libraries

without the requirement for applications to develop machine learning engine-specific

code. Consumer applications interface only with application programming interfaces

(APIs) and do not interact with low-level machine learning libraries.

The ISLM architecture is shown in Figure 4.7. The ISLM framework contains information

about the installed SAP HANA libraries. It provides a repository for machine learning

models that includes, for example, information concerning model types (e.g., regres-

sion, classification, time-series), model data sources (e.g., tables, views), model training

data, and model quality figures to allow for assessing metrics and supporting model

comparison. The ISLM framework also provides a pluggable infrastructure and adapters

for APL and PAL. In addition to hiding the complexity of machine learning libraries

from application development, the ISLM framework supports the lifecycle manage-

ment of the involved artifacts in terms of transport within the system landscape, deliv-

ery, and upgrade mechanisms. Furthermore, it provides configuration capabilities for

model training based on the customer data in their development landscape. This frame-

work is going to be explained in detail in Chapter 5. 

Figure 4.7  ISLM Architecture
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wherever possible. Therefore, CDS views and CDS table functions are the appropriate

technologies to consume the machine learning models stored in SAP HANA, as shown

in Figure 4.8. SQL script procedures are used to wrap the machine learning models on

the SAP HANA level. Those SQL script procedures can’t be invoked by standard CDS

technology but can be with CDS table functions. These are used for breakout scenarios.

They are data dictionary objects and are defined via data definition language (DDL)

sources, but in contrast to CDS views, they are not database-independent; they repre-

sent native SQL script functions. These functions are implemented using the tech-

niques of ABAP Managed Database Procedures (AMDP)—that is, via ABAP with an

implementation in SQL script. On top of the machine learning models exposed via SQL

script procedures, corresponding CDS views for machine learning are defined by using

CDS table function technology. The CDS table function represents the input and output

structure of the SQL script procedure that is called by the AMDP implementation of the

CDS table function. The provided CDS view, and respective CDS table function, can be

combined with other VDM views and consumed accordingly. For this purpose, OData

services can be generated automatically. Existing CDS annotations can be used.

Figure 4.8  ABAP Integration
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APL has built-in data science steps like feature engineering and detection of adequate

algorithms. Therefore, this library is very easy to use und results in very low TCO and

TCD. However, the algorithms are restricted to classification/regression, clustering,

time series analysis, and recommendation models. Thus, for breakout scenarios in

terms of using other algorithms or fine-tuning the models, PAL is used; it provides

more than 100 machine learning algorithms. Figure 4.9 illustrates how this library is

integrated for embedded machine learning.

Figure 4.9  PAL Integration
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� Lifecycle management and operations with SAP S/4HANA ABAP tools and concepts

� GDPR compliance by design; no data transfer

� On-premise and cloud deployment ensured due to one-code-line approach

Lifecycle management and ABAP integration of PAL models are also based on intelli-

gent scenarios, as depicted in Figure 4.10. The details of lifecycle management will be

described in Chapter 5, Section 5.5.1.

Figure 4.10  PAL Model Training
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can be used to innovate critical business processes, which will then produce even more

fine-grained contextualized data, feeding a virtuous cycle. Embedded machine learn-

ing targets scenarios in which the business and machine learning logic reside in the

SAP S/4HANA platform, but the term side-by-side machine learning is used in the fol-

lowing use cases: 

� SAP S/4HANA machine learning based on SAP Cloud Platform

The SAP S/4HANA application and the according business logic are based on SAP

Cloud Platform. Such applications should consume the required machine learning

services directly from SAP Data Intelligence and SAP HANA machine learning, fol-

lowing the rule of bringing the algorithms to the data. 

� SAP S/4HANA machine learning based on ABAP application server

The SAP S/4HANA applications and the related business logic are based on the SAP

S/4HANA platform. However, the required machine learning capabilities are not

available on SAP S/4HANA—for example, image and language recognition, or senti-

ment analysis. These features are consumed from SAP Data Intelligence remotely or

based on an exchange of trained models. 

