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Abstract Complexity of embedded applications is growing rapidly. This growth
is accompanied by severe implementation contraints on cost, size, performance
as well as power. This has resulted in search for expanding the architectural de-
sign space for implementing such complex applications. The last decade has seen
the growth of Application specific instruction processors(ASIP) as an alternative
to general purpose processors on one hand and Application specific integrated
circuits (ASIC) on the other. ASIPs are considerably more flexible than ASICs
while being more performance and power efficient than general purpose proces-
sors. The key issue in designing the ASIPs relate to customization i.e. identify the
critical application characteristics which need to be supported by special hard-
ware to create an application specific processor. In this paper we address two
specific research problems; storage customization of a RISC processor and de-
sign of clustered VLIW processor.
A simple RISC processor is characterized by a single functional unit, pipelined
instruction execution, a single fixed register file and unified cache and memory for
data and instruction. We propose techniques for customizing the register file size,
number of rgister windows used to store contexts, cache size and trading off cache
with scratch pad memory. This is implemented in a single integrated framework
and results in an application specific storage optimization. This approach has been
validated by actual experiments on both ARM as well as LEON (a varient of
SUN-SPARC) processors.
VLIW processors are extremely effective in applications with a large fine grain
parallelism. These are preferred over superscalar in embedded systems because
the task of identifying instruction level parallelism is handled at compile time
rather than at runtime to save on power and chip area. The number of functional
units in a VLIW is constrained by the number of ports in the register file as in
each clock, operands need to be supplied to all the FUs simultaneously. The reg-
ister file delay as well as power consumption increases as a square of the number
of ports and due to this, researchers are considering clustered VLIW processors
as an alternative. These have clusters of FUs (homogeneous or heterogeneous)
connected to each register file. Now the data transfer time between these clusters
depends on the interconnetivity and thus the design space is considerably en-
larged. Further, operation-operator binding is now much more closely coupled to
the value-register binding as the operand not being in the the associated register
file can have considerable impact on performance. In this paper we define a range
of clustered VLIW architectures followed by techniques for performance evalu-
ation of these processors. Results show that the normally used RF-RF transfers
perform very poorly.
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1 Introduction and Role of Architecture Customization

Today Embedded Systems on a Chip (SoCs) can be found in a large variety of applica-
tions like image processing, computer vision, networking, wireless communication etc.
Typically these applications demand real time processing and high throughput. Many
of these applications, specially in the domain of image processing and computer vision,
also offer good amount of functional and data parallelism.

Architecture customization leads to design solutions which are cheaper cost-wise
as well as satisfy the constraints on performance and power consumption tightly. The
General Purpose Computing domain doesn’t offer much opportunity for architecture
customization as it is not known in advance which application will run on the target
architecture. However, in embedded systems, the application is known in advance and
as a consequence it is possible to analyze the application rigorously and fine tune the
architecture. Thus Application Specific Instruction Processors (ASIPs) are important
components of SoCs. An ASIP exploits special characteristics of the given applica-
tion(s) to meet the desired performance, cost and power requirements. ASIPs offer the
required flexibility (which is not provided by ASICs) at a lower cost than general pro-
grammable processors.

Architecture customization or specialization, in embedded system can be System
Specialization or Component Specialization. In System Specialization, the system is
considered as a whole with multiple threads of control. The application is partitioned
and is mapped to the control components and the data components. In Component Spe-
cialization the individual component e.g.. processor, memory, interconnection are con-
sidered with a single thread of control. Component specialization may involve one or
more of the following:
1. Instruction Set Specialization: concentrate on instruction level parallelism , oper-

ations which can be chained ( multiply-add ), instruction size reduction, time and
power reduction.

2. Data Path Specialization: concentrates on word length adaptation, number of FUs,
application specific FUs, register file size and register structure.

3. Memory Specialization: concentrates on number and size of memory banks, num-
ber and size of access ports, access patterns ( paged mode , inter-leaving, cache
organization and special memory introduction e.g. scratch pads, FIFO.

4. Interconnect Specialization: includes interconnection paths and protocols. The func-
tionality, in terms of power and cost is reduced as compared to some standard bus.

Extensive research has been done on designing application specific processors over
the last decade. Section 2 summarizes various approaches followed by different re-
searchers. The next two sections deal with two areas which were relatively less explored
and have been the focus of research at IIT Delhi. These are: customizing on-chip storage
(Section 3) and customizing high performance ASIPs (Section 4).

2 Designing Customized Processors: Alternative Approaches
2.1 ASIP Design Methodology

Gloria et al. [12] defined some main requirements of the design of application-specific
architectures. Important among these are as follows.
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– Design starts with the application behavior.
– Evaluate several architectural options.
– Identify hardware functionality to speed up the application.
– Introduce hardware resources for frequently used operations only if it can be sup-

ported during compilation.

