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An Application Framework for a Power-Aware Processor Architecture

Anup Mandlekar

(ABSTRACT)

The instruction-set based general purpose processors are not energy-efficient for event-driven

applications. The E-textiles group at Virginia Tech proposed a novel data-flow processor ar-

chitecture design to bridge the gap between event-driven applications and the target architec-

ture. The architecture, although promising in terms of performance and energy-efficiency,

was explored for limited number of applications. This thesis presents a model-driven ap-

proach for the design of an application framework, facilitating rapid development of software

applications to test the architecture performance. The application framework is integrated

with the prior automation framework bringing software applications at the right level of ab-

straction. The processor architecture design is made flexible and scalable, making it suitable

for a wide range of applications. Additionally, an embedded flash memory based architec-

ture design for reduction in the static power consumption is proposed. This thesis estimates

significant reduction in overall power consumption with the incorporation of flash memory.

This material is based upon work supported by the National Science Foundation under Grant

No. CNS-0834490.
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Chapter 1

Introduction

Over the last few decades, the field of electronic textiles (e-textiles) has emerged as an en-

abling technology for wearable and pervasive computing [1]. E-textiles are traditional fabrics

that enable computing, digital components, and electronics to be embedded in them in an

unobtrusive manner [2]. Because e-textiles provide an excellent platform for integrated com-

puting, sensing, and communication capabilities in durable fabrics, they have a wide range

of applications in the real world including medical, construction, and military applications

[1].

A seamless integration of electronics in textiles demands a close coupling of sensing and com-

puting components to the physical structure of the fabric [3]. This imposes power and energy

constraints on the computing components [4], [5]. General purpose processors, such as PIC®

micro-controllers, currently used as computing nodes woven into the textiles, do not offer an

efficient solution as there is an inherent mismatch between their control-flow based processor

architecture and the event-driven nature of e-textiles applications [6]. To address this issue,

the VT E-Textiles Group [7] designed and developed a power-aware data-flow architecture

which aims to be an energy and performance efficient target for such applications.

1
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The processor architecture design, although promising in terms of performance and energy

efficiency, was tested for a limited number of applications [6][8]. This thesis takes a Model-

Driven-Engineering (MDE) approach for the development of an application framework which

aims for a rapid development of the software applications for the new architecture.

1.1 Motivation

The design and development of a novel processor architecture and an associated software

framework to bridge the gap between the event-driven applications and the target processor

architecture is presented in [6][8]. The processor architecture is implemented using data-flow

principles to suit the event-driven nature of the applications. Additionally, an automation

framework is designed to achieve rapid prototyping of experimental processor architectures,

automatic generation of configurations, and automatic validation of the implementations.

The processor design aided by the software framework is shown to be a good target for

the MDE approach as compared to general purpose micro-controllers [6]. The implemented

processor architecture design is also shown to be an energy efficient target as compared to

the PIC12F675 general purpose micro-controller [6].

However, the previous implementation had certain design limitations. The lack of appli-

cation development structure in the previous framework made application specification a

complex process. It demanded significant manual efforts in application programming. It

was important to bring the previous framework to the right level of abstraction to simplify

the application design process. The previous version of the architecture was also limited by

its packet structure, restricting the number of modules in the architecture to eight. This

restricted the class of applications that can be executed on this processor architecture. Ad-
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ditionally, a significant static power consumption was observed during the idle states of the

application execution in spite of using a power-aware design approach [8].

This thesis addresses these limitations through an MDE-based application framework, a

modified communication packet and template structure to enhance the flexibility of the ar-

chitecture, and the incorporation of flash memory into the architecture to achieve significant

leakage power savings.

1.2 Contributions

This thesis makes three important contributions towards the design of an application pro-

gramming interface for power-aware data-flow processor architecture. First, a Simulink [9]

based application modeling framework is designed and implemented, providing a right level

of abstraction for the applications. It builds upon the existing framework and allows a rapid

application development in the Simulink graphical user interface, facilitating a high applica-

tion quality and a simplified validation. Second, a flexible communication packet structure

and template for the functional units of the architecture is developed, expanding the archi-

tecture exploration space. It removes the prior limitations on the configuration and design

decisions making it scalable and adaptable for the desired range of event-driven applications.

Third, flash memory based architecture is proposed to achieve a significant reduction in the

power consumption. Flash memory has a capability to retain data without a power supply,

which allows portions of the architecture to be switched off during the idle states, resulting

in significant savings in the total power and energy consumptions.

The quality of the application modeling framework is demonstrated by using it to success-

fully generate application configurations from an application suite developed in Simulink.

The flexibility of the redesigned architecture is validated by executing a diverse range of
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applications. The power efficiency of the flash memory based architecture is demonstrated

by comparing the power savings with respect to the non-flash based architecture.

1.3 Document Overview

The rest of this thesis is organized as follows. Chapter 2 discusses the research work related

to this thesis. Chapter 3 describes the implementation of an MDE-based application mod-

eling framework for the application suite generation. Chapter 4 discusses the design and

