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Abstract. Instruction set identification problem has been one of the major 
research topics in the last decade. Most of the solution proposals in the 
literature assume a fixed size register file with pre-specified input and output 
ports. On the other hand, reconfigurable hardware such as an FPGA has a 
variety of on-chip resources, which can be configured according to the 
requirements of the application. Hence, in this work, we propose a register file 
design methodology for ASIPs on the FPGAs. Our tool uses the instruction set 
and the execution thread to generate a register file with reduced number of 
inter-register transfers and maximum number of I/O ports required by the 
application.  Moreover, the file can be partitioned into different size of registers 
during run-time according to the instruction that is being executed. The 
experimental results show that for implementations with concurrent 
instructions, this algorithm can reduce length of register file by 40% in 
average.1 
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1   Introduction 

Multifarious needs of industry and science led embedded system manufacturers to 
design customizable processors, which offer design flexibility, high performance and 
short time-to-market simultaneously. Thanks to FPGAs, it is possible to reconfigure 
hardware fabric after production and implement a function-specific processor [1]. 

Depending on the specifications of the target hardware, we can talk about two 
different types of application specific processors. If the target hardware is a tightly-
coupled processor and reconfigurable fabric pair, then the extension of the instruction 
set is considered [2][3].  If the target hardware is completely reconfigurable like an 
FPGA, then the application can be either directly synthesized and mapped on the 
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hardware [4] or implemented as an ASIP whose instruction set is completely 
determined by the application [5][6]. Hence, the common point in both approaches is 
to extract the new instruction set according to the application.  

In the literature, application specific instruction (ASI) identification is based on a 
set of constraints due to the register file or other forms of memory where the new 
instructions have to be connected to [7]. These constraints are the number of input and 
output ports and the size of the register file, which is fixed in custom or general-
purpose processors. However, for ASIPs on the FPGAs, the register file neither has to 
be fixed nor has to have a fixed number of read/write (R/W) ports, because an FPGA 
serves a vast amount of on-chip resources. Therefore, in this study, we propose 
reversing the processor customization process: The instructions must be selected 
without register file constraints1. Once they are selected, the register file must be 
tailored according to the ASIs. Based on this proposal, we have developed a simple 
algorithm to generate a run-time flexible register file for ASIPs generated by the 
RH(+) environment [5]. The size and number of R/W ports of the register file are 
determined according to the application at design time. However, the size of each 
register can change during run-time without changing the complete size of the register 
file. As a result, register reuse is utilized. Additional optimizations are also made to 
reduce the inter-register transfers. The algorithm operates in the RH(+) environment, 
which is developed for designing application specific embedded processors on 
FPGAs. Experimental results show that this algorithm efficiently minimizes the 
length of register file for different applications. 

It should be noted that the study presented here is a preliminary demonstration of 
an idea. It does not claim to be the best solution. Based on this self-realization, the 
next section presents a brief overview on previous studies in the literature in the 
domain of ASI extraction. The algorithm for register file design is described in detail 
in Section 4. Experiments are evaluated in Section 5 and the final section concludes 
the work. 

2   Literature Survey 

Instruction set extension has been extensively studied in the last decade. The basic 
objective is to improve the computation time by including application specific 
instructions to the data path of a custom-designed or a general purpose processor [7]. 
This process usually reduces power consumption in the meantime. However, there is 
also a study, whose objective is to reduce energy consumption and to increase battery 
lifetime [8].  

The instruction identification process is straightforward: The control and data flow 
graph (CDFG) of the application is studied so as to extract the most time consuming 
patterns that will be identified as instructions. In the mean time, a set of constraints 
needs to be satisfied. The first constraint is the convexity, i.e. each selected instruction 
has to operate without intervention of the processor. The remaining constraints are 
imposed by the target hardware. The new instructions have to interface with the 
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register file or the main memory. Hence, the size, the number and width of I/O ports 
constrain the shape of the patterns which will be identified as new instructions.  