Various methodologies have been reported in literature to meet these requirements.
It is found that typically there are five main steps followed in the synthesis of ASIPs.
The steps are shown in Figure 1.
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Figure 1. Flow diagram of ASIP design methodology

Application Analysis: Input in the ASIP design process is an application or a set of ap-
plications, along with their test data and design constraints. It is essential to analyze the
application to get the desired characteristics/ requirements which can guide the hard-
ware synthesis as well as instruction set generation. An application written in a high
level language is analyzed statically and dynamically and some parameters useful for
the subsequent steps are extracted. These parameters include data types and their access
methods, execution counts of the operators and functions, frequency of the instruction
sequences, life time of the variables, data access requirements, temporal and spatial
locality in the program, the frequency of individual instructions and the sequences of
contiguous instructions, average basic block size, number of operation patterns such as
Multiply-Accumulate (MAC) operations, ratio of address computation instructions to
data computation instructions, ratio of input/output instructions to the total instructions,
average number of cycles between generation of a scalar and its consumption in the
data flow graph etc.
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Architectural Design Space Exploration: First a set of possible architectures is iden-
tified for a specific application(s) using output of step 1 as well as the given design
constraints. Performance of possible architectures is estimated and suitable architecture
satisfying performance and power constraints and having minimum hardware cost is
selected.
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Figure 2. Scheduler Based Approach
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Figure 3. Simulator Based Approach

Broadly there are two type of approaches for performance estimation. These are
scheduler based and simulator based. In scheduler based approach the problem is for-
mulated as a resource constrained scheduling problem with the selected architectural
components as the resources and the application is scheduled to generate an estimate
of the cycle count. Profile data is used to obtain the frequency of each operation, as
shown in Figure 2. In simulator based approach, a simulation model of the architec-
ture based on the selected features is generated and the application is simulated on this
model to compute the performance as shown in Figure 3. Using a retargetable, a spe-
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cific simulator instance can be derived for each architecture instance of the architecture
template.

Instruction Set Generation: Instruction set is generated for that particular application
and for the architecture selected. This instruction set is used during the code synthesis
and the hardware synthesis steps.

One approach for instruction set generation is to synthesize an instruction set for
a particular application based on the application requirement, quantified in terms of
the required micro-operations and their frequencies. Micro-operations can be suitably
grouped to form instructions of different complexity depending upon the performance
requirement. Alternatively, it may be assumed that a super-set of instructions is avail-
able and a subset of these is selected to satisfy the performance requirements within
the architectural constraints. More complex instructions can also be created by pattern
matching. A set of template patterns is extracted from the instruction set and the graph
representing the intermediate code of the application is covered by these patterns. Each
pattern defines a complex instruction.

Application
Architecture

Template

Instruction Set

Architecture (ISA)

Retargetable Code Generator

Object Code

Figure 4. Retargetable Code Generator

Code Synthesis: Synthesizing a customized processor gives rise to the need for gen-
erating the object code which will be specific to the new Processor Architecture. Code
Synthesis could be done by using a Retargetable Code Generator which will take appli-
cation, the architecture template and the instruction set as inputs and generate code for
the specific processor. Figure 4 illustrates Retargetable Code Generator.

Code Synthesis could also be done using the Customized Compiler generated by
a compiler generator for a range of architectures. The customized compiler will take
the Application and the code generated by a Retargetable Compiler. Figure5 shows
this approach. Retargetable Compiler requires architecture template and instruction set
architecture as input and produces a customized compiler.
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Figure 5. Compiler Generator

Hardware Synthesis: In this step the hardware is synthesized using the ASIP archi-
tectural template and instruction set architecture starting from a description in VHDL/
VERILOG using standard tools.

Every methodology does not emphasize all these steps. Some of them consider the
processor micro-architecture to be fixed while only generating the instruction set within
the flexibility provided by the micro-architecture, e.g. [15], while others consider the
process of instruction set generation only after the parallelism and functionality of the
processor micro-architecture is finalized based on the application, e.g. [17] etc.

2.2 Architectural Design Space

A good parameterized model for the architecture is very important for design space
exploration. Different values can be assigned to the parameters (keeping design con-
straints into consideration), to derive various architecture instances. The design space
will depend on the number of parameters and the range of values which can be assigned
to these parameters.

The parameterized architecture model invariable includes the number of functional
units of different types, storage units and interconnect resources, structure of pipelining
in the pipelined functional units, component like buffers, controllers, routers and their
composition rules.

Kin et al [24] consider issue width, number of branch units, number of memory
units, the size of instruction cache and size of data cache etc. in the model. Gupta et al
[16] use a model which include parameters like number of registers, number of opera-
tion slots in each instruction, concurrent load/store operations and latency of functional
units and operations. Ghazal [11] include optimizing features like addressing support,
instruction packing, memory pack/ unpack support, loop vectorization, complex arith-
metic patterns such as dual multiply-accumulate, complex multiplication etc in their
architectural model. This results in a large design space. They have developed a retar-
getable estimator which takes advantage of such an architecture model.
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Architectures considered by different researchers also differ in terms of the instruc-
tion level parallelism they support. For example [7] and [23] do not support instruction
level parallelism, whereas [13] and [16] support VLIW architecture and [11] and [24]
support VLIW as well as super scalar architecture.

