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Abstract 
In embedded systems, small code size is important due to memory constraints. One technique to achieve a small code 

size is reducing the instruction encoding from 32-bit to 16-bit, such as the ARM THUMB or MIPS-16 architectures. This 

half-size encoding leads to shorter register operands, making fewer registers available for register allocation and causing 

more spills, although invisible registers can be used as spill locations via copies. We propose reconstructing the original 

register file into dual-banks, added with the bank toggle instruction for bank changes and the inter-bank copies between the 

banks. We also propose an efficient dual-bank register allocation technique based on regions in the code to reduce spills. 

As a case study, we applied our banked register allocation model for the THUMB architecture. We found that the code size 

decreases by as much as 8% (5.8% on average) while the performance improves by as much as 11.1% (3.3% on average). 

Our results indicate that we would better organize the register file of an embedded CPU that can provide reduced encoding 

into dual banks for better quality of register allocation, rather than using the invisible registers for spills. 
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1     Introduction 

 

Compared to a general-purpose computer system, one of the most serious constraints of an embedded system is its 

limited memory. Since the memory price often dominates the whole price of an embedded system and it is almost 

impossible to expand the memory once the system is built, embedded software is always constrained by its code size. In 

fact, using small instruction memory may improve the power consumption of an embedded system, lengthening the battery 

life. This renders the optimizing compilers for embedded systems to focus on reducing code size than improving 

performance when there is a conflict between the two criteria, although small code size often leads to high performance. 

In addition to the compiler optimization techniques, hardware techniques for reducing the code size have been 

introduced, the most popular one is reducing the instruction encoding. For example, the ARM THUMB [7] and the MIPS-

16 [12]  have a 16-bit instruction set instead of a 32-bit instruction set. This is achieved by reducing the bit width of the 

opcode as well as the bit width of register operands, as depicted in Figure 1, for the case of THUMB. With shorter 

instructions the same computation would require more instructions, so the instruction count increases, yet it is known that 

the code size decreases significantly due to its half-sized instructions, although the performance also decreases tangibly [7]. 

The shortened register operand fields for reduced encoding imply that fewer registers are available for register 

allocation, which can lead to higher register pressure and more spills, affecting both the code size and the performance 

negatively. For example, the ARM THUMB instructions have three-bit register operand fields instead of the four-bit fields 

of the original ARM instructions. So, only eight registers are available, while the processor still has sixteen registers. 

According to our observation, this limitation of registers leads to higher register spills than in the original architecture (see 

Section 5.2). Therefore, it is questioned if there is a way of using the unavailable registers, and one idea is employing an 

architectural mechanism called banked register. 

 

* This is a revised and extended version of a paper published in the Proceedings of the 13th IEEE International Conference on 

Embedded and Real-Time Computing Systems and Applications (RTCSA), Aug 2007 [17]. The major difference from the conference 

paper is that we focus on performance improvement as well as code size reduction of [17], by newly introducing inter-bank copies 

and by improving the quality of register allocation with better allocation. We also expanded the evaluation. This work was performed 

while Je-Hyung Lee and Jinpyo Park were at Seoul National University. 
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