The existing hardware architecture of the processor imposes a performance 
bottleneck. To reduce this effect, there have been proposals like shadow registers [9] 
[10], multiport registers [11], custom registers for multiple inputs and multiple 
outputs [12][13][14], dedicated data paths [15] and incorporation of an additional 
register file for the new instructions so as to reduce memory access times [16].  

In all these approaches, there exists a custom register file due to the fixed 
architecture of the custom-designed or general-purpose processor. However, for 
reconfigurable processor architectures [6][17][5], there are only primitives for 
generating application specific register files. In [6][17], two level register files are 
used. The global register files is used as an interface for data transfer and a scratchpad 
while the local ones are exploited by functional units in the reconfigurable array. The 
application-specific register file is distributed and has to be formed by combining the 
necessary global and local register files. There are parameters to determine the size 
and ports of the register file.  

RH(+) [5] is a development environment for generating application specific 
microprocessors on a reconfigurable hardware, basically an FPGA. In this toolset, the 
register file is generated automatically by inspecting the application. Therefore, the 
best register file is extracted according to the application-specific instruction set. This 
is a quite new approach in automatic ASIP design because the register file is not a 
constraint for the instructions of the application. In a Xilinx FPGA, each LUT can be 
configured as a one-bit distributed memory with one read and one write port. One-bit 
dual port memory can also be done by combining two LUTs. Moreover, each LUT is 
also coupled with one bit register/latch module. Therefore, in RH(+), a distributed 
register file is automatically generated by combining one-bit distributed memory units 
and if necessary, registers. The following sections describe the register file generation 
in RH(+). 

3   Register File Design Algorithm (RFDA) 

The required input files for the RFDA are developed by RH(+) toolset. Most of the 
detailed information is gathered from a XML based Control Flow Data Graph 
(CDFG) file, which is generated by a front-end compiler running over the application 
that the user develops in the RH(+) environment. The CDFG includes bit-length and 
type information (array or scalar) of each variable, and inputs and outputs of the 
operators. In Fig.1, a sample graph is presented for a simple program.  

Based on the generated CDFG, RH(+) performs instruction selection. Next, a 
template file, which includes the assembly templates for the generated instructions, is 
provided for the back-end compiler. In the back-end compiler, a primitive assembly 
code is generated by processing the CDFG and the template file. The primitive 
assembly code for the CDFG of Fig. 1 is shown in Fig. 2. 

The RFDA runs over the CDFG and the primitive assembly code. Its first goal is to 
find the optimum size for the register file for the user application. Furthermore, it 
introduces RH(+) how to allocate registers during run-time while preserving the 
register file’s total length. Indeed, this algorithm designs the register file as an array 



of single bit registers. In order to access the registers, multiplexers are utilized inside 
the control and the data paths of the processor. A pseudo code for the RFDA is shown 
in Fig. 3. This pseudo code can be explained as follows: 
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Fig. 1. Example of a Control Data Flow 
Graph generated by front-end compiler 

Line # Instruction 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

MOV R0 a 
MOV R1 c 
INST1 R2 R0 R1 
MOV R0 b 
INST2 R1 R0 R2 
MOV b R1 
MOV R0 c 
MOV R1 a 
INST3 R2 R0 R1 
MOV c R2 

Fig. 2. Resulted primitive assembly code by 
The back-end compiler 

 

 
• Manage_SubRegisters (Primitive_Assembly , CDFG). The compiler of RH(+) 
makes register allocation without considering the size of the variables. The size of 
each register may change according to the size of the variable. A register in the 
register file is active when a value is written to it. It is inactive after the last 
instruction, which reads that value. We denote each active period for a register as the 
sub-register of that register. Manage_SubRegisters function generates all sub-registers 
for each register inside the assembly code. Table 1 shows the sub-register table 
generated for the primitive assembly code in Fig. 2. For instance, consider register 
R1; it first appears in line 2 where it gets the value of variable ‘c’, which is 2 bits 
long. R1 holds this value until it is accessed in line 3. Therefore, we write R1_2_3_2 
inside the table as a sub-register of R1. In Table 1, there are three sub-registers for R1, 
namely R1_2_3_2, R1_5_6_5 and R1_8_9_3. Note that sizes of sub-registers can be 
different. 