Most of these approaches consider only a flat memory. Only [24] addresses consid-
eration of instruction and data cache sizes during design space exploration, but the range
of architectures explored is rather limited. Similarly no approach considers flexibility
in terms of number of stages in a pipeline, though a pipelined architecture is considered
in [7] and [12].

3 Customizing On-chip Storage

As discussed in the previous section, design space exploration is driven by performance
estimations. These estimates are generated using a simulator based or scheduler based
framework. Simulator based technique needs a retargetable compiler to generate code
for different processor configurations to be explored. Further, simulating the generated
code is slow.

On the other hand, the scheduler based approach is much faster and quite suitable
for an early design space exploration. However, on-chip storage which includes register
files and cache is not explored by the scheduler based approaches reported so far. Thus,
the main focus of our work has been to include on-chip storage exploration as part of
the design space exploration.

Our previous study [20] using a retargetable code generator and standard simulator
has indicated that choice of an appropriate number of registers has a significant impact
on performance and energy in certain cases. In ASIP synthesis, it is important to select
appropriate on-chip storage after examining trade offs between various choices. For ex-
ample trade-off between register file size and cache size can be evaluated. Similarly,
for a given register file size, trade-off between number of register windows and window
size can be evaluated. Our approach is to first find the execution time ignoring the influ-
ence of storage constraints on it and then add overheads due to register spills because
of limited register file, window spills and restores due to limited register windows and
cache misses.

In scheduler based performance evaluation, register allocation is the key step which
helps in determining the influence of limited register file size on the performance. A
usual approach is to perform register allocation either after scheduling like a typical
compiler[14], or solve register allocation and scheduling in an integrated manner[5].
However, register allocation before scheduling is desirable when minimizing of register
file size is more important than the length of the code sequence. Our technique does
register allocation before scheduling using the concept of register reuse chains [36]
with significant extensions.

3.1 Integrated On-chip Storage Evaluation Methodology

Our approach to storage exploration as a part of the overall design space exploration is
shown in figure 6. Cycle count for application execution on the chosen processor and
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Figure 6. Storage exploration technique

memory configuration is estimated using a parameterized model for processor as well
as memory. Parameters of data cache include size, line size, associativity, replacement
policy and access time. Processor configuration specification includes register file and
windows organization along with pipeline information and functional unit (FU) opera-
tion capability and latency.

Register allocation is done on unscheduled code using the concept of reuse chains
[36] with significant extensions [21].

Overall execution time estimate (ET ) for an application for the specified memory
and processor configuration can be expressed as follows.

ET = etR + ohW + ohC (1)

where
etR : Execution time including overhead due to limited size of register file R,
ohW : Additional schedule overhead due to limited windows, and
ohC : Additional schedule overhead due to cache misses.

etR can be further expressed by the following equation:

etR = bet + ohdep + spillR ∗ tR (2)

Computation of etR is described in the next subsection. ohW can be further expressed
by the following equation:

ohW = spillw ∗ tW (3)

where
spillw : Number of window spills, and
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tW : Delay associated with each register window spill.
ohC can be further expressed by the following equation:

ohC = missC ∗ tC (4)

where
missC : Number of cache misses, and
tC : The cache miss penalty.
tW is computed by knowing register window size and the latency of ‘store’ instruction.
tC is computed using block size and the delays associated in each data transfer. Storage
configuration selector selects suitable processor and memory configuration to meet the
desired performance by knowing all the execution time estimates.

3.2 Execution Time Estimation with Limited Registers

Input application (written in C) is profiled using gprof to find execution count of all
basic blocks for each function. These execution counts are used to multiply with the
estimated execution times.

For each basic block B, local register allocation is performed taking the data flow
graph and number of registers to be used for local register allocation (say k) as input
using a modified register reuse chains approach [21]. Data flow graph may be modified
because of additional dependencies as well as spills inserted during register allocation.
This modified data flow graph is taken as input by a priority based resource constrained
list scheduler, which produces schedule estimates. This estimate is multiplied by the
execution frequency of block B to compute local estimate (LEB,k) for this block.

Local estimates are produced for all the basic blocks contained in a function, for the
complete range of register file sizes to be explored. Schedule overheads needed to han-
dle global needs with limited number of registers are computed using life time analysis
of variables. For each block, we need information on variables used, defined, consumed,
live at entry and exit points of this block. This additional global needs overhead is also
generated for the complete range of number of registers for each basic block. Then,
we decide on the optimal distribution of the registers available (say n) into registers to
handle local register allocation (k) and registers to handle global needs (n − k), such that
overall schedule estimate for that block is minimized.

Overall estimate for a block B can be expressed as

OEB = min
k
(LEB,k + GEB,n−k) (5)

where OEB is the total schedule estimate for basic block B, and GEB,n−k is the overhead
to handle global needs with n − k registers. OEB values for all blocks are summed up to
produce estimates at the function level. Estimates for all functions are added together
to produce overall estimate for the application i.e. etR. So etR can be expressed as

etR = ∑
f or each f unction

∑
f or each basic block B

(OEB) (6)
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3.3 Overhead of Limited Reg. Windows

Processors with register window scheme typically assume a set of registers organized
as a circular buffer. When a procedure is called (means a context switch), the tail of the
buffer is advanced in order to allocate a new window of registers that the procedure can
use for its locals. On overflow, registers are spilled from the head of the buffer to make
room for the new window at the tail. These registers are not reloaded until a chain of
returns makes it necessary. We consider the context switches that are due to function
calls and returns.