Side-by-side machine learning fits use cases like image recognition, sentiment analysis,

or NLP that require deep learning algorithms based on neural networks. These kinds of

algorithms are very demanding regarding consumption of system resources. They usu-

ally require huge volumes of data and GPU time for model training. Thus, to keep the

load in the transactional SAP S/4HANA system low and ensure acceptable runtime for

the business processes, side-by-side machine learning scenarios are scaled out to SAP

Data Intelligence. This infrastructure also complements the overall solution in which

specific algorithms are not provided on the SAP S/4HANA platform, classic methods

(e.g., regression, classification) consume too many resources of the transactional sys-

tem, or huge volumes of external data (e.g., Facebook, Twitter) are required for model

training. In particular, SAP S/4HANA extension applications should consume SAP Data

Intelligence capabilities because the application data and business processes are founded

on SAP Cloud Platform. Thus, the golden rule of bringing the algorithms to the data is

followed.

So because side-by-side machine learning scenarios are based on SAP Data Intelligence,

the question arises: How do we integrate this technology into SAP S/4HANA in terms of

model training and inference? The answer to this question is given next.

SAP Data Intelligence is an important component of the side-by-side machine learning

architecture. It’s designed for the cloud and deployable in any cloud, hybrid, or on-

premise landscape that addresses the entire end-to-end lifecycle for creating value out

of data, combining enterprise AI with intelligent information management, and

enabling enterprises to effectively operationalize machine learning and data science

on complex and real enterprise landscapes. We introduced SAP Data Intelligence in

Chapter 3, Section 3.3.1.
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SAP Data Intelligence handles how customers discover, refine, govern, orchestrate, and

scale efforts in getting intelligence out of data assets they own or those to which they

need to connect. This covers all the data management use cases that deal with different

kinds of data (structured, unstructured, streaming), different integration approaches

(batch, real-time, near-real-time), or different processing patterns (offline, online, lamb-

da). Key capabilities include the following: 

� Data connectivity and orchestration

Leverage central connection management to connect to data wherever it resides—

on premise or in the cloud—regardless of the data type—structured, unstructured,

streaming—and integrate it with flexible data pipelines. Orchestrate data process-

ing across highly distributed and heterogeneous landscapes, executing any SAP or

non-SAP processing engines close to the data sources to minimize the amount of

data to be moved or replicated.

� Data governance and cataloging

Access an advanced metadata management system/catalog, enabling data lineage,

data quality, profiling, data discovery, and searching of datasets to ensure auditabil-

ity and governance. This gives IT team members the flexibility and control they

require to ensure trusted and accurate data is easily discoverable by the teams that

need it, all integrated within a single solution.

� End-to-end lifecycle management of machine learning models

Streamline data science and machine learning projects, from modeling and develop-

ment to operations, across all enterprise data assets to manage the end-to-end life-

cycle. A central repository enables versioning and a tailored lifecycle management

process for machine learning projects.

Support data discovery, access and preparation, and experimentation in Jupyter

Notebook; leverage a library of pretrained models for the most common functional

services; and support deployment, (re)training, serving, and monitoring of all mod-

els. Access ready-to use, adaptable business content in terms of operators and tem-

plates. Finally, SAP Data Intelligence provides an environment for model deploy-

ment and operation, a means to integrate results back into an application or employ

delayed consumption, and continuous testing and maintenance of all models in

production.

� One integrated solution

SAP Data Intelligence includes data pipelining, orchestration, machine learning, and

metadata cataloging in a single solution. This is very valuable: all hyperscalers have

different services for these functionalities, which have to be integrated, while the

main pure players and niche players focus only on a subset of these areas. 

� Hybrid and multicloud deployment

SAP Data Intelligence is available both as a service in SAP Cloud Platform and as a

bring-your-own-license product. It has been natively built on Kubernetes since its

initial design, allowing it to deploy the very same solution in any hyperscaler, pri-

vate cloud, or on-premise data center. 
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� Native integration capabilities

Besides reusing all relevant open-source technologies and open standards, SAP Data

Intelligence is also capable of natively integrating and reusing SAP data sources and

engines. SAP Data Intelligence pipelines can natively integrate into ABAP applica-

tions; orchestrate SAP Business Warehouse (SAP BW) process chains, SAP Data

Services jobs, and SAP HANA flowgraphs; execute SAP HANA streaming analytics

scenarios; and integrate into all SAP Cloud Platform applications.