 
Register_File_Generation (CDFG, Primitive_Assembly) 
{ 

Sub-Register_Table = Manage_SubRegisters (Primitive_Assembly, CDFG); 
Time-Table = Create_Time-Table (Sub-Register_Table); 
OffsetGroup_Table = Set_OffseGroupst (ref Sub-Register_Table,Time-Table); 
Set_Offset_and_Rename (ref Sub-Register_Table, OffsetGroup_Table); 
New_assembly = Rewrite_Assembly(Sub-Register_Table, Primitive_Assembly); 

} 

Fig. 3. Pseudo code for the RFDA 

• Create_Time-Table (Sub-Register_Table). The time-table keeps track of sub-
registers during the program execution time. In this table, columns represent time 
slots and rows stand for sub-registers. All of the sub-registers that exist in a specified 
instruction cycle are marked in the related column. Next, sum of bit-lengths for all 



registers used in that time slot is calculated. The time-table of Fig. 2 is shown in Table 
2. For instance, sub-register R1_5_6_5 starts in line 5. It also appears in line 6. Hence, 
fifth and sixth columns are marked for the R1_5_6_5 sub-register. 

 
Table 1. Sub-Register Table for example 

Register Name Bit Length BI DI Offset NewName 
R0_1_3_3 3 1 3 -- -- 
R0_4_5_5 5 4 5 -- -- 
R0_7_9_2 2 7 9 -- -- 
R1_2_3_2 2 2 3 -- -- 
R1_5_6_5 5 5 6 -- -- 
R1_8_9_3 3 8 9 -- -- 
R2_3_5_3 3 3 5 -- -- 
R2_9_10_5 5 9 10 -- -- 

 
Table 2. Time-Table of example 

Time 1 2 3 4 5 6 7 8 9 10 
R0_1_3_3 x x x        
R0_4_5_5    x x      
R0_7_9_2       x x x  
R1_2_3_2  x x        
R1_5_6_5     x x     
R1_8_9_3        x x  
R2_3_5_3   x x x      
R2_9_10_5         x x 
Length 3 5 8 8 13 5 2 5 10 5 

 

 
• Set_OffsetGroups (ref Sub-Register_Table, Time-Table). An offset is the start 
address of a sub-register in the register file. To set offset values, we run an algorithm, 
which finds the best offset group for each sub-register so that the size of the register 
file will be optimized. Here, sub-registers that have equal or similar sizes (considering 
a defined threshold) are categorized on offset groups. It is assumed that sub-registers 
in the same offset group are not accessed simultaneously during runtime. Threshold is 
an experimentally obtained value and it limits the differences between the sizes of the 
sub-registers in an offset group.  Although applying a threshold may lead a larger 
register file, it reduces the complexity of addressing. The offset-group table for our 
example is shown in Table 3. 
• Set_Offset_and_Rename (ref RegisterFileTable, OffsetGroup_Table). In this step, 
the same offset value is set for each sub-register inside an offset group. The offset 
value is also calculated based on the algorithm in Fig. 4. Then, each sub-register is 
renamed and these new names are used in the next function. The final version of sub-
register table is demonstrated in Table 4.  
 

Table 3. OffsetGroup table for example 

 Register Group Maximum 
Length 

1 R0_1_3_3, R0_4_5_5, R1_8_9_3 5 
2 R0_7_9_2, R1_2_3_2  2 
3 R1_5_6_5, R2_9_10_5 7 
4 R2_3_5_3 3 

 



Offset = 0; 
for each group in OffsetGroup table { 
        for each sub-register inside group  
                offset of sub-register = Offset; 
        Offset = Offset + maximum size of all sub-registers inside group; 
} 