The number of register window spills and restores can be estimated by examining a
trace of calls and returns from the application execution[6]. Trace is given as input to a
simple stack based analyser to compute window spills and restores. Trace is used only
once and simultaneously spills and restores for different number of register windows
are computed[27].

Window spills (spillW ) due to limited number of register windows computed in
this manner are used in (equation 3), the execution penalty due to window spills and
restores (ohW ) is computed using window size and latency associated with load and
store operation for the processor. This additional penalty is added into the estimates
produced by the technique to produce overall execution time estimates.

3.4 Overhead of Cache Misses

We observe that usually the number of memory locations required to store spilled scalar
variables and register windows is small compared to the total number of cache locations.
Therefore, we assume that the spilling overhead is insensitive to the cache organization.
This observation allows us to estimate the two independently.

To know the memory access profiles (total number of accesses, hits, misses etc.) we
need to generate addresses to which memory accesses are made and then a simulator
is required to simulate those accesses. Since memory access patterns are typically ap-
plication dependent, we can use any standard tool set to find memory access profiles.
Once we know the number of memory misses for a particular cache, knowing the block
size and delay information we compute the additional schedule overhead due to cache
misses in a straight forward manner.

We used simplescalar tool set [2] to compute the number of cache misses for differ-
ent cache sizes. It assumes a MIPS like processor with some minor changes. Since we
do not require timing information from the simplescalar tool, we use sim-cache simu-
lator which is fast compared to sim-outorder. sim-cache does not use processor timing
information and it gives only cache miss statistics. It takes only address trace along with
cache configurations as input.

3.5 Results

Figure 7(a) shows the impact of variation of register file size on execution time for
quick sort. Results indicate that execution time decreases with an increase in the register
file size, but saturating after a certain register file size is reached. Variation of number
of window spills and restores required with different number of register windows is
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shown in figure 7(b). Curve saturates at 9 windows. Trade-off between the number of
registers and window sizes is shown in Figure 7. Here we assumed that register file will
be distributed in windows of equal sizes.

On one end, when the number of windows is small, the time overhead due to context
switches dominates the cycle count. At the other extreme, when the number of windows
is large for the same total number of registers, the individual window size becomes small
and the overhead due to load and stores (within a context) dominates the cycle count.
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Figure 7. Trade-off between number of windows and their sizes

Execution time estimates for various benchmark applications for different register
file sizes and different data cache sizes are shown in Figure 8. Based on the generated
execution time estimates and the input performance constraint, suitable configurations
can be suggested. For example, if the application, matrix mult, should not take more
than 1.0E +05 cycles, then one of the following configurations can be suggested.

1. 12 registers with 4K data cache
2. 15 registers with 2K data cache
3. 20 registers with 1K data cache

To validate the accuracy of our estimator, performance estimations with varying
on-chip storage configurations for selected benchmarks applications were done with
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three real processors. These are: ARM (ARM7TDMI a RISC) [1], Trimedia (TM-1000 a
VLIW) [3] and LEON (a processor with register windows) [10]. TM-1000’s five-issue-
slot instruction length enables up to five operations to be scheduled in parallel into a
single VLIW instruction. To know correctness of our techniques, we chose to validate
our result against the numbers produced by standard tool sets.
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Validation shows that our estimates are within 10% compared to the actual perfor-
mance numbers produced by standard tool sets. The actual figures were 9.6%, 3.3%
and 9.7% for ARM7TDMI, TM-1000 and LEON respectively. Further, this technique
was nearly 77 times faster compared to the simulator based technique. Validation re-
sults for LEON is shown in figure 9.
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Figure 9. Validation on LEON

Results generated were also validated against VHDL level simulation for collision
detection application which is developed at IIT Delhi for detecting collision of an object
with Camera [26]. The execution time estimates produced by our estimator (443278
cycles) are within 10.33% compared to the estimates produced by tsim (494375 cycles)
and within 5.26% compared to the estimates produced by VHDL simulation.
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3.6 Benefits of RF Customization

Optimizing register file size is useful in many ways. Some of them are listed here.

– If smaller register file can be used then register address needs fewer bits. Thus,
we can think of either reducing the instruction width or providing more room for
op-code so new application specific instructions could be easily accommodated.

– Reduction in the switching activity and thus saving in terms of power consumption.
– In case, instruction width cannot be reduced by sparing some registers, these regis-

ters or their addresses could be used efficiently for specific purposes. For example,
hard-wiring some registers with fixed values will help removing some moves. There
are other possibilities as well.