Many of these capabilities may exist today in a customer’s information management

landscape, but they are typically offered in a myriad of different ways across several

disparate toolsets that require different skills and different frameworks, whereas SAP

Data Intelligence provides a single, comprehensive way to manage all data types cohe-

sively and intelligently.

SAP Data Intelligence is designed to be used by different user profiles throughout the

enterprise. From a business user with technical affinity to developers and data scien-

tists, there are modules, services, and tools for all levels. The typical lifecycle SAP Data

Intelligence supports comprises the following phases:

1. Data management

With a comprehensive set of intelligent information management capabilities, it’s

possible to manage the data that drives the entire AI process, making it possible for IT

enterprise architects, data engineers, and data management professionals to elimi-

nate data silos and ensure that the data needed for data science teams is made avail-

able in a governed manner. With tools to help profile, prepare, and merge data, data

science teams can rapidly get to the datasets they need to move on to the next phase.

2. Experimentation

For data scientists developing models, SAP Data Intelligence provides the tools they

are experienced with, like Jupyter Notebook, and the frameworks they require, like

R, Python, or TensorFlow. Once provisioned, data science teams can work in a Jupy-

ter Notebook environment to develop models using open-source frameworks and

SAP frameworks (like APL and PAL), pretrained services, and a visual pipeline GUI to

orchestrate data ingestion, training steps, or multiple models. These experiments

for a specific business problem are put under version control so teams can explore

various potential solutions and models and easily test and iterate until they land on

a model they would like to pursue in production.

3. Productization

Models can rapidly be delivered into production by packaging the required assets

(like pipelines and model assets) into a machine learning scenario. In production, a

team responsible for machine learning operations can easily take over and connect

production data to the new scenario, (re)train, deploy models to model servers, inte-

grate with business applications, and start generating insights. Once in production,

models can be centrally managed from a single cockpit in which the ongoing testing,

retraining, and quality of those models can be monitored.
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Models and pipelines can be reused, recombined, and traced through the entire process

and to jumpstart new scenarios. This includes reuse of datasets as well. The machine

learning functionality of SAP Data Intelligence is used directly by data scientists

through a set of tools run as web applications either inside SAP Data Intelligence or

indirectly by applications that call representational state transfer (REST) APIs of SAP

Data Intelligence. Both tools and backends providing REST APIs are based on the sys-

tem application server, which helps to delegate aspects like user authentication and

authorization to the platform. Tools include design-time tools for data scientists, like

the open-source JupyterLab component and the SAP Data Intelligence pipeline mod-

eler. Moreover, there are tools for managing the lifecycle of a machine learning project

and the lifecycle of datasets used in a machine learning context.

As illustrated in Figure 4.11, SAP Data Intelligence provides a data lake for business data.

Thus, application data can be extracted from SAP S/4HANA for training machine learn-

ing models. 

Figure 4.11  Side-by-Side Machine Learning Architecture
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open to third-party frameworks a data scientist would like to work with. There is also

specific support for SAP HANA-embedded machine learning; that is, a connection to any

SAP HANA, PAL, or APL data stored in SAP HANA can be used from an SAP Data Intelli-

gence context. 

The pipeline engine orchestrates complex data flow pipelines, is based on scalable

infrastructure provided by SAP Cloud Platform/Kubernetes, supports heterogenous

execution runtimes (e.g., R, Python, Spark machine learning), and enables connectivity

to SAP S/4HANA. Based on the application data, exploration and feature engineering is

performed by data scientists to define machine learning models. For this, common

data science tools like Jupyter Notebook and Python are supported. For deep learning

scenarios, a framework is provided that enables training on a GPU infrastructure.

To implement machine learning use cases, applications must define machine learning

scenarios and model pipelines. SAP Data Intelligence organizes each machine learning

use case by the artifact machine learning scenario. This bundles all design-time entities

to solve a machine learning business question. In addition, it is the bracket keeping

track of consumed and produced artifacts, like datasets and machine learning models,

as well as the metrics reported by these, and is thus the basis for machine learning sce-

nario lifecycle management. Thus, the machine learning scenario artifact contains all

development entities that are required for the implementation of a specific machine

learning use case. 

