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World first floating-point support for
hardware independent safety applications
with Coded Processing

Martin StRkraut & Felix Muller, SlListra Systems, Dresden/Germany
Overview

Many safety applications require more sophisticated arithmetic. For instance, to compute whether a
robot including its joints and the tool stay within a defined safety area (e.g., a bounding box). But safety
functions can be even more advanced, e.g., when a co-bot must adhere to a speed limit as long as it
faces a worker, but may run much faster if the co-bot faces away from the worker. Here, the safety
function must not only calculate the co-bots position, but also its speed and must also take into account
the presence of the worker. Such sophisticated safety functions are worth the effort, because they allow
to shrink the safety area around a robot and, hence, the safe space on the shop floor. Other applications
are autonomous mobile robots (AMRs). An AMR often relies on several high-resolution sensors to
detect obstacles. The safety reaction depends not only on the detected obstacles themselves, but also
on the current position, direction and speed of the AMR. The safety function can safely ignore
obstacles, that are not on the planned path of the AMR or are far enough away (based on the current
speed). Also automated guided vehicles (AGRs) which follow predefined routes require safety
functions, that a) ensure that the AGR stays on the route and b) detect obstacles and execute a safety
reaction similar to AMRs.

None of these examples can be computed with simple integer or fixed-point arithmetic, because
integers and fixed-point arithmetic have a limited resolution and value range. These algorithms are
usually designed with floating-point arithmetic. According to IEEE 754 floating-point values achieve
their high precision by splitting values into:

e asignbit$S
e an exponent E (11 bits for double precision) and
e amantissa M (52 bits for double precision).

The final value x is calculated as x=(-1)%(1+M/252)-28-1923 Modern compiler and hardware handles hide
these calculations and support addition, subtraction, multiplication and division in hardware.

Coded Processing allows to implement safety functions on nearly arbitrary hardware. However, in the
past Coded Processing did not support floating-point. The reason is, that Coded Processing is based on
AN encodings, where every value is multiplied by a fixed constant A. These AN encodings work fine for
integers. But they just cannot be applied to floating-point. The core principle of AN encodings is the
divisibility of code words by the fixed constant A. In a floating-point context with rounding of
intermediate results this divisibility property cannot be ensured.
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The workaround in the past was either to fall back in imprecise fixed-point arithmetic implemented on
integers or to use a soft-float library. A soft-float library implements floating-point operations
completely in software based on integer arithmetic. Encoding a soft-float library with Coded Processing
works, but results in slow floating-point arithmetic.

A novel encoding for floating-point

With the SlListra Safety Transformer 3.0.0 SlListra Systems introduces as world first native encoding for
floating-point values for Coded Processing. This special encoding uses the floating-point hardware units
and the integer units for optimal safety and performance in the encoded channel. The native channel
directly uses the floating-point hardware units for performance. It is much faster, than encoding a soft-
float library and has the exact same precision as defined by the floating-point standard IEEE 754.

Existing floating-point algorithms designed for IEEE 754 single and double precision floating-point
arithmetic can be encoded fully automatically with the TUV SUD-certified SlListra Safety Transformer
3.0.0. The development tool supports C and C++ source code with float and double data types.
Floating-point values and data types can be used for constants, global and local variables, function and
method parameters and in C++ even for template parameters. The SlListra Safety Transformer is able
to encode any C and C++ operator on these data types: +, —, *, /, as well as all comparisons and casts.
Users can build custom data types, i.e., arrays, structs and classes. In C++ operators can be overloaded
to provide much more natural looking code. The example belows shows a sketch of a 3-dimensional
vector class with overloaded + operator for adding two vectors. This and much more advanced code
can be handled by the SlListra Safety Transformer.

01: struct Vector3 {

02: double x, vy, z;

03:

04: Vector3 operator+ (const Vector3& other) const {

05: return {x + other.x, y + other.y, z + other.z};

06: }

07: };

08:

09: Vector3 movePoint (const Vector3& point, const Vector3& offset) |
10: return point + offset;

11: 1}

The tutorial of the SlListra Safety Transformer contains a complete example of using floating-point
arithmetic.

The SlListra Safety Transformer supports the standard C and C++ rounding mode round-to-nearest ties-
to-even for all floating-point operations.

Optionally, the user can enable floating-point signals, i.e., the hardware floating-point unit in the native
channel will raise a signal handler when triggering a division by zero or having operations produce Not-
a-Number values (NaN). The concrete implementation is platform dependent. The encoded channel
will - if configured - trigger the SIListra signal error function. Triggering such a signal is not
recoverable. The system must go into a safe state, e.g., via SIListra signal error.
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Because the floating-point encoding leverages also the floating-point hardware, it will diagnose cases,
when the hardware unit does not behave according to IEEE 754. This is of course a safety feature,
because not conforming to IEEE 754 is a systematic hardware failure. However, in practice some
hardware platforms require configuration when compiling C and C++ code to achieve 100%
compatibility. The user manual of the SlListra Safety Transformer provides an extensive guide for
several different platforms on how to configure the compiler to avoid it generating IEEE 754
incompatible floating-point code.

Challenges with floating-point arithmetic

Even with the support of floating-point arithmetic by the SlListra Safety Transformer some challenges
remain. The user must make sure, that the floating-point algorithms have the desired precision. Each
floating-point operation has a tiny imprecision. The user must design the algorithms in a way, that these
imprecisions do not accumulate over time. The SlListra Safety Transformer enables users to apply
Coded Processing to trusted existing code bases without the need to change them. Hence, saving the
user the need to re-analyze these implementations.

The IEEE 754 standard defines Not-a-Number (NaN) values, for example as the result of 0.0/0.0. The
standard does, however, not define a fixed bit pattern for these Not-a-Number values. Each hardware
platform has its own bit pattern. That means code that relies on NaN values cannot be used with the
SlListra Safety Transformer, because native and encoded channels could operate on different bit-
patterns, which would be diagnosed as a random error. This is safe, but might be undesirable. However,
NaN values are strongly discouraged in safety algorithms for safety reasons.

Algorithms in two- or three-dimensional space require mathematical functions, e.g., trigonometric
functions (sin, cos, ...). The SlListra Safety Math Library (SML) provides ready-to-use safe and
performant implementations of the most commonly used mathematical functions. See the SML white
paper for more details.

Next steps

The SlListra Systems provides more details on its homepage: https://silistra-systems.com. There are
more white papers not only for the SML, but also on how to develop more modular with the SlListra
Safety Transformer and how to implement tests with then SiListra Unit Testing Library. To check how
your complex safety algorithms perform with Coded Processing contact SlListra Systems under:
info@silistra-systems.com.
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