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This paper examines the challenges and solutions involved in GUI development on
32-bit MCUs with limited memory. It explains the tension between performance,
memory, and design, and discusses how developers can balance these factors.

A graphical user interface (GUI) is an interface that allows users to interact with an
electronic device in an intuitive way by using visual elements such as icons, buttons, and
text on a display. There are various types of displays where GUIs can be used. In this
article, we focus on simple displays connected to a host system. The host system is an
embedded system.

Embedded systems are specialized computers designed to perform specific tasks within
larger systems. They can be found in a wide range of applications, from household
appliances to medical devices to automobiles. Embedded systems can be based on
microcontroller units (MCUs) or microprocessor units (MPUs). MCUs integrate all the
necessary components on a single chip, making them cost-effective, compact, and energy-
efficient; ideal for simple, specialized tasks. However, they have limited processing
power and memory. MPUs, on the other hand, offer higher processing power and
expandable resources, making them suitable for complex, high-performance applications,
though at the cost of higher energy consumption and more complex integration'.

Challenges of GUI Development on MCUs

Developing GUIs on MCUSs presents developers with a number of complex tasks. What
requirements does the target hardware impose on GUI development? How can limited
memory be used efficiently without compromising visual quality? How can the design be
optimized to both save memory and ensure high performance? What specific challenges
arise when implementing animations, and how can these be managed with the available
resources?

We summarize these challenges in the so-called tension triangle, which describes the
balance between three central factors: performance, memory, and design. When
developing GUIs on MCUs, developers must reconcile these three aspects.

1J.T. Wunderlich.
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Figure 1: The Triangle of Tension in GUI Development. Own depiction.

The Balancing Act Between Memory and Performance

One of the greatest challenges in GUI development lies in the complexity of the data that
needs to be processed. The smallest unit of a screen, the pixel, is crucial for displaying
content. In a full-color design, the color depth of a pixel is typically calculated as 1 byte
per color channel (red, green, blue) per pixel. However, if a multi-layer operation is
required—such as a GUI overlaid on a video (e.g., in a rear-view camera)—an alpha
channel is added, which stores transparency information. In this case, each pixel requires
4 bytes, as the alpha channel must also be stored alongside the RGB values.

While this might initially seem like a manageable amount of data, at a resolution of 800
x 480 pixels, the memory requirement adds up quickly. Furthermore, during the
construction of a single frame, it is important to ensure that no unwanted drawing
operations are visible in the background, for example when text is placed over images.
This is where the concept of double buffering comes into play: the next frame to be
displayed is built in the background while the current frame is shown. Once the
construction is complete, the frames are swapped to ensure smooth transitions.

The challenge here is that these large amounts of data must be processed quickly and
frequently. MCUs, compared to MPUs, have lower processing power, which makes
processing complex graphics and animations more difficult. Additionally, MCUs
typically have limited amounts of flash memory and RAM available, which limits the
amount of data that can be stored and processed for the GUI. Studies have shown that the
human eye perceives stuttering at frame rates below 15-20 Hz?, which is why a frame rate
of at least 25 frames per second is typically targeted. The rule is: the higher the frame

2 ygl. Chen and Thropp, 2007.
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rate, the smoother the GUI. Here we see the first major balancing act—the need to ensure
high performance while maintaining limited memory space and processing capacity.

This dilemma requires creative solutions. One option to consider is foregoing a GUI
framework. Frameworks provide predefined components that can speed up development
and simplify handling complex GUIs, but they come with additional memory and
resource overhead. With limited memory and processing power, it might make sense to
forgo a framework and develop a custom solution. This could be more efficiently tailored
to specific hardware resources, although it would require more development effort.

The RAM layer offers another way to reduce memory consumption. This involves
minimizing double buffering to single buffering. Here, the image construction is
synchronized with the update behavior of the display (using V-Sync), so only the non-
visible part of the image is updated in the background. This reduces memory usage but
can result in unwanted construction artifacts (e.g., staircase effects) if synchronization is
lost.

Another approach to reducing memory consumption concerns flash memory, especially
when processing background images that take up a lot of space. Storing them in raw
format can overload the flash memory and slow down loading into the framebuffer. One
solution is to compress the images, ideally in a lossless format, to save memory. For
example, Runtime Length Encoding (RLE) could be used, which allows for fast
decompression.

The Balancing Act Between Memory and Design

Designing user interfaces also poses a challenge due to limited memory space. GUIs,
particularly those with high graphical requirements, require a significant amount of
memory to store graphics, textures, and other visual elements. A colorful, detailed design
demands a correspondingly large color space, which increases memory usage.

To address the design-memory challenge and save RAM, techniques like palette-based
color formats or dithering can be employed, which reduce the color depth. From a greater
distance, these savings are often not visible, but they may require compromises in design
quality.

Another example is vector graphics, which are particularly useful for rendering icons.
Icons can be described as paths and rendered at runtime, which requires more CPU power
but reduces memory usage. This is especially useful when icons are needed in different
sizes, as rendering in real-time uses less flash memory than storing multiple image
versions.

The Balancing Act Between Design and Performance
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Another problem is that users today expect aesthetic, smartphone-like graphics. This often
requires elaborate animations and effects, such as 2.5D transformations (e.g., in the form
of perspective distortions). Such elements often demand significant processing power. On
MCUs, this leads to a dilemma: Should the visual demands be reduced in favor of
performance? Or should performance be sacrificed to create an aesthetically appealing
interface?

A common challenge is that videos cannot be displayed on MCUs due to limited
processing power. In such cases, one might try to replace animations with programmed
vector graphics that enable morphing effects. This method is more efficient than videos
and can provide an attractive, schematic representation, but it is not suitable for complex
content.

When implementing design elements such as perspective transformations, a compromise
between visual appeal and system performance must often be found. A typical example
is the Coverflow animation, which, due to its computational intensity, often places high
demands on the CPU unless hardware acceleration is used. When the pixels do not align
perfectly with the grid, bilinear filters can be applied to smooth them. While these filters
improve visual quality, they require intensive CPU resources, as each pixel must consider
all neighboring pixels in multiple iterations. Consequently, it may be necessary to disable
such resource-intensive filters to boost performance, which, however, leads to a less
appealing design result.

Another approach to solving design-performance issues is to integrate specialized
hardware components such as graphics accelerators. These accelerators are designed to
efficiently process graphics-intensive tasks without burdening the CPU. This allows for
the implementation of demanding graphical effects, such as perspective transformations
or animations, with minimal impact on system performance.

The Triangle of Tension Between Memory, Design, and Performance

In summary, the art of GUI development on MCUs lies in optimally balancing the three
factors: design, performance, and memory. This tension triangle means that every
decision in one area has an immediate impact on the others. There are many ways to
optimize each available resource down to the last bit, but if overdone, at least one of the
other aspects will suffer.

With advances in semiconductor technology, such as more powerful graphics accelerators
and improved memory solutions, MCUs may soon be capable of supporting GUIs that
are currently unimaginable. This development opens the door to increasingly
sophisticated and visually appealing applications on resource-constrained systems, which
will push the boundaries of the tension triangle in the embedded world.
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