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1 Introduction



1.1 The architecture of consoles series

Looking at the evolution of video game consoles is fascinating. While conventional PCs tend to evolve ‘incrementally’, new generations of consoles introduce completely new ways of working. The writings you see here are part of a series aimed at uncovering the rationale behind the latest trends in technology. They will also demonstrate why each system can’t be summarised by its ‘bits’, megahertz, amount of RAM and whatnot.

Basic knowledge of computing is preferable, however, I try really hard to adapt my content for wider audiences, so please don’t be afraid to give it a try! But if that’s not enough, you may want to look at the supporting readings or read previous articles first.



1.1.1 About this edition

Thank you for purchasing this book! This edition originates from the content initially published on my personal website, it’s been re-styled and optimised to take advantage of the capabilities of physical documents.


While similar in content, interactive widgets have been simplified to work with a static environment - in other words, anything that physical paper allow us.







1.1.2 Open to feedback

As always, the original manuscripts of the articles are available on Github to enable readers to report mistakes or propose changes. Likewise, if you have any comments and/or issues regarding this edition, please get in touch through there.







1.2 The Sprite Decade (1983-1990)

Before consoles embraced the third dimension, marketshare in the 2D arena was highly contested. Selling in a saturated market meant that both manufacturers and developers had to push boundaries — sometimes out of ambition, other times by necessity. Companies like Sega and SNK opted for off-the-shelf hardware for their consoles, providing developers comfortable tools to implement their games. Others such as Nintendo and Hudson Soft, constrained by budget, relied on ingenuity, leading to a surge of unconventional techniques and creative workarounds.

For this volume, I wanted to compare how 2D rivals navigated the challenges of that era, from CPU designs that pushed beyond 8-bit limitations, to graphics chips that leveraged the CRT beam for groundbreaking visual effects. Alongside these, a vibrant array of sound synthesisers, I/O, copy protection techniques, and expansion options.

Now, without further ado, here they are!









2 NES / Famicom Architecture

More than a 6502 machine



2.1 A quick introduction

At first glance, the NES appears to be just another 6502 computer, with a sophisticated case and a controller.

And while this is technically true, let me show you why the CPU is not the central part of this system.





2.2 Models and variants


[image: Figure 2.1: A typical Betamax recorder. This and similar appliances influenced the international design of the NES. I spotted this particular one at The Centre for Computing History (Cambridge, UK) when I visited in August 2024.]

Figure 2.1: A typical Betamax recorder. This and similar appliances influenced the international design of the NES. I spotted this particular one at The Centre for Computing History (Cambridge, UK) when I visited in August 2024.



Nintendo ended up shipping lots of different variants of the same console across the world [1] and even though they all share the same architecture, many look dramatically different and some may include built-in accessories. So, to keep it simple for this article, I’ll focus on the two most popular revisions:


	The Family Computer (known as Famicom) was the first incarnation, but was only released in Japan. This toy-looking design features two non-removable controllers (from which the second controller bundles an internal microphone), a front socket for the light gun (called Zapper), RF video out (using NTSC-J signal) and extra pins in the cartridge slot to expand the audio capabilities.

	The Nintendo Entertainment System (known as NES) was the redesigned edition for western audiences living in North America, Europe and Oceania; with a look and mechanism that matches the common VHS/Betamax player. On the technical side, the controllers are now detachable (and microphone-lacking) and the video out has been improved with extra NTSC/PAL composite RCA connectors, although the audio expansion has been replaced with an anti-piracy subsystem. To top it off, the bottom of the case seals an ‘expansion port’ that was left unused, along with extra cartridge pins that communicate to that port [2].



Because the author grew up with the ‘NES’ name, I will default to using that term to refer to the console in general, but I will switch to ‘Famicom’ when referring to unique capabilities only found in the Japanese variant.





2.3 Supporting Imagery


[image: ]
The Nintendo Entertainment System (NES). Released on 18/10/1985 in America and 01/09/1986 in Europe. [3]





[image: ]
The Famicom. Released on 15/07/1983 in Japan. [3]





[image: ]
Motherboard [3]. Showing the ‘NES’ variant.
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Motherboard with important parts labelled.
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Main architecture diagram.







2.4 CPU

The NES’s CPU is a Ricoh 2A03 [4], which is based on the popular 8-bit MOS Technology 6502 and runs at 1.79 MHz (or 1.66 MHz in PAL systems). This is the central component that executes the code inside the game cartridge.



