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1 About this edition

This edition originates from the article initially published on my personal website, it’s been re-styled to take advantage of the capabilities of PDF/eBook documents.

While identical content-wise, interactive widgets have been simplified to work with a static environment - in other words, anything that physical pages allow us, though these will offer a link to the original article in case the reader wants to try the ‘full version’. Please keep this in mind when you see references to interactivity throughout the writings.

As always, the original manuscript of the articles is available on Github to enable readers to report mistakes or propose changes. There’s also a supporting reading list available to help understand the series. The author also accepts donations to help improve the quality of current articles and upcoming ones.



1.1 Open to feedback

Last but not least, for any comments and/or issues regarding this edition of the article, please get in touch using the links provided on the About page.








2 A quick introduction

As smartphones surge in adoption, the videogame market is experiencing an unusual growth led by discount App Stores and affordable development licenses. With this, one can only wonder when kids will prefer an iPhone 4 over a Nintendo DSi.

In the midst of finding out the answer, Nintendo conceives a thrilling successor to its triumphant portable system. In it, users will find old, present and unfamiliar technology - many of which can’t be replicated by smartphones.

And so, this new production of the Architecture of Consoles series will give you a profound description of how this new console works, both internally and externally.



2.1 Recommended reading

If you are new to this article series, I strongly suggest reading the GameCube, Game Boy Advance and Nintendo DS articles beforehand, as they will explain various terms and concepts referenced in this one.








3 Supporting Imagery


[image: ]
The Nintendo 3DS. Released on 26/02/2011 in Japan, 25/03/2011 in Europe and 27/03/2011 in America. [1]
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Motherboard.
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Motherboard with important parts labelled.
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Main architecture diagram. Even as complex as it is, I had to leave out the old DS and GBA A/V subsystem.








4 Models and variants

Throughout the lifecycle (and struggles) of this console, Nintendo released numerous revisions in an attempt to correct its target audience and recover loyal customers.


[image: Figure 4.1: An original Nintendo 3DS (the first generation, from 2011) next to a New Nintendo 3DS XL (the last generation, from 2015).]

Figure 4.1: An original Nintendo 3DS (the first generation, from 2011) next to a New Nintendo 3DS XL (the last generation, from 2015).



From the architectural point of view, there were a total of six different models:


	
Nintendo 3DS (2011) and Nintendo 3DS XL (2012): The debuting series featuring the original architecture. The only relevant difference between the XL and non-XL models is the screen size.

	
Nintendo 2DS (2013): A cheaper alternative to the original Nintendo 3DS by removing the stereoscopic screen and featuring a Game Boy-inspired shape.

	
New Nintendo 3DS (2014) and New Nintendo 3DS XL (2015): A re-engineering of the standard 3DS models. The ‘New’ variants exhibit an incremental hardware upgrade, an NFC reader, a larger button set and an improved stereoscopic system.

	
New Nintendo 2DS XL (2017): The ‘New’ affordable alternative to the New Nintendo 3DS XL by omitting stereoscopic functionality.



Now, for this article, the focus will be on the original Nintendo 3DS (after all, it’s the lowest common denominator for games). However, since the architectural differences of the ‘New’ series are worth studying, these will receive a dedicated section.






5 Displays

There’s only one company that keeps altering the standard structure of all my analyses, and that’s Nintendo. This time, I need to start with the stereoscopic screens (a.k.a. ‘3D without glasses’) before diving into anything else.

First things first, the Nintendo 3DS, as a successor of the Nintendo DS, includes two LCD screens. The upper screen has a resolution of 800 x 240 pixels and somehow can display images with a sense of depth. When I first read this, only questions popped into my head:


	What optics principles are they applying?

	How is the screen designed?

	How do games comply with this system?



Well, here are the answers!



5.1 Principles

Liked it or not, the fundamentals are not so different from the Virtual Boy, which I’ve happened to analyse two years before. To recall, the Virtual Boy displays two images, one to each eye, and shows objects individually shifted from the centre. By looking at the two pictures at the same time, they are perceived as some objects are behind others (sense of depth). This is the basis of Stereoscopic Parallax.



[image: Figure 5.1: Left display.]

Figure 5.1: Left display.




[image: Figure 5.2: Right display.]

Figure 5.2: Right display.



Figures:
Demonstration of how the Virtual Boy displayed stereoscopic imagery. Mario’s Tennis (1995).



Now, the way the Virtual Boy executed this was a bit cumbersome: it required users to place their heads close to the eyepiece and then adjust the focal length and inter-pupil distance. 15 years later, Nintendo rightly said ‘No’ to all of that nuisance, and designed a new system where users could enjoy 3D-looking scenery without considerable intervention.



[image: Figure 5.3: Top screen, left eye.]

Figure 5.3: Top screen, left eye.




