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Abstract 

In this paper we propose a dense instruction.set architecture which offers sorne 
advantages over existing architectures. We approach the problem from differ­
ent points of view: Entropy measurements show high redundancy in instruction 
streams, especially when treated as higher order Markov sources; the memory 
fetch time for instructions has been a major bottleneck for many years, especially 
for multiprocessors with shared memory systems; ever larger programs are in use 
which require more and more memory; networks often wasting their time transfer­
ing redundant information, and loading times, and bus traffic increase with larger 
programs. We suggest a computer architecture which can eliminate the problems 
mentioned above using dense instruction sets. 
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1 Introduction 

This paper proposes a new computer architecture based on dense computer instruc­

tion sets bui~t for RISC processors. Dense instruction set architectures are important 

primarily for three reasons: 1) Memory fetch time for instructions has been a bot­

tleneck for many years, due to ever ;aster processors and multiprocessor systems with 

shared memory. 2) Entropy measurements show high redundancy in instruction streams, 

especially when treated as higher order Markov sources. 3) Program size is still increas­

ing, resulting in longer loading times, more paging and swapping activities, and more 

m~mory-processor bus tra.ffic. The memory-processor performance gap is clearly a prob· 

lem on the horizon, and siinply making caches larger cannot eliminate this problem. 

Therefore we introduce a dense instruction set computer architecture which offers sorne 

advantages. over existing architectures due to much smaller program size. Arithmetic 

coding, a technique which can get as close as desired t~ the entropy, is used to encode 

and decode the instruction stream. Encoding has to be done on static code prior to 

execution, and decoding.on dynamic code during e;xecution. 
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2 Eritropy of Instruction Sets 

This section shows the program entropies gathered from observations of the SPARC1 

(10] architecture. Sample programs from _which this information is collected are two C 

compilers, a debugger, part of a window system, part of the operating system and a 

statistics program. All these statistics are program dependent, because different classes 

of applications typically use different language features (11]. However, statistics about 

static characteristics of programs are based on more than 300,000 instructions, dynamic 

characteristics on millions of instructions. 

Static characteristics of programs are interesting for code compaction, program 

loading times, swapping and paging, and tran~fer times over the network. Program size 

becomes ~ore and more important since memory cycle time has not decreased with the 

same speed as the processor cycle time has increased, and the gap is still increasing. 

One of the first such studies of programming languages was published by Knuth in 1971 

(4], but there are severa! other publications about static program behaviour. 

Dynamic characteristics of programs (3, 8, 11] are of help in the area of program 

speed and the overall program run time. They are generally more interesting than static 

characteristics, but they are also more di:fficult to collect. 

entropy 
bits/symbol 

6 

5 

4 

3 

2 

1 

o o 1 

a) 

entropy 
bits/opcode 

_ static 

... dynamic 

6 

5 

4 

-· _ static 

... dynamic 

3 

2 

1 

o ~o __,1_,2..----':;"3 _.....4_,5,..... 
order order 

b) 

Figure 1: Average entropy of m-th order Markov source in bits/symbol and bitsjopcode. 

Figure 1 shows the calculated entropy for a m-th order Markov source [1] for the static 

as well as the dynamic case built with eight bit long symbols in case a) and opcodes (10] 

in case b) from the instruction stream. For eight bit long symbols as well as opcodes 

1SPARC is a trademark of Sun Microsystems, Inc. 
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entropy decreases significantly for the fifth order Markov source from the zero order 

Markov source. These results show that there is great redundancy in such instruction 

streams and great dependency between instructions following each other which leads to 

very high conditional probabilities and thus to very low entropies. Such low entropies as 

shown in Figure 1 imply we could generate more compact code [9] because the entropy 

H(S) gives the number of bits for optimal encoding. It is not surprising that we reach 

a lower entropy in the dynamic case than in the static case, because equal instruction 

sequences appear more often, e.g. in loops or frequently called procedures. 

3 Arithmetic Coding 

Recently, arithmetic coding [6, 13] has aroused increased interest as a technique that 

gives high compression efficiency for a variety of data types as well as being amenable 

to efficient software and hardware implementations [2]. Arithmetic coding is a coding 

technique which can get as close as desired to the entropy. It is easy to see that sym­

bols with high probabilities of occurrénce and hence larger intervals have less effect on 

narrowing the given interval than symbols with smaller probabilities. 

Arithmetic coding is a data compression technique that encocles data by creating 

a code string which represents a fractional number between O and l. As the message 

becomes longer, the interval needed to represent it becomes smaller, and the number 

of bits needed to specify that interval is growing. Successive symbols of the message 

reduce the size of the interval in accordance with the symbol probabilities generated by 

the give~ model. The more likely symbols reduce the range by less than the unlikely 

symbols and hence add fewer bits to the message. 

Due to the complexity of most compression methods, past implementations of data 

compression techniques have mostly been restricted to software. A hardware design of 
o . 

the LZW algorithm using hash tables is briefly discussed in [12] and a fast VLSI imple-

mentation of the Huffman's scheme is given in [7]. The arithmetic coding scheme consists 

of arithmetic operations like addition and multiplication which can be implemented in 

hardware. Bassiouni [2] describes a high level VLSI chip for the implementation of 

arithmetic coding. 