2.4.1 A bit of context

To understand the circuitry residing inside the NES’ motherboard, we must first take a look at the state of the industry at the time. Interestingly, the CPU market in the late 70s and early 80s was quite diverse.



[image: Figure 2.2: A Commodore PET, carrying a 6502 CPU.]

Figure 2.2: A Commodore PET, carrying a 6502 CPU.




[image: Figure 2.3: A Tandy TRS-80, carrying a Z80 CPU.]

Figure 2.3: A Tandy TRS-80, carrying a Z80 CPU.



Figures:
The panorama of late-70s computers, also provided by The Centre for Computing History (Cambridge, UK).



If you were a startup aiming to build an affordable microcomputer for the western world, you had plenty of options available:


	The Intel 8080 (1974): A popular CPU featured in the MITS Altair 8800, the first ‘personal’ computer. It comes with a modest 8-bit data bus, a 16-bit address bus (enough to handle the necessary memory), and seven 8-bit registers. With capabilities like this, a line was drawn between the simple calculator and an actual computer.

	The Zilog Z80 (1976): Displeased with Intel’s direction and lack of investment in their CPU division, former engineers of the 8080 started their own company to produce an ‘unofficial’ successor, enhanced with more instructions, registers, and internal components. To top it off, it was sold at a lower price and could still execute 8080 programs [5, p. 86]. The new CPU was well received by British firms Amstrad and Sinclair, as well as the Japanese Sega, among others.

	The Motorola 6800 (1974): Another 8-bit CPU designed around the same time. While a direct competitor of the 8080, the 6800 was programmed using a more sophisticated instruction set, albeit running at a slower clock speed [6]. Nevertheless, many do-it-yourself computer kits, synthesisers, and all-in-one computers included the 6800.



Faced with similar setbacks that Intel’s employees went through, engineers at Motorola grew frustrated with the company’s lack of interest in capitalising on the potential of the 6800 [7]. So, they joined a small but ambitious silicon firm, MOS, where they worked on a redesigned version of the 6800 - the MOS 6502. While incompatible with the rest, the new chip was much, much cheaper to produce [8] [9, p. 76], and it was only a matter of time before iconic computer makers (Commodore, Tandy, Apple, Atari, Acorn, and so forth) chose the 6502 to power their machines.

Back in Japan, Nintendo needed something inexpensive yet familiar to develop for, so they selected the 6502. Ricoh, their CPU supplier, successfully produced a 6502-compatible clone.





2.4.2 Core functionality

To understand how capable this console is, let’s first check what the original MOS 6502 offers:


	The 6502 ISA: MOS wanted to offer drastic improvements at the cost of compatibility with third-parties (especially Motorola) [6]. Thus, the 6502 instruction set still handles 8-bit words like the 6800 and others, but its programming is not cross-compatible.

	An 8-bit data bus and a 16-bit address bus. This was the typical combination for microprocessors of that era. Basically, it allows to operate data in chunks of eight bits without running out of memory locations (at least, too quickly).

	On paper, 16-bit addresses means the 8-bit CPU will need extra cycles to process the extra size. However, thanks to MOS’s new addressing modes (explained further down), these penalties were alleviated without requiring too much circuitry.





	
Three general-purpose registers (X, Y and A), which may look constrained when compared to larger register files. This decision reduces costs but also means the CPU would need to move memory around more frequently. With the 6502, X and Y are called ‘index registers’ and are used to address memory, while A is directly connected to the ALU and dedicated to arithmetic operations.

	By comparison, the Motorola 6800 has two accumulator registers and only one index register, which allows for a simpler instruction set.





	An 8-bit Arithmetic Logic Unit (ALU), which comes as no surprise for an 8-bit CPU, but it’s worth pointing out that others like the Zilog Z80 came with an 4-bit ALU instead.

	An 8-bit stack pointer: This is usually beyond the scope of this analysis, but I wanted to highlight it due to its significant deviation from Motorola’s design. As mentioned before, the address bus is 16-bit, so a memory-dependent component like the stack pointer should ideally match that size. However, MOS opted to halve the requirement and store the stack within a fixed memory range. Nevertheless, it was a clever cost-saving measure, as it encouraged developers to adopt efficient programming techniques to maximise the stack space.

	
13 addressing modes. Thanks to the inclusion of two index registers, programs can choose between many formats for accessing memory. Some are optimised for zero-page addressing (the first 256 bytes of memory), while others encode a lookup address to retrieve the actual address dynamically. In the end, this helped save as many memory cycles as possible, at the cost of complexity.