Interestingly, spare register addresses may be used to address co-processor registers.
Interface between processor and coprocessor is responsible for transmitting operands
from processor to co-processor and results from co-processor to processor. Design of
these interfaces differ from processor to processor interface.

Some processors, like MIPS, allow direct transfer of values from main register file
to co-processor register file and vice-verse. By using addresses of ‘spare’ registers pre-
dicted by our technique, to address co-processor registers, such data transfers can be
saved.

Processor like LEON do not allow transfer of values directly between processor
register file to co-processor register file, so this communication is through memory.
This means, the operand values are first stored into memory and then, these values are
loaded into co-processor register file. After co-processor had produced results, these
results will be first stored into memory and then, they are loaded into main register file.
Again by using addresses of ‘spare’ registers, significant benefits can be achieved in
this case, because all such loads and stores can be avoided.

4 Customizing High Performance ASIPs
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and Issue
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Figure 10. ILP in Superscalar Processors
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The Instruction Level Parallelism allows two architectural options: superscalar (Fig-
ure 10) and VLIW (Figure 11). The Instruction Level Parallelism in Superscalar Pro-
cessor is Hardware Driven It requires a complex decode and issue unit to handle the
parallel execution of multiple instruction . There is a clear trade-off between the speed
and complexity of this approach. The advantage of superscalar processor is code com-
patibility as the major decision of issuing multiple instructions to the execution unit
is handled by the hardware unit . This also avoids the need for retargetable compiler.
So any off the shelf compiler is sufficient for generating the code for superscalar pro-
cessor. But the advantages of Superscalar processor doesn’t fall in the ASIP domain
as ASIPs requires retargetable compilers or compiler generator. The space available
for customization in Superscalar Processors is very less. VLIW Processor is software
driven where the partitioning of the application is done by the compiler which generates
the object code for the specific VLIW architecture. VLIW Processors, with simplified
hardware allows for several customization options and are suitable as ASIPs.

Register File

Cache/
Memory

Fetch
Unit

Single Multi−Operation Instruction

multi−operation instruction

Figure 11. ILP in VLIW Processors

4.1 Architecture Design Space for custom VLIWs

VLIW processors lend themselves naturally to customization due to simplified hard-
ware, however they suffer mainly from code expansion which needs to be tackled with
a good instruction encoding scheme. The key specialization domains for a VLIW pro-
cessor are [19, 30]:

1. No. and types of functional units
2. Register file structure
3. Interconnection network both between FUs and between register files
4. Instruction encoding for NOP compression

These have been illustrated in Figure 12. We next discuss each of these in detail.

Functional Units: The functional units lend themselves naturally to specializations
[18, 29]. The core set of FUs shown in Figure 12, support the usual fine grain oper-
ations like add, multiply, compare etc. augmented by application specific extensions.
These extensions are centered around some medium or coarse grain FUs defining new
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Figure 12. Customization in VLIW ASIPs

instructions for implementing some critical functionality of the specific application. Ac-
tually the fine grain core may not be absolutely rigid, it may be generic in some limited
sense. The presence of core makes things easier by providing a default implementation
for any part of the application.

At the one end of the spectrum there are multiple input single output units(MISO)
without any memory accesses and control. This is the simplest generalization of basic
fine grain operations which typically take one or two inputs and produce one result. The
next conceivable generalization is to allow multiple outputs to be produced by an FU,
making it a MIMO or a multiple input multiple output unit. The cycles in which various
operands of a MIMO are input and results are output, relative to the beginning cycle,
define the I/O time-shape of such a MIMO [8]. If the cycles in which I/O occurs are
fixed, the time-shape is considered to be rigid. On the other hand, if the I/O operations
are hold-able, that is the cycles in which they occur could be delayed, the time-shape is
said to be flexible and it eases scheduling. A Basic MIMO takes all its operands from
register files, therefore a further extension can be in terms of considering MIMOs with
load/store which are capable of accessing the memory. Permitting conditionals within
a FU further enhances its scope but it causes the latency of the FU to be variable which
makes pure VLIW kind of scheduling difficult, one can even think of mapping loops to
an FU with even the loop control inside the FU but again this will require run time hand
shaking mechanism. Table 1 summarizes these possibilities.

Consider a Data Flow Graph for representing the operation in a program. In a Data
Flow Graph each machine instruction is represented by a node. The appropriate sub-
graph can be executed as a single new machine instruction handled by the AFU. If this
ad-hoc function unit (AFU) completes the execution faster then there is Gain. There
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Name Sources Destinations I/O Policy

MISO Multiple (RF) Single (RF) Flexible or Rigid
MIMO Multiple (RF) Multiple (RF) Flexible or Rigid
MIMO with Multiple (RF/Mem) Multiple (RF/Mem) Flexible or Rigid for RF, Block
LD/ST LD/ST at beginning and end of

operation for Mem

Table 1. Architectural spectrum of custom FUs

could be various possible sources of Gain - Spatial Computation, Chaining of opera-
tions, Exploiting Constants, Reducing Precision (by performing bit-width analysis of
variables declared in the program), Arithmetic Optimization (by exploiting arithmetic
properties for efficient chaining of arithmetic operations). The parallelism at the basic
block is relatively small. However, the classical ILP techniques Predication and Loop
Unrolling could be used to expose large amounts of parallelism. In a recent study we
have demonstrated that many common media applications can exhibit an ILP of as much
as 20 on a VLIW processor with 16 ALUs and 8 LD/ST units [4].
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Figure 13. A Clustered VLIW Processor