[image: Figure 5.4: Top screen, right eye.]

Figure 5.4: Top screen, right eye.



Figures:
An example of two frames the Nintendo 3DS shows on its top screen at the same time. Looks like the fish is going to hit you. The same principle applies 15 years later. Super Mario 3D Land (2011).



This brings us to our next question.





5.2 The special screen

Take a look again at the resolution of the upper LCD screen. On paper, it says it’s 800 x 240 pixels wide, which results in a ludicrous aspect ratio.


[image: Figure 5.5: The Nintendo 3DS again [1], take a closer look at its screens.]

Figure 5.5: The Nintendo 3DS again [1], take a closer look at its screens.



In reality, the physical screen is made of half-width pixels and operates in two modes:


	
Traditional/2D mode: When the stereoscopic function is disabled, groups of two horizontal pixel pairs are treated as a single one.

	To tell the truth, the screen can still display a frame of 800 x 240 px, although no commercial game ever used this.





	
Stereoscopic/3D mode: All pixels are treated individually, and with it, the screen displays two frames of 400 x 240 pixels at the same time.



Moreover, to perform stereoscopic parallax, this particular LCD houses an extra layer called Parallax Barrier [2]. These opaque shutters deviate the backlight beamed behind the pixels of the LCD, so each eye will receive the light of a different subset of pixels [3]. The half-width pixels will also appear to be wider, thereby giving the feeling they have the traditional aspect ratio.

All in all, this recreates the original effect of the Virtual Boy without requiring controls for adjustment.

The technology is not perfect, however, as there are a few caveats:


	The parallax barrier requires extra brightness, thereby impacting the battery life.

	The user must not hold the screen in a tilted position (compared to the user’s eyes). Otherwise, the user will end up seeing a confusing mix of the two parallax frames, which can be a disorienting experience. Not to mention the eyes won’t enjoy the extra fatigue.

	Combining the fact that the user must maintain a fixed posture while playing, and that stereoscopic parallax can tire the eyes quicker. The 3D feature, as a whole, can easily become an unnecessary hassle for most.




[image: Figure 5.6: My attempt to capture the tilt effect of the original 3DS. The 3D depth slider (at the right side of the screen) is all the way up, and by looking at the screen from one side, a ghosting effect appears on the top screen. This is quite eye-straining to look at in reality!]

Figure 5.6: My attempt to capture the tilt effect of the original 3DS. The 3D depth slider (at the right side of the screen) is all the way up, and by looking at the screen from one side, a ghosting effect appears on the top screen. This is quite eye-straining to look at in reality!



To remediate things, Nintendo added a slider control (called 3D depth slider) to adjust the level of depth between objects. In doing so, it either increases or decreases the difference between the two frames. This was done to reduce the depth effect for people who didn’t find it enjoyable or too fatiguing.

Setting the 3D slider to the max can be disorienting at first. In my experience, my eyes eventually got focused, at which point I perceived the top LCD screen as if I were looking through a window. The main problem is that users will need to continuously shift their eyes to see the bottom screen, and the repeated action can be very straining.

As a side note, one can’t help but find it amusing how the graphics pipeline has gone full circle when rendering stereoscopic frames. During rendering, 3D data is projected into a 2D space, and now with the stereoscopic screen, the third dimension is ‘restored’. At this point, let’s just use holograms and skip the 3D projection stage altogether!



5.2.1 A small update


[image: Figure 5.7: Top part of the New 3DS XL. At its centre, there’s a front camera and an infrared LED, both used for head tracking.]

Figure 5.7: Top part of the New 3DS XL. At its centre, there’s a front camera and an infrared LED, both used for head tracking.



With the advent of the ‘New 3DS’ model, Nintendo revisioned their stereoscopic screen in an effort to reach enjoyability levels. In the new model, the console incorporates a face-tracking mechanism to tackle the tilting effect, so users don’t need to worry about keeping a good ‘head-console posture’ anymore.







5.3 The special games

Now for this system to work, games must play along (pun intended). Just like they traditionally interact with the GPU to draw frames on the display, they must now broadcast two frames of the scenery but with objects slightly shifted.

To make life easier for developers, there are official APIs that assist in this, especially for those games with 3D sceneries. These APIs help by providing routines that construct two projection matrices, the graphics pipeline then uses them to render the two slightly-shifted frames.








6 CPU

Now that we know how the display works, let’s look at the internals of this console. If you get a hold of the motherboard, you’ll see three big chips, one being the CPU CTR. That’s the big System-On-Chip (SoC) that houses the entire system (aside from storage and RAM).


[image: Figure 6.1: CPU CTR next to some FCRAM]

Figure 6.1: CPU CTR next to some FCRAM



CPU CTR follows the design methods of previous portable consoles from Nintendo. That is, squash all your engineering into a single block. In doing so, it will reduce the production of counterfeits, protect sensible components and improve heat dissipation.