	By comparison, the 6800 and its single index register only offer seven addressing modes, with no equivalent for the flexible types.







As you can see, the remarkable engineering behind the 6502 allowed MOS to sell a compelling product at an extremely affordable price.



2.4.2.1 Ricoh’s licensing enigma

How Ricoh managed to clone the 6502 isn’t clear to this day. One would expect MOS to have licensed the chip design to Ricoh, but there are many contradictions to this:


	Both Ricoh’s and MOS’s variants feature the same layout, but Ricoh’s contains severed buses (disabling certain functions) [10]. I go into more detail later.

	A document explicitly stating that MOS licensed the 6502 to Ricoh is yet to be found.

	An article published in 2008 by Nikkei Trendy states that Ricoh licensed from Rockwell, an authorised chip manufacturer [11]. However, it’s debatable whether a second source was able to provide IP to a third party, much less with MOS’s approval.

	It wouldn’t be the first time Nintendo got away with circumventing IP rights, as Ikegami Tsushinki v. Nintendo ruled in Japan that Nintendo didn’t own the code of the original Donkey Kong [12].







2.4.2.2 Scrapped functions

The Ricoh 2A03 omits the Binary-Coded Decimal (BCD) mode originally included in the 6502 [13]. BCD encodes each decimal digit of a number as a separate 4-bit binary. The 6502 uses 8-bit ‘words’ - meaning that each word stores two decimal digits.

As an example for the curious, the decimal number 42 is represented as:


	
0010 1010 in binary.

	
0100 0010 in BCD.



We could go on and on talking about it, but to give an outline: BCD is useful for applications that require treating each decimal place separately (for instance, a digital clock). However, it requires more storage since each 8-bit word can only encode up to the decimal number 99 - whereas traditional binary can encode up to 255.

In any case, Ricoh deliberately broke BCD mode in its chip by severing the control lines that activate it. This was presumably done to avoid paying royalties to MOS, since BCD was patented by them (and the legislation that enabled copyrighting integrated circuit layouts in the United States wasn’t enacted until 1984 [14]).







2.4.3 Memory

Both Ricoh 2A03 and MOS 6502 feature an 8-bit data bus and a 16-bit address bus, which allow them to access up to 64 KB of memory. So, how did Nintendo fill that memory space?

On one side, the motherboard contains a chip providing 2 KB of Static RAM (SRAM) [15]. Nintendo calls this area ‘Work RAM’ (WRAM) and can be used to store:


	Variables for handling the game state and/or to look up information.

	The ‘stack’, which temporarily saves register values while the CPU is executing subroutines.

	A ‘buffer area’ so the CPU can copy large data between two locations.



On the other side, the components of the system are memory-mapped [16], meaning that they are accessed using memory addresses and therefore occupy part of the CPU’s address space. Consequently, the Ricoh 2A03’s memory space is filled with addresses pointing to the game cartridge, WRAM, the PPU, the APU and two controllers (don’t worry about each component, as they are explained throughout this article).



2.4.3.1 Segmentation Fault

Inherited from MOS’ design, this console also features a special ‘anomaly’ called Open Bus: If an instruction tries to read from an unmapped or invalid address, the last value read is supplied instead [17]. If this goes unhandled by the program, execution may continue in an unpredictable state.





2.4.3.2 Cartridge/game data

Just in case you don’t know, NES games are distributed in the form of cartridges, and the cartridge’s buses connect directly to the CPU.

Nintendo wired up the cartridge lines in a way that only 49120 Bytes (~ 49.97 KB) of cartridge data can be accessed [16]. Now, what do I mean by ‘cartridge data’? Well, any chip connected to those buses, for instance:


	A Program ROM where the game’s program resides. This excludes the graphics data, as you’ll later see in the ‘Graphics’ section. Naturally and unlike the other chips, this one is mandatory.

	
RAM chips to extend WRAM.

	A battery-packed RAM chip to store saves.



The existence of different combinations stems from the fact that the CPU doesn’t care about what kind of component it is reading from; it only sees memory locations. So, it is up to game studios to choose (or devise) a feasible layout to fit in their game.


[image: Figure 2.4: PCB of Super Mario Bros [18].]

Figure 2.4: PCB of Super Mario Bros [18].




[image: Figure 2.5: The same PCB with important parts labelled. The meaning of the ‘Lockout’ chip is explained in the ‘Anti-piracy’ section.]

Figure 2.5: The same PCB with important parts labelled. The meaning of the ‘Lockout’ chip is explained in the ‘Anti-piracy’ section.