4 S_uggested Algorithms for Encoding and Decoding 

The encoding process must be preceded by post compiling to add information nec­

essary to decode the given instruction stream. The algorithms give a brief overview on 

how the compiling has to be done to detect branch targets during the encoding process 
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EncodingJProgram O 
{ 

} 

Initialize-Arithmetic_Encoder (); 
while ! ( EOF ) 
{ 

} 

read ( instruction ); 
if ( instruction =~ branch_target ) 

EncodingJProcedure ( instruction ); 
el se 

Encode_Instruction ( instruction ); 

EncodingJProcedure ( instruction ) 
{ 

} 

End_Current-Ari thmetic_Encoding..Phase O; 
InsertJDecode_Instruction (); 
Initialize_Arithmetic..Encoder O; 
Encode_lnstruction ( instruction ); 
return; 

Figure 2: Encoding Algorithms 

and how the decoder can examine the dense instruction stream to provide instructions 

to the execution unit for corred execution. 

As we can see in the encoding algorithms provided in Figure 2 a new phase of encoding 

has to be started at each branch target. This of course influences the compression 

results especial! y as we know that only a few number of instructions are between branch 

instruction and branch target. 

The decoding algorithms (Figure 3) show us a brief summary of the decoding and 

execution pha.se. Building an instruction depends on the number of instruction streams, 

the size of the symbol to be decoded and the type of the instructions to be built. For 

example building a 32 bit instruction needs 4 symbols each 8 bit long. 

5 Instruction Execution 

In this section we take a closer look at how instructions are executed. First we 

examine the common phases for von Neumann architectures to execute an instruction, 

and second, we show how to execute dense object code. 

Common Instruction Execution 

A program for a von Neumann machine consists of a set of instructions that are 
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Decoding_Frogram () 
{ 

} 

Initialize_ArithmeticJDecoder (); 
read ( symbol ); 
while 1 ( EOF ) 
{ 

} 

DecodeJ3ymbol ( symbol ); 
Build.J:nstruction ( symbol ) ; 
if ( instruction == branch_target ) 

InitializeJDecoder (); 
el se 

if ( instruction == branch_instruction 
D~coding_Frocedure ( instruction ) ; 

el se 
Execute.J:nstruction ( instruction ); 

read ( symbol ); 

Decoding_Frocedure ( instruction 
{ 

} 

Execute-Branch.J:nstruction (); 
if ! ( branch_taken 

return; 
el se 
{ 

} 

Initialize_ArithmeticJDecoder (); 
DetermineJMewJ3ymbol_Address (); 
return; 

Figure 3: Decoding Algorithms 

examined one after another; a program counter (PC) in the control unit indicates the 

next location in memory from which an instruction is to be taken. The vast majority . 
of present-day computers are von Neumann machines. The three distinct phases that 

constitute the sequencing of each instruction for these architectures are: 1) Determining 

the memory address that contains the instruction. 2) Fetching the instruction from 

memory and 3) Executing the instruction. 

Before a processor can execute an instruction it must fetch the instruction from 

memory. Before this operation, the instruction pointer has to be updated. If a branch 

has been taken, the address of the next instruction to be executed has to ~e calcula.ted. 

Therefore, the rate at which the processor executes instructions cannot exceed the rate 
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Figure 4: Instruction Execution 

at which instructions are fetched from memory. During the execution phase of each 

instruction, the processor determines the memory location of the next instruction to 

be executed. Therefore, the memory does not operate independently of the processor. 

Figure 4 shows an example of a von Neumann architecture. 

Execu.tin.g Dense Instru.ctions 
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Figure 5: Executing Dense Instruction Sets 

Executing dense instruction sets is more complicated than executing conventional 

object code. Óperating independently of the execution unit the fetch unit fetches the 

instruction from memory. The decoding unit decodes the instruction and stores them 

for the execution unit to read. This could also be done in a pipeline structure to achieve 
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better performance. 

Before executing an ÍI}struction new information has to be fetched if required from 

the main memory through the fetch unit into the decoder. In the decoding unit, the 

byte stream has to be decoded and transformed into an executable instruction. Having 

done that, the execution unit is able to execute the instruction. Because of the dense 

instruction stream provided by the main memory, it is not always necessary to fetch new 

information for the decoder after executing one or more instructions. In the worst case, 

e.g. after taking conditional branches, new information is required for the decoder, but 

in the best case, several instructions can be executed without another memory access. 

Figure 5 gives usan example of a suggested architecture to execute dense object code 

with only one instruction stream to be decoded. For decoding several streams re:flecting 

the structure given in an instruction stream, the given architecture has to be multiplied 

by the number of streams to be decoded including an on chip connection between the 

decoding units for communication. Fetch and decoding units can operate independently 

of the execution unit. Therefore, the decoding unit can decode the next instruction in 

advance like in any other pipeline' structure. 

One of the most difficult problems is how to handle branches, beca use branch instruc­

tions alter the control :flow of the program from sequential execution. Like sequencing 

instructions [5] and cache memories, dense object code execution suffers after having 

taken branches, because the new memo~y address has to be calculated and new infor­

mation is necessary to continue decoding the instruction stream. Furthermore we lose 

sorne structure given in the instruction stream because We cannot rely on information 

further back. The decoding algorithm has to be restarted with only little knowledge of 

the context and at an addressable memory location. 

6 Condusion 

Because the memory-processor performance gap is clearly a problem in the near 

future, architectures are needed which can speed up the supply of instructions to the 

execution. We suggest a new architecture based on dense instruction sets which offers 

sorne advantages over existing architectures. On the one hand, the instruction stream 

has to be decoded before the instruction can be executed by the execution unit. On 

the other hand, the time used to transfer data especially between several processors 

and shared memory will drop sharply. Smaller program size also means less swapping, 

shorter loading times, and minor traffic on a network. With the method presented, it 

is possible to reduce program size considerably and thus to narrow the increasing gap 
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between memory cycle time and processor cycle time. 
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