Register File Structure: Traditionally, VLIW datapaths have been based on a sin-
gle register file shared by all functional units. Unfortunately this single register file
organization doesn’t scale well with the large number of functional units of a high per-
formance VLIW processor. For N arithmetic units connected to a register file the area,
delay and power grow as N3, N3/2 and N3 [31]. In short, as the number of functional
units increases, the internal communication between functional units becomes the dom-
inant factor for area, delay and power requirements. In order to overcome this limitation
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the functional units can be clustered together, wherein they can read from or write to
only a subset of registers. Figure 13 shows a typical clustered VLIW architecture. How-
ever this gain does come at a cost. In particular it may lead to data copying from one set
of registers to another and thus increase execution latency. Since in embedded systems
the application is known before hand it should be possible to customize the clusters
in order to reduce this additional copying and the increase in latency using powerful
optimizing compilers and interconnect analysis.

LD/ST ALU LD/ST ALUALU ALU

R.F. R.F.

Figure 14. RF-to-RF (δ = 1)

Interconnection Network: Clustered VLIW processors can be classified on the basis
of their inter-cluster communication structures. At the top level we can divide them into
two sub-categories: a) Those supporting inter-cluster RF-to-RF copy operations and b)
Those supporting direct inter-cluster communication between FUs and RFs. There is
very little variety in the architectures supporting RF-to-RF copy operations. At most
these can be classified on the basis of the interconnect mechanism which they use for
supporting these transfers. The examples of such architectures are: Lx [9], NOVA [19],
Sanchez et. al. [32], IA-64 [34]. An example RF-to-RF architecture is shown in Figure
14.

We use the RF→FU (read) and FU→RF (write) communication mechanisms to
classify direct inter-cluster communication architectures. The reads and writes can be
from either the same cluster or across clusters. The communication can be either using
a point-to-point network, a bus or a buffered point-to-point connection. An underlying
assumption is that FUs always have one path to their RF (both read and write) which
they may or may not use. A few examples of these architectures are shown in Figures
15 and 16. The architecture shown in Figure 16(a) has been used by Siroyan [33],
Transmogrifier [25] etc.

Our complete design space of clustered architectures is shown in Table 2. The
Columns 1 and 2 marked as Reads and Writes denote whether the reads and writes are
across (A) clusters or within the same (S) cluster. Columns 3 and 4 marked as RF→FU
and FU→RF, specify the interconnect type from register file to FU and from FU to reg-
ister file respectively. Here, PP denotes Point-to-Point and PPB denotes Point-to-Point
Buffered. This table also shows in Column 5, the commercial or research architectures
which have been explored in this complete design space. For example the TiC6x is an
architecture, which reads across clusters and writes to the same cluster; it uses buses for
reading from RFs and point-to-point connections for writing back results to RFs.

We would like to contrast here our classification with what has been presented in
[35]. They have only considered five different communication mechanisms and have not
presented a classification. The bus-based and communication FU based interconnects



278 Anshul Kumar et al.

ALU ALU

R.F. R.F.

ALULD/ST LD/ST ALU

(a) Write Across-1

ALU ALU

R.F. R.F.

LD/ST ALU LD/ST ALU

(b) Read Across-1

ALU ALU

R.F. R.F.

LD/ST ALU LD/ST ALU

(c) Write/Read Across-1

Figure 15. Architectures with (δ =
NClusters)

ALU ALU

R.F. R.F.

ALULD/ST LD/ST ALU

(a) Write Across-2

ALU ALU

R.F. R.F.

LD/ST ALU LD/ST ALU

(b) Read Across-2

ALU ALU

R.F. R.F.

LD/ST ALU LD/ST ALU

(c) Write/Read Across-2

Figure 16. Architectures with (δ =
NClusters/2)

Reads Writes RF→FU FU→RF Available Archs.

S S PP PP TriMedia, FR-V, MAP-CA, MAJC

A S PP PP

A S Bus PP Ti C6x

A S PPB PP

S A PP PP Transmogrifier, Siroyan, A| RT

S A PP Bus

S A PP PPB

A A PP PP

A A PP Bus

A A PP PPB

A A Bus PP

A A Bus Bus

A A Bus PPB

A A PPB PP

A A PPB Bus

A A PPB PPB

Table 2. Overall Design-Space for Direct Communication Architectures
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which they have considered are part of the RF-to-RF type communication domain in
our classification. The extended results type architecture is a write across architecture in
our classification and extended operands is basically a read across type of architecture
as per our classification. However, here again, they have considered only one type of
interconnect, point-to-point, whereas others such as point-to-point buffered, buses are
also possible. These have been shown in Table 2.