For example, Nintendo’s ‘Super Mario Bros’ used a layout they call NES-NROM-256 and consists of 32 KB of program ROM and 8 KB of ‘Character ROM’ for graphics (we’ll see more about it in the ‘Graphics’ section) [19]. NES-NROM-256 was also prepared to house up to 3 KB of extra WRAM, though the game doesn’t make use of it.





2.4.3.3 Going beyond existing capabilities

One of the major limitations of 16-bit address buses (affecting 3rd and 4th-generation consoles) is their compact address space. Nowadays, 32-bit computers can address up to 4 GB of memory (and 64-bit machines lavishly enjoy up to 16 exabytes), so this is no longer a concern, but back then, the NES only had a 64 KB address space, and a significant portion was consumed by the memory-mapped hardware (something competitors avoided).

So, did this mean that game studios could only develop games that stayed within the 49.97 KB limit? Absolutely not! If history has taught us anything, it is that there’s always a clever solution to a challenging problem, and this issue was tackled with a Mapper.


[image: Figure 2.6: Simplified representation of how a mapper extends the addressing capabilities of the CPU. With the inclusion of a mapper, the CPU can access extra banks (groups of addresses) of a large Program ROM. Although the game/program has the new task of manually switching between banks whenever needed.]

Figure 2.6: Simplified representation of how a mapper extends the addressing capabilities of the CPU. With the inclusion of a mapper, the CPU can access extra banks (groups of addresses) of a large Program ROM. Although the game/program has the new task of manually switching between banks whenever needed.




[image: Figure 2.7: The same setup but without a mapper installed. While simpler and inexpensive, the CPU can only access a finite number of banks.]

Figure 2.7: The same setup but without a mapper installed. While simpler and inexpensive, the CPU can only access a finite number of banks.



A mapper is an extra chip included in the cartridge that sits between the memory chips and the console’s address lines. Its primary job is to extend the address space, allowing developers to fit more chips. This is achieved through bank switching: memory addresses are grouped into banks, and the mapper provides switches (controlled via memory addresses) to alternate between them. Now, the CPU still perceives the same amount of memory, so it is the game (programmed with a mapper present) in charge of operating it. Due to their cost-effectiveness, mappers were the order of the day in 80s-to-early-90s technology.


[image: Figure 2.8: PCB of Super Mario Bros 2 [20]. Super Mario Bros 3 also uses this layout but bundles a 256 KB Program ROM instead.]

Figure 2.8: PCB of Super Mario Bros 2 [20]. Super Mario Bros 3 also uses this layout but bundles a 256 KB Program ROM instead.




[image: Figure 2.9: The same picture with important parts labelled. At first, I thought the extra WRAM was for storing saves, but then I realised there are no saves in this game (and there isn’t a battery either). In reality, that RAM chip is used to store a decompressed level.]

Figure 2.9: The same picture with important parts labelled. At first, I thought the extra WRAM was for storing saves, but then I realised there are no saves in this game (and there isn’t a battery either). In reality, that RAM chip is used to store a decompressed level.



Back to the NES, games like ‘Super Mario Bros 2’ and ‘Super Mario Bros 3’ shipped with the ‘MMC3’ mapper (made by Nintendo) in their cartridges. For comparison, MMC3 provided up to 512 KB of space for the Program ROM, up to 256 KB for Character memory and up to 8 KB for extra WRAM [21]. You can now see why ‘Super Mario Bros 3’ differs significantly in quality compared to the first instalment.

All in all, while this console may appear limited while examining its internal features, Nintendo made sure it could adapt as technology evolves. On the other side, while this technique helped to keep the costs down of the console, it shifted part of the burden to the game cartridge. So, game quality and cartridge costs were two concerns game studios had to balance.









2.5 Graphics

Graphics are generated by a proprietary chip called the Picture Processing Unit (PPU). This is one of the chips that gives the NES an identity. To put it another way, since anyone could pick up a 6502 at a hardware store, why is the NES any different from, say, an Apple II or a Commodore 64? Well, what distinguishes the NES from other machines are the chips that surround the CPU: the PPU and the APU. These make up the NES’ unique graphics and audio capabilities, respectively.


[image: Figure 2.10: The European PPU chip on my NES’ motherboard.]

Figure 2.10: The European PPU chip on my NES’ motherboard.



That being said, the PPU renders 2D graphics called sprites and backgrounds, outputting the result to the video signal.



2.5.1 Organising the content


[image: Figure 2.11: Memory architecture of the PPU.]