Inference and training processes are developed as pipelines comprising sequential and

parallel tasks. In particular, for each machine learning scenario, a training pipeline is

provided, which receives the training data from SAP S/4HANA and processes the data

to train the algorithms for a specific use case. Structured data is handled by a CDS oper-

ator and stored, such as in SAP HANA, whereas unstructured data is managed by an

object store and big data storage. Often, saved application data is deleted after a train-

ing run. However, there are use cases with high retraining frequency, in which, after an

initial upload, the deltas periodically must be received and stored for the next training

run. The application data can be persisted. Alternatively, streaming based on continu-

ous data transfer without persistency can be applied. The training and inference pipe-

lines are exposed by REST services. Those are invoked by SAP S/4HANA applications

remotely and integrated into the business processes and UIs. Thus, machine learning

capabilities are provided as built-in functionality to the right person, in the right place,

and at the right time. 

The operation and monitoring of machine learning models are managed with different

administration applications: 

� The machine learning operations cockpit provides a view of currently deployed

models and their runtime KPIs and produced artifacts. It allows for manual activa-

tion of machine learning scenarios and calling the associated pipelines. It also sup-

ports landscape management, model configuration, and provisioning of machine

learning scenarios to other tenants. 
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� Scenario scheduling allows automated calls to the pipeline API. 

� The debrief cockpit provides data scientists with KPIs for the created inference pipe-

lines/models during the exploration and retraining phases.

Figure 4.12 drills into the details of the integration between SAP Data Intelligence and

SAP S/4HANA. On the SAP S/4HANA side, an intelligent scenario is the artifact corre-

sponding to the machine learning scenario on the SAP Data Intelligence side. An intel-

ligent scenario is also a design-time artifact that represents a machine learning use case

and contains metadata like the name and description of the use case. In particular, it

encompasses the ABAP class, which implements the consumption API of the machine

learning model.

Figure 4.12  SAP Data Intelligence Integration into ABAP
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Figure 4.13  Design of ABAP Machine Learning Logic Class

As described, the machine learning logic ABAP class is registered to an intelligent sce-

nario on the SAP S/4HANA side. To have a harmonized programming model across all

machine learning use cases, the ABAP class is standardized by implementing inter-
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The CONSUME_INFERENCE method wraps the REST service for model consumption as an

ABAP API that is exposed to machine learning applications. The input consists of one or

more records for which inference results are provided based on the underlying

machine learning model. 

It is difficult for customers to understand which technical and business prerequisites

are required to train and consume machine learning scenarios. For example, sufficient

data volume must be in place for training of machine learning algorithms. Also, under-

lying business processes must be activated and configured in order to have a meaning-

ful foundation for the training process. With an increasing number of machine

learning scenarios, such evaluation can no longer be performed by the customers man-

ually due to high TCO and huge complexity. Therefore, a prerequisite check capability

is required to automatically validate for each machine learning scenario whether the

necessary prerequisites for training and consumption are met. Intelligent scenarios

provide the necessary prerequisite checks by implementing the IF_ISLM_PREREQUISITE_

CHECK interface. Thus, the readiness and consistency of the machine learning use case

can be checked, such as whether enough data is available for model training. Those

checks are performed by the ISLM framework to evaluate whether the prerequisites for

model training are fulfilled.

To enable the ABAP class for customer extension, enhancement spots are provided.

Thus, customers can enhance the consumption logic or add specific transformations as

examples. Reusable routines are provided by the CL_ISLM_INFERENCE_PROVIDER and CL_

ISLM_INFERENCE_CLIENT utility ABAP classes. These classes support methods like getting

the currently activated model for inference, receiving the URL endpoint of a REST ser-

vice provided by SAP Data Intelligence, creating an ABAP REST client object based on

the REST service URL, triggering training for a machine learning scenario, or reading

monitoring data for a trained model. The interactions among those classes in the con-

text of training and inference processes are shown in Figure 4.14.