It can be clearly seen from Table 2 that a large range of architectures has not been
explored. For each of these architectures an important metric is the maximum hop dis-
tance between any two clusters (δ ). For example in case of architecture in Figure 15(a)
δ = 8 and for architecture in Figure 16(b), δ = 4 assuming an 8-cluster configuration.
δ is not an independent parameter, it can be calculated from the architecture type and
number of clusters (nclusters).

VLIW Design Space Exploration Methodology Figure 17 shows the overall design
space exploration methodology. The Trimaran system is used to obtain an instruction
trace of the whole application from which a DFG is extracted for each of the functions.
Trimaran also performs a number of ILP enhancing transformation. This trace is fed
to the DFG generating phase, which generates a DFG out of this instruction trace. The
chain detection phase finds out long sequences of operations in the generated DFG. The
clustering phase, which comes next, forms groups of chains iteratively, till the numbers
of groups is reduced to the number of clusters in the architecture. The binding phase,
binds these groups of chains to the clusters. It needs to be noted that the operation to FU
binding is done in two steps. First operation to cluster binding is done and next operation
to FU in a cluster binding is done. Since, during clustering, the partial schedules are
calculated (explained in detail later), the typical phase coupling problem [22, 28], is
contained to a large extent, while still keeping the overall problem size manageable.
Lastly, a scheduling phase schedules the operations into appropriate schedule steps.

DFG Generation
Trimaran

* ILP Enhancement
* Trace Generation

Chain Grouping Singleton Merger

Chain Detection

Chains to Cluster
Binding

Final Scheduling Final Performance Nos.
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Figure 17. DSE Framework

4.2 Experimental Results and Observations

Our framework is very flexible, as can be seen from the results. It supports architecture
exploration for a wide design space. However, results based on several parameters could
not be presented in this paper due to paucity of space e.g. those with each cluster con-
nected to two or more clusters for each of the architecture types, those having dedicated
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communication FUs for inter-cluster communication etc. The architectures for which
we present results are shown in Figures 14, 15 and 16. For the RF-to-RF architectures
it is assumed that the number of buses is 2 and the bus latency is 1.

δ = 4 δ = 2
Bench. PV RF WA.1 RA.1 WR.1 WA.2 RA.2 WR.2

matrix init 9.80 6.28 6.12 6.12 6.12 6.12 6.12 6.12

biquad 10.67 2.61 8.56 8.47 8.75 8.75 8.85 9.06

mm 11.68 3.19 6.81 9.28 8.48 8.48 7.80 8.52

insert sort 9.45 4.09 7.22 7.19 7.80 7.92 7.87 7.94

h2v2 fancy 9.71 2.04 6.02 5.64 6.85 6.84 6.17 6.67

encode one 10.28 2.19 6.46 6.50 7.50 6.72 6.65 6.69

h2v2 down 11.06 3.43 5.61 5.49 5.94 5.94 5.50 5.90

form comp 10.75 5.18 5.21 5.43 5.61 5.61 5.52 5.58

decd mpeg1 10.90 2.16 7.43 7.60 8.61 8.61 8.14 8.67

dist1 7.44 2.62 6.41 7.00 7.02 7.15 6.41 7.15

pred zero 9.48 4.88 5.26 5.37 5.57 5.57 5.53 5.57

pred pole 9.56 5.49 5.16 5.16 5.38 5.27 5.16 5.27

tndm adj 10.19 5.71 6.85 6.34 6.85 6.85 6.73 6.85

update 9.70 2.20 6.31 6.36 7.36 7.36 7.16 7.43

g721enc 10.50 3.62 6.54 6.34 6.72 6.69 6.60 6.63

ILP as Fraction of PV (%)
Avg. (%) - 35.32 65.56 65.45 70.57 69.64 66.56 69.82

Max. (%) - 64.08 86.16 94.09 94.35 96.1 86.16 96.1

Min. (%) - 19.82 48.47 49.64 52.19 52.19 49.73 51.91

Table 3. ILP for (8-ALU, 4-MEM) 4-Clust Architectures

The obtained ILP numbers for the various architectures for different cluster con-
figurations are shown in Tables 3 and 4. Here the different benchmarks are the actual
functions from the benchmark suites of DSP-Stone and MediaBench. The register file
for each of the architectures has sufficient number of ports to allow simultaneous exe-
cution on all the FUs e.g. for a monolithic RF architecture the RF has 24∗3 = 72 Read
and 24∗1 = 24 Write ports (assuming 1 read port for predicate input). This is done so
as to ensure that there is no concurrency loss due to insufficient number of ports and
the effect of interconnection architecture stands out. Abbreviation PV (column 2) has
been used in this table for Pure VLIW (or single RF), RF (column 3) for RF-to-RF, WA
for Write Across (column 4 and 7), RA for Read Across (column 5 and 8) and WR for
Write/Read Across (column 6 and 9). The numbers in these tables, show the ILP for
each of the benchmark functions e.g. for insert sort for a 4-cluster configuration, the
ILP for a write across architecture (Figure 15(a)) is 7.22, for read across (Figure 15(b)).
From the results we conclude the following:

1. Loss of concurrency vis-a-vis pure VLIW is considerable and application depen-
dent.
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δ = 8 δ = 4
Bench. PV RF WA.1 RA.1 WR.1 WA.2 RA.2 WR.2

matrix init 20.42 11.67 11.14 11.14 11.14 11.14 11.14 11.14

biquad 21.64 2.00 12.98 13.91 15.58 15.58 15.90 16.23

mm 19.64 2.12 9.90 13.06 15.60 15.60 14.69 14.69

insert sort 18.94 2.21 11.03 12.32 13.48 13.48 13.39 13.62

h2v2 fancy 19.38 2.07 10.00 9.63 13.04 13.08 11.71 12.55

encode one 19.14 2.18 12.02 13.04 14.44 14.39 14.39 14.70

h2v2 down 19.04 2.05 4.90 6.45 6.35 6.35 6.49 6.45

form comp 21.72 4.63 7.85 9.91 10.86 10.98 10.98 10.98

decd mpeg1 21.81 2.18 9.45 10.24 12.40 12.52 12.29 12.64

dist1 7.44 3.38 5.03 5.72 7.02 7.02 5.47 6.64

pred zero 19.20 4.98 5.37 5.41 5.82 5.77 5.77 5.77

pred pole 19.85 3.35 9.92 9.92 10.32 10.32 10.32 10.32

tndm adj 17.95 2.58 11.78 11.42 12.16 12.16 12.16 12.16

update 19.39 3.46 11.20 11.36 13.25 13.03 12.42 12.42

g721enc 21.14 2.07 13.64 12.47 14.17 14.17 13.14 13.51

ILP as Fraction of PV (%)
Avg. (%) - 18.23 49.70 54.46 62.81 62.66 60.10 61.77

Max. (%) - 57.15 67.61 76.88 94.35 94.35 75.18 89.25

Min. (%) - 9.09 25.74 28.18 30.31 30.05 30.05 30.05

Table 4. ILP for (16-ALU, 8-MEM) 8-Clust Architectures

2. In few cases the concurrency achieved is almost independent of the interconnect
architecture. This denotes that a few grouped chains in one cluster are limiting the
performance along with a few critical transfers.

3. For applications with consistently low ILP for all architectures the results are poor
due to large number of transfers amongst clusters.

4. In some cases the performance in case of nclusters = 4 architecture is better than
performance in case of nclusters = 8 architecture (dist1). This is because of the re-
duced hop distance amongst clusters and this behavior is common across differ-
ent architectures. In such cases communication requirements of the application are
spread across all the clusters, so, as the average number of hops comes down the
performance increases. This happens even though the supported concurrency has
decreased due to less number of FUs.

Figure 18, shows the variation of average ILP as fraction of Pure VLIW versus num-
ber of clusters for each of the architectures. While for nclusters less than 8, the behavior
of different interconnection networks is not brought out, once nclusters grows beyond
8, the superiority of WR.2 and WA.2 is clear. Both of these are able to deal well with
the applications which require heavy communication. The minimum loss of concur-
rency in these cases is around 37% and 30% for architectures with nclusters = 8 and
nclusters = 4 respectively. It needs to be noted that WR.2 is the type of interconnect em-
ployed by most commercial as well as research architectures as shown in Table 2. The
performance of RA.2 in general, is inferior to WA.2 because if there is more than one
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Figure 18. Average Variation in Performance With nclusters

consumer of the propagated value in the target cluster, the value first needs to be moved
to target cluster using the available read path, which amounts to an additional processor
cycle. It is interesting to note that the performance of RF-to-RF type of architecture is
quite poor, with an average loss of 81% for nclusters = 8 and 64% for nclusters = 4 and
deteriorates further with increase in number of clusters. This is ignoring the latency of
such transfers using global buses (assumed bus latency is 1) vis-a-vis local transfers. It
would be quite interesting to identify application characteristics by which the suitability
of an architecture can be established.

5 Conclusions

In this paper, we have presented five key steps in the process of designing ASIPs. We
have presented a survey on the work done while attempting classification of the ap-
proaches for each step. Performance estimation is based either on scheduler based or
simulation based technique. Instruction set is generated either through synthesis or a
selection process. Code is synthesized either by a retargetable code generator or by a
custom generated compiler.

We have developed a complete strategy to explore on-chip stor-age architecture for
Application Specific Instruction Set Processors. This work involves deciding a suitable
register file size, number-ber of register windows and on-chip memory configurations.
Our technique neither requires code generator nor a simulator for a specific target ar-
chitecture. Further, the processor description required for re-targeting is very simple.
Apart from on-chip storage related parameters, we can also vary number and types of
functional units.

Furthers, we have proposed and implemented a framework for evaluation of inter-
cluster interconnections in clustered VLIW architectures. We have provided a con-
crete classification of the various inter-cluster interconnection mechanisms in clustered
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VLIW processors. We have evaluated a range of clustered VLIW architectures and re-
sults conclusively show that application dependent evaluation is critical to make the
right choice of an interconnection mechanism.
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