Figure 2.11: Memory architecture of the PPU.



To render something on the screen, the PPU must know which graphics to draw, where on the screen to place them, and how to draw them (i.e., which palette to use).

To answer these questions, the PPU came pre-programmed with a different memory layout that looks for specific types of data:


	Graphics data is pulled from the game cartridge, which contains a dedicated chip called Character memory that stores the 2D drawings (called tiles) organised into a data structure named Pattern table. Character memory materialises in the form of ‘Read-Only Memory’ (ROM) or ‘Random-Access Memory’ (RAM), depending on whether the game ships with an immutable set of graphics or the CPU must intervene, respectively.

	The PPU addresses up to 8 KB of Character memory organised into two groups of 4 KB each.





	Meta-data telling the PPU ‘where’ and ‘how’ to draw graphics is found in other areas:

	The motherboard houses 2 KB of SRAM specifically for graphics-related data. Nintendo calls this space Video RAM (VRAM), and it stores two data structures called Nametables.

	The PPU embeds 256 bytes of DRAM to store the Object Attribute Memory (OAM).

	Lastly, the PPU also bundles 4 bytes of memory to define colour palettes.







Don’t worry about the new terminology; the meanings of these data structures are discussed step by step in the following paragraphs.





2.5.2 Constructing the frame

As with its contemporaries, this chip is designed for the behaviour of a CRT display. There is no frame buffer as such: the PPU will render in step with the CRT’s beam, building the image on the fly.

The PPU draws frames with a fixed dimension of 256x240 pixels [22]. Alas, due to the discrepancies in analogue video standards across the world, the image will differ in appearance depending on the region of the appliance (NTSC or PAL) from which it is displayed. In a nutshell, NTSC televisions will crop the top and bottom edges to accommodate overscan (only ~224 scan-lines are visible), so these edges are considered ‘danger zones’ by developers when deciding where to place elements in the game. On the other hand, PAL tellies won’t crop the edges but will show extra black bars to fill the taller signal (PAL uses 288 scan-lines).

Behind the scenes, the frame output by the PPU is composed of two different layers. For demonstration purposes, let’s use Super Mario Bros. to show how this works:



2.5.2.1 Tiles



[image: Figure 2.12: Two pattern tables with multiple tiles squashed together.]

Figure 2.12: Two pattern tables with multiple tiles squashed together.




[image: Figure 2.13: A single tile.]

Figure 2.13: A single tile.



Figures:
Tiles Found in Character ROM (for demonstration purposes a default palette is being used).



To begin with, the PPU uses tiles as a basic ingredient for producing sprites and backgrounds.

The NES defines tiles as basic 8x8 pixel maps, these are stored in Character memory (residing in the game cartridge) and organised into a big data structure called Pattern Table [23]. Each tile occupies 16 bytes, and a Pattern table houses 256 tiles [24]. Since the PPU addresses up to 8 KB of Character memory, it can access up to two Pattern tables.

Inside a tile, each of its pixels is encoded using a 2-bit value, which references one of four colours from a palette. Programmers can define up to eight palettes (four for the background and four for sprites). The colours referenced on each palette point to a ‘master palette’ consisting of 64 colours [25], representing all the colours that this console can produce. Each palette is made of four colours, with one reserved for transparent.

To start drawing something on the screen, games populate a set of tables with references to tiles stored in Character memory. Each table is responsible for one layer (sprite or background) of the frame. Then, the PPU reads from those tables and composes the scan-lines that will be beamed by the CRT gun.

I will now explain how each layer/table works and how they differ in terms of functionality.





2.5.2.2 Background Layer



[image: Figure 2.14: Visualised background with selected area marked.]

Figure 2.14: Visualised background with selected area marked.



Figures:
This background map is set up with vertical mirroring, which enables smooth horizontal scrolling. However, only the top half can be used.



The background layer is a 512x480 pixel map containing static tiles [26]. You may recall that the viewable frame is much smaller, so the game decides which part of the layer is selected for display. Games can also shift the viewable area during gameplay; that’s how the scrolling effect is accomplished.

To save memory, groups of four tiles are combined into 16x16-pixel maps called blocks, in which all tiles share a colour palette.

Nametables (stored in VRAM) specify which tiles to display in the background layer. The PPU looks for four 1024-byte Nametables, each one corresponding to a quadrant of the layer. However, only 2 KB of VRAM is available! Meaning that only two Nametables can be stored without additional hardware provided by the cartridge. Yet, the remaining two still have to be addressed somewhere: most games simply point the remaining two where the first two are (this is called mirroring).