The training process is triggered by the ISLM framework for a selected intelligent sce-

nario. Because an ABAP class is registered for each intelligent scenario, the ABAP imple-

mentation for the selected intelligent scenario can be determined. Thus, the corre-

sponding machine learning scenario on the SAP Data Intelligence side can be read.

With the ID of the machine learning scenario, the URL for the training REST service can

be determined by invoking the necessary reuse routine of the machine learning utility

class. Once the URL for the training REST service is available, an ABAP REST client object

can be created based on the URL. This proxy object is used to call the training method

from ABAP and run the necessary job. The status of the training—whether the job was

successful or failed—is displayed by the ISLM framework for the end user.

The inference process is usually triggered by the machine learning application, as

shown in Figure 4.15. The API for the inference calls is provided by the machine learning

logic ABAP class, which is known for the machine learning application during design

time. Like the training process, the URL for the inference REST service is determined by
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reusing the CL_ISLM_INFERENCE_PROVIDER machine learning utility class. Based on the

URL, a REST client object is created in ABAP. This proxy object is used to call the REST

service for inference. The input parameters for the inference call are passed by the

machine learning application. The calculated results are also processed by the machine

learning application—for example, integrated into business processes or illustrated in

the UI.

Figure 4.14  Training Sequence
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utility class. As a first step, an HTTP client is created based on the URL of the REST ser-
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Figure 4.15  Inference Sequence
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methods. Figure 4.16 illustrates the basic steps for the training and inference pipelines,

which can vary per use case.

Figure 4.16  Design of Training and Inference Pipelines
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4.5    Side-by-Side Predictive Analytics

In a side-by-side setup with SAP Analytics Cloud, smart assist expands the conversation

beyond just visualizations, charts, and data connectivity, offering easy-to-consume

machine learning capabilities embedded deeply within SAP Analytics Cloud, alongside

and integrated with analytics and planning. The smart features within SAP Analytics

Cloud make insight discovery faster by bringing data science to the masses. Intelligent

machine learning technology drives the analytics process while reducing human bias,

ensuring that decision makers can act with confidence. Figure 4.17 depicts the architec-

ture of the predictive analytics services provided by SAP Analytics Cloud, including sev-

eral smart assist features.

Figure 4.17  Predictive Analytics Architecture
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insights helps us to understand revenue contribution trends at a more granular

level, such as by region or product. With the click of a button, machine learning algo-

rithms run in the background to analyze all the data relevant to the selected infor-

mation. First, suggested visualizations ranked in order of relevance are presented.

Then, these visualizations can be added to an SAP Analytics Cloud story along with a

text explanation thanks to the natural language generation engine.

� Smart discovery 

Acts as a digital business analyst. It automates the data exploration process to reveal

information that is statistically relevant. Trained machine learning models that are

specific to customer data generate an overview of significant patterns, outliers, key

drivers, and influencers. Then, an interactive what-if simulation is created based on

the model, allowing you to explore the possible results of changing factors and vari-

ables. With the autogenerated story from smart discovery, the data speaks for itself.

Intelligent algorithms remove the need for analytics to be fully human-led, reducing

bias to ensure that important trends are not missed.

� Search to insight 

Makes content creation easier with the power of natural language query. To use

search to insight, simply ask a question about the data, and SAP Analytics Cloud will

intelligently create relevant visualizations that can be added to stories.

A dataset is an SAP Analytics Cloud entity representing a collection of homogenous

data (basically a database table) that can be produced and consumed in different SAP

Analytics Cloud workflows. Typical workflows are data acquisition, consisting of creat-

ing a dataset from data located in an external system, and story building, consisting of

creating a dashboard using a dataset. The physical location of data held by the dataset

is complemented by a dataset description that comprises information for each column

like the data type, length, format, and semantic information (e.g., latitude, longitude,

country), plus more predictive-specific information like the category (e.g., nominal,

ordinal). The data integration infrastructure of the SAP Analytics Cloud platform pro-

vides two data access modes for the smart assist features:

1. Data-acquisition mode 

In this mode, data is either transferred from external systems like SAP S/4HANA or

uploaded from the end user environment to the SAP Analytics Cloud platform and

processed. This offline approach safeguards the resource consumption of the exter-

nal systems and allows a scale-out of predictive processing on SAP Analytics Cloud.