Fig. 4. Offset calculation algorithm 

  
Table 4. Offset calculation and register naming 

Register Name Bit Length BI DI Offset NewName 
R0_1_3_3 3 1 3 0 R0_3_0 
R0_4_5_5 5 4 5 0 R0_5_0 
R0_7_9_2 2 7 9 5 R0_2_5 
R1_2_3_2 2 2 3 5 R1_2_5 
R1_5_6_5 5 5 6 7 R1_5_7 
R1_8_9_3 3 8 9 0 R1_3_0 
R2_3_5_3 3 3 5 12 R2_3_12 
R2_9_10_5 5 9 10 7 R2_5_7 

 
• Rewrite_Assembly (Primitive_Assembly). This function replaces the names of the 
registers in the primitive assembly code with their new names. The final version of 
the assembly code in Fig. 2 is shown as the last column in Table 5. 
 

After the execution of the algorithm, RH(+) generates a register file whose length 
is equal to the sum of the offset of the sub-registers in the last offset group and the 
length of the largest sub-register inside that group. RH(+) also generates the necessary 
combinational circuit to read and write to the specified sub-registers. Table 5 
demonstrates organization of the register array according to the final assembly code. 
It should be noted that the size of each register changes dynamically. For example the 
initial size of R0 is 3, and then it becomes 5. 

4   Experiments 

The proposed algorithm is executed for three different algorithms implemented in  
RH(+) environment. Since RH(+) provides us with the opportunity of defining both 
traditional and application specific operators, each of these algorithms is implemented 
using different sets of instructions. Moreover, RH(+) processor architecture supports 
VLIW instructions.  Hence, we are provided with concurrent  operations, which 
results in a high access rate to the register file for each instruction. Therefore, results 
of the RFDA tightly depend on the automatically selected instruction set in addition to 
the defined operators. In Table 6, specifications of each experiment are listed. Each 
specification shows the defined operator types and the maximum amount of 
concurrency in case of VLIW utilization. In Table 7, we show the resulting register 
file sizes for each experiment considering whether RFDA is applied or not. Moreover, 
we take into account the impact of the instruction selection unit. Thus, for each 
implementation, we run algorithm for both of the cases: the instruction set consists of 
1) concurrent operations, 2) no concurrent operations, i.e. sequential implementation.  



Table 5. Resulted assembly code and the organization of registers in each instruction cycle 

Inst. 
Step Dynamically Adaptive Register File Assembly Code 

1 { MOV R0_3_0 a 

2 { { MOV R1_2_5 c 

3 { {{ INST1 R2_3_12 R0_3_0  R1_2_5 

4 { { MOV R0_5_0 b 

5 { {{ INST2 R1_5_7 R0_5_0 R2_3_12 

6 { MOV b R1_5_7 

7 { MOV R0_2_5 c 

8 {{ MOV R1_3_0 a 

9 { {{ INST3 R2_5_7 R0_2_5 R1_3_0 

10 { MOV c R2_5_7 

 
In the first experiment a 15-tap Finite Impulse Response (FIR) filter is 

implemented. The coefficient set consists of 8-bit scalars and is stored in an array. 
The input is also 8-bit long and input at each tap is stored in an array. “Double loop” 
version of the algorithm is implemented by defining four traditional operators listed in 
Table 6. In the concurrent version of this implementation, at least one VLIW 
instruction including three concurrent instructions exists. In the “Single loop” 
approach, we defined array adder and array multiplier operators. These array 
operators actually take two arrays as inputs, perform the operations on their elements, 
and then store each result in a new array. Actually, by using these operators, we do 
not need a loop for the calculation of the multiplication and addition operations one 
by one for all elements of arrays. As a result, we only need one loop for shifting the 
input array.  