In terms of the actual CPU, Nintendo partnered again with their old friend, ARM, to produce their next-generation core. ARM’s traditional licensing model (based on offering synthesisable designs) allows Nintendo to mould a CPU to their needs (including fitting it into a big and opaque SoC). In the end, ARM gave them a relatively antiquated product with substantial upgrades. Their choice was the ARM11 core, a successor of the ARM9 (featured with the Nintendo DS). More specifically, the MPCore variant, ARM’s first homogenous multi-core solution.

Using ARM’s designs, Nintendo crafted an ARM11 MPCore cluster housing two ARM11 cores [4]. Three years later, with the arrival of the ‘New’ 3DS, the SoC was expanded to contain four ARM11 cores. The effects of this will be explained in due time. So, before anything else, let’s analyse what the new CPU cores offer to this console.



6.1 An iconic industry

The ARM11 series originated in 2002. In the coming years, it became a flagship in the mobile CPU sector, displacing the popular ARM9, the short-lived ARM10 and Intel’s XScale (the continuation of StrongARM, which Intel later liquidated to focus on ‘mobile’ x86 CPUs… if only they knew!).


[image: Figure 6.2: A Nokia 5230 (2009), a red 3DS (2011) and a Raspberry Pi Model B (2012), all carrying an ARM11.]

Figure 6.2: A Nokia 5230 (2009), a red 3DS (2011) and a Raspberry Pi Model B (2012), all carrying an ARM11.



In case you haven’t heard about them before, ARM11s are best known for powering the 2006-2009 generation of smartphones (back when many of them featured a keypad or a clamshell design). If you owned a Nokia N95, 5230 or the first iPhone, you’ve used an ARM11. This also applied to many high-end cameras, GPS or similar peripherals. Curiously enough, other manufacturers like RIM and Samsung held onto the Intel XScale until 2009. Last but not least, the ARM11 was also the choice of CPU for the first Raspberry Pi.

Now, by the time Nintendo adopted the ARM11, its creator had already succeeded it with the Cortex-A series. This is nothing but expected, as Nintendo’s model favours cost-effectiveness over avant-garde CPUs. Look at it from another way, saving in CPU costs allows them to focus their budget on other aspects of the console, you’ll soon see.



6.1.1 New dialects…

Along with the new shiny CPUs, a new instruction set arrived, the ARMv6.

From a programmer’s perspective, the ARMv6 ISA innovates with a new set of vector instructions and multi-core support [5]. The new vector set provides SIMD instructions that operate groups of four 8-bit values or two 16-bit values at the same time (using the existing 32-bit registers) [6]. The new multi-core instructions consist of ‘store’ and ‘load’ opcodes with special care for synchronisation (crucial for an environment of multiple CPUs using the same memory locations) [7].

All in all, this may not seem that thriving for a new chip series, but remember that ARM’s CPUs speak many ‘languages’. In the case of an ARM11-based core, you are provided with:


	The main 32-bit ISA, called ARMv6.

	A compressed alternative called Thumb. Its instructions fit in 16-bit words instead. If you’d like to know more, I go over it in the Game Boy Advance article, as it weighs significant importance in that console.

	
Jazelle, a Java bytecode interpreter, mostly forgotten and left unused. I’ve mentioned a bit of it in the Wii article.

	Any extension bundled into the core. For instance, the MPCore includes a Vector Floating-point Coprocessor with additional instructions to control said coprocessor [8].



To make matters less confusing, ARM tends to package all of these with a single nomenclature. For instance, in the case of the ARM11 MPCore opcodes, ARM refers to them as the ARMv6k instruction set.





6.1.2 … and a fragmented distribution

The adoption of extensions and alternative instruction sets eventually made things very convoluted for developers targeting generic ARM hardware, you only have to look at the uncountable ARM ports devised for Linux distributions.

Debian, one of the most popular distributions, tried to tackle the disparities by developing two ports in parallel:


	
armel: Widely compatible (ARMv4T and onwards).

	
armhf: Accelerated with VFP, but only compatible with ARMv7 onwards.



Yet, with the arrival of the Raspberry Pi (powered by ARMv6 and accelerated with VFP), neither of them was deemed acceptable. Thus, an unofficial port called ‘Raspbian’ was developed to provide a VFP-accelerated version for ARMv6 CPUs [9]. Even so, the trend continued: years later, with the arrival of ARMv8 and AArch64, Debian spawned yet-another port, arm64, optimised for the new 64-bits ISA.

I don’t remember seeing this labyrinth with x86 (even though the adoption of x86 SIMD extensions hasn’t been consistent, to say the least), but at least things are now getting more orderly. AArch64 has unified many extensions and dropped alternative modes (farewell, Thumb and Jazelle).