Although this architecture may seem flawed at first, it was designed to minimise costs while ensuring simple expandability: if the game requires a wider background, just fit extra VRAM in the cartridge.

Moving on, the last bytes of each Nametable store a 64-byte Attribute table that specifies which colour palette is assigned to each block [27].





2.5.2.3 Sprite Layer


[image: Figure 2.15: Rendered sprite layer.]

Figure 2.15: Rendered sprite layer.



Sprites are tiles that can move around the screen. They can also overlap one another, or appear behind the background. The viewable graphic is determined by its priority value (similar to the concept of ‘layers’ in traditional graphic design software).

The Object Attribute Memory (OAM) table specifies which tiles will be used as sprites [28]. In addition to the tile index, each entry includes an (x,y) position and several attributes (colour palette, priority and flip flags). This table resides in a 256-byte DRAM located within the PPU chip.

The CPU can populate the OAM table, but this process can be slow in practice and risks corrupting the frame if not timed correctly. As a result, the PPU contains a small component called Direct Memory Access or ‘DMA’ which can be programmed (by altering the PPU’s registers) to fetch the table from WRAM. With DMA, the table is guaranteed to be uploaded when the next frame is drawn; however, the CPU will be halted during the transfer!

The PPU is limited to eight sprites per scan-line and up to 64 sprites per frame. Luckily, the scan-line limit can be partially circumvented thanks to a technique called ‘OAM order rotation’, in which the game manually alters the order of entries in OAM. This makes the PPU render a different sprite set at each frame, and the speed of the CRT beam will trick the user into seeing more sprites than allowed. However, they will also appear to flicker on-screen.





2.5.2.4 Background Split


[image: Figure 2.16: Rendered background layer highlighting the two portions with different scrolling values defined. Only the second portion scrolls as Mario moves.]

Figure 2.16: Rendered background layer highlighting the two portions with different scrolling values defined. Only the second portion scrolls as Mario moves.



Before we move on, there’s an additional detail worth mentioning. If you play Super Mario Bros, you’ll notice that when Mario moves, the scene scrolls without a hitch. However, you’ll also observe that the top area (where the stats are) remains static even though both portions belong to the same background layer! So, what is happening here? Well, the game is altering the scrolling values mid-frame to show the overworld and the stats (residing in a fixed portion of the background) at the same time. The NES doesn’t provide this feature natively, but the game deduces the timings by observing the state of the PPU (manifested through its status register [29]).

To accomplish this, games use a technique called Sprite 0 Hit. Super Mario Bros instructs the PPU to render a dummy sprite behind the coin, this happens to be the first sprite drawn within the frame. After the PPU beams it, it updates its status register with a flag to indicate that the first sprite (a.k.a ‘sprite 0’) has been drawn. Meanwhile, the game continuously checks mid-frame whether the sprite 0 status has been flagged (a.k.a ‘hit’). When this occurs, the game updates the scrolling value of the background table to align it with Mario’s position.

Overall, ‘Sprite 0 Hit’ is a very delicate procedure, as it’s easy to mess up the timings (sprite 0’s flag is not cleared after polling it, which leads to ‘duplicated’ positives [30]). Furthermore, as this routine repeats indefinitely, it can be quite costly (in terms of CPU cycles) to execute. On the bright side, later mappers took over this function by employing automatic interrupts that are triggered whenever an arbitrary scan-line is hit [31] (a much more efficient technique), which significantly improved the visual capabilities of Super Mario Bros 3, for instance.





2.5.2.5 Result


[image: Figure 2.17: Tada!]

Figure 2.17: Tada!



Once the frame is finished, it’s time to move on to the next one!

However, the CPU can’t modify any table currently in use by the PPU, otherwise, artefacts may show up on the screen. So, when all scan-lines are completed, the PPU triggers the Vertical Blank (V-Blank) interrupt on the CPU [32]. This notifies the game that it can start updating the tables without tearing the picture currently displayed. At that moment, the CRT’s beam is pointing below the visible area of the screen, into the overscan (or bottom border area).

Only a handful of PPU registers can be updated outside the V-Blank window [33], which explains the ability to scroll the background layer mid-frame.







2.5.3 Secrets and limitations

If you’re thinking that a frame-buffer system with memory allocated to store the full frame would have been preferable: RAM costs were prohibitively high, and the console’s goal was to be affordable. Let me now show you why this design still proved to be both efficient and flexible.
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