 



Table 6. Implementation specifications of experiments 

Experiment Defined  
Operators 

Maximum  
concurrency 

FIR Double loop Scalar add/sub - Scalar Mul –Indexing - Shift 3 
Single loop Array Add - Array Mul – Shift - Increment 3 

FFT 
Classic Scalar add/sub - Scalar Mul – Indexing – Cosin - Sine 8 
Unfolded  
by two 

Scalar add/sub – Indexing 
 

4 

MIC 
Double loop Scalar add - Scalar Div - Scalar root -Scalar sqr - 

Indexing 
3 

Hybrid  Scalar add- Scalar Div - Scalar root – Indexing - Array 
Add - Array Sqr 

3 

  
The FFT implementation in RH(+) is radix-2 decimation-in-time algorithm. The 

real and imaginary parts of each number are stored in separate arrays and output 
values are written over input values, which make this implementation an in-place one. 
The algorithm calculates the twiddle factors by using sine and cosine operators, so 
sine and cosine hardware modules have to be available. The “classic” implementation 
consists of trivial three nested for loops that go through the FFT-stages, the butterflies 
with the same twiddle factors and each individual butterfly. This algorithm is 
implemented with a 4-tap array whose elements are 8 bits long. In the “unfolded by 
two” implementation, there are no loops and temporary storages except individual 
butterfly nodes. This algorithm is implemented with a 2-tap array with 8-bit long 
elements. In Table 6, the defined operators and the maximum number of concurrent 
instructions are given. 

The Motion Intensity Calculator (MIC) is implemented based on the algorithm 
defined in [18]. This algorithm is also implemented in two different ways. In the 
“double loop” implementation, we defined purely scalar operators. Hence, we need 
two loops, one for the calculation of the average value of the input arrays and the 
other one for the calculation of motion intensity values. The second approach is the 
“hybrid” one in which we use a combination of scalar and array operators. We define 
square and add operators for array variables. In addition, there are some other 
operators like division and root, which are implemented with scalar variables. For 
both implementations, we consider arrays with twelve 8-bit motion vectors as inputs. 

The experimental results of Table 7 can be studied in two ways: 
• Improvement in register file sizes: Register files for sequential and concurrent 

implementations have to be considered separately. For the sequential case where 
we have only ASIs, the average amount of register file size reduction after 
applying the RFDA is equal to 36%. For the concurrent case where we have both 
ASIs and VLIW, the reduction in the size of the register file after RFDA is 41% 
in average. 

• Improvement in performance: Application specific instruction selection is done to 
improve the performance. The performance of the concurrent implementation is 
21% better than that of the sequential implementation. As stated above, this 
improvement is due to the selected VLIW instructions in the concurrent 
implementation. Since these instructions are selected without taking the register 
file into account, the performance measures for these implementations are the 



optimum values. Moreover, RFDA provides an optimized register file for the 
optimum number of execution steps. 

 
Table 7. Experimental results of algorithm 

  
Concurrent Instructions  Sequential Instructions  

Register File Length Total 
Exec. 
Steps 

Register File Length Total 
Exec. 
Steps   RFDA Normal %Imp RFDA Normal %Imp 

FIR 

Double 
loop 290 840 65% 166 290 480 65% 178 

Single 
loop 390 840 54% 81 265 360 26% 93 

FFT 
Folded 247 384 36% 1054 122 128 5% 1925 
Unfolde
d by two 112 128 12% 24 48 64 25% 42 

MIC 
Double 
loop 228 576 60% 696 121 288 77% 816 

Hybrid  429 552 22% 572 321 384 16% 634 
Average Imp in 
Register File 
Size 

  41%    36%  

Average Imp in 
Performance    %21     

5   Conclusion 

In this work, we propose an efficient algorithm for designing a register file for 
Application Specific Instruction-set Processors. Our aim in this paper is to reverse the 
methodology of ASI selection for ASIPs, which are designed for FPGAs where a vast 
amount of resources are available: We generate ASIs without considering register file 
constraints. Hence we aim to maximize the performance. Once the instructions are 
selected, then the register file can be tailored to meet the architectural constraints set 
by the ASIs.  

This work is done in the RH(+) design automation tool which is a system level 
design tool for embedded systems on reconfigurable fabrics. The experimental results 
show that register file design algorithm, RFDA, makes efficient use of memory and 
area. After RFDA, the size of the register file is reduced up to 35% in average for the 
experiments implemented by ASIs only. However, when we combine ASIs in VLIW 
instructions, the number of execution steps decreases by 20% in the average. For this 
case, the application of RFDA results in 41% reduction in the register file size. 
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