Its drawback is that the offline data can become outdated with time and must be

updated on a regular basis.

2. Live-connection mode 

In this mode, data stay on external systems like SAP S/4HANA and are processed

there as well. In the context of smart assist, usually the SAP HANA database with APL

installed is required. With the live connection, real-time access to data is provided so
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that the latest state of the application data is always considered. However, for pro-

cessing APL directly on the online data, greater CPU time and RAM in the external

system are consumed. Currently, live-connection mode is implemented for access

to application data on the database system but not on the application server level. 

Datasets can have one of two origins. They can be either the result of a data acquisition

or can be the result of a predictive model application. This relates to the role a dataset

can have:

� Training dataset

A dataset can be used as the training dataset for a predictive model. In this context,

the dataset contains valid values for the model’s explanatory variables and target

variables. The data will be used to optimize the model fit.

� Apply-in dataset

A dataset can be used as the input for the application of a predictive model. In this

context, the dataset contains values for the model’s explanatory variables but not

for the target variables, the goal being precisely to evaluate the value of that target

variable using a trained model.

� Apply-out dataset

A dataset can be used as the output for the application of predictive model. In this

context, at the end of the application phase, the dataset will contain the estimated

value of the target variable for all the records of the apply-in dataset.

Smart assist can be consumed in SAP Analytics Cloud stories and from there integrated

into SAP S/4HANA UIs. A story is a presentation-style document that uses charts, visu-

alizations, text, images, and pictograms to describe data. Once a story is created or

opened, pages, sections, and elements can be added and edited. The story toolbar is

divided into different categories such as File, Insert, Data, and Tools to help users find

options and perform tasks more efficiently. Owners of stories can share them with

other users and grant permissions for these stories. After stories are shared, users with

view permissions can analyze the data by navigating within the stories.

We’ll focus mainly on the smart predict architecture, which enables the implementa-

tion of predictive analytics generically. The remaining smart assist features are pro-

vided as built-in functionality in the SAP Analytics Cloud infrastructure for direct

usage. Another reason for concentrating on smart predict is that most of the smart

assist functions are based on this service. Figure 4.18 illustrates the detailed architec-

ture of smart predict.

In SAP Analytics Cloud, predictive features essentially fall into smart predict—which

provides for managing model authoring and storage and for training models and

applying them—and smart assist—which is an umbrella for a number of predictive fea-

tures built on top of the predictive cloud services, like smart discovery and smart

insight. Smart predict bundles two different authoring experiences, a purely form-

based and easy-to-consume automated UI geared toward the nontechnical user and, in
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the future, it is planned to provide a pipeline-based editor targeting the maverick data

scientist. In addition to providing support for managing model specifications, smart

predict core services implement the concept of a task, typically encapsulating model

training or applying work and a mechanism for executing such tasks in a regulated

fashion, preventing the overload of underlying automated engines. Tasks pertaining to

models authored through the automated UI and handled by the automated engine are

exposed as a Cloud Foundry application. The associated composer models are pro-

cessed by an embedded composer engine by delegating the execution to the APL in

SAP HANA. Execution of automated tasks involves interaction with the automated

engine through a synchronous and stateful KxCommonInterf/Thrift protocol.

Figure 4.18  Smart Predict Architecture
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4.6    Summary

In this chapter, we explained what makes SAP S/4HANA intelligent and how this is

related to automation. We gave a brief overview of technical challenges that must be

solved in the context of SAP S/4HANA regarding machine learning and predictive ana-

lytics. For understanding the structure of the already delivered scenarios, we shared

the application patterns that have been identified so far. To enable you to use the exist-

ing SAP S/4HANA machine learning and predictive scenarios, we explained the solu-

tion architecture behind them. 

This knowledge is the foundation for the next chapter, in which we will describe how to

implement your own machine learning and predictive analytics use cases step by step

according to the SAP S/4HANA programming model. We will also share with you how

to resolve advanced aspects like lifecycle management, GDPR, and model degradation,

which are crucial in the context of enterprise applications such as SAP S/4HANA.
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