6.2 Core functionality

Let’s go back to analysing what’s in the 3DS CPU.

For this study, we can divide the ARM11 MPCore into two areas:


	The MP11 cores that make up the cluster.

	The Advanced eXtensible Interface (AXI) bus, a new invention that interconnects the cores and interfaces with the outside world.



Let’s start with the cores now and then we’ll check the AXI bus.



6.2.1 The original MPCore


[image: Figure 6.3: Overview of the ARM11 MPCore CPU cluster]

Figure 6.3: Overview of the ARM11 MPCore CPU cluster



The first ARM11 MPCore variant, which debuted with the original 3DS, includes two cores. Each is called MP11 and runs at 268 MHz [4].

Apart from implementing the ARMv6k instruction set, the MP11 features an 8-stage pipeline [10] and it’s complemented with two levels of branch prediction: ‘dynamic’ (based on previous executions) and ‘static’ (based on the current instruction alone). Overall, I sense these new additions are part of a new design philosophy that will eventually obsolete the iconic conditional execution, although we won’t notice this until the next generation.

Additionally, since the ARM946E-S CPU, ARM has been fitting a System Control Coprocessor called CP15. This time, it provides Memory-Management (MMU functions) and registers that output information about the MPCore cluster.

Now, there’s no more Tightly-Coupled Memory (TCM). There are however 16 KB of instruction cache and 16 KB of data cache, this change of model resembles other systems of the same generation. If you are curious, this L1 cache is 4-way set associative.

Finally, each core houses a co-processor called Vector Floating-point Coprocessor (also known as ‘VFP11’). This accelerates arithmetic operations with floating-point numbers, both 32-bit single-precision (a.k.a. float) and 64-bit double-precision (a.k.a. double) ones [8]. It’s not a big coprocessor though, as its register file is composed of thirty-two 32-bit registers, so doubles will consume two registers. In any case, this processor implements the VFPv2 instruction set and follows the IEEE 754 standard. The latter is a welcomed decision, considering the difficulties of previous generations.





6.2.2 The ‘New’ MPCore


[image: Figure 6.4: Overview of the ‘New’ CPU cluster]

Figure 6.4: Overview of the ‘New’ CPU cluster



With the arrival of the New 3DS in 2014, a new SoC was included (CPU LGR) and with it, a luxurious CPU upgrade.

The most apparent change is that we have now four MP11 cores instead of two. The consequences of this, however, are not simple to disseminate, but we’ll see them in due time.

The second change is that the CPU incorporates 2 MB of L2 cache shared between the four cores. This type of cache is 16-way associative, which anticipates four cores accessing it at the same time. If you’d like to know more, I went over associative caches with the Xbox 360 article.

Moving on, all cores now run at 804 MHz (three times the original speed, which will certainly raise a few eyebrows).





6.2.3 The AXI bus


[image: Figure 6.5: Example of the Nintendo 3DS’ AXI implementation interconnecting different types of components. Here, the CPU and DMA act as masters while the RAM node is the slave. However, the roles can change as deemed fit.]

Figure 6.5: Example of the Nintendo 3DS’ AXI implementation interconnecting different types of components. Here, the CPU and DMA act as masters while the RAM node is the slave. However, the roles can change as deemed fit.



Whether we’re talking about two or four MP11 cores, all of these are connected using a popular bus, proudly authored by ARM, called the Advanced eXtensible Interface (AXI). This protocol is part of the AMBA3 model, a successor of the original AMBA revision that we’ve seen in the Wii and Wii U (both housing an ARM9 CPU). In doing so, ARM offered the AXI model as a critical building block for System On Chips (SoC).

Generally speaking, the AXI model provides a set of protocols for connecting components with distinct bandwidth requirements. These are free to choose any particular topology, like the token-ring model of the PlayStation 3 or the mesh solution made for the Xbox 360. Now, within the Nintendo 3DS, we find a combination of bus and star designs.

Following AMBA’s methodologies for interconnecting nodes, there will be a master-slave hierarchy to denote which entity is in charge. The master components (typically, the CPU cores) will be the ones sending commands to the slaves (i.e. memory and I/O blocks).

Furthermore, the AXI network can be arbitrated using a dedicated block (called AXI interconnect) acting as a bus matrix [11]. This is what we find in the MPCore and relies on individual 64-bit buses [12]. In doing so, the network tackles the congestion of high-bandwidth components (something that consoles like the PlayStation 2 struggled with). Moreover, multiple master devices can communicate with slave nodes using separate channels to avoid waiting for other masters to finish. And if that’s not enough, traditional enhancements like burst transactions are also implemented, from which the MP11 cores take advantage.

In the case of the 3DS, the AXI interconnect is housed in a bigger block called Snoop Control Unit (SCU) that also takes care of automatically maintaining L1 cache coherency between the MP11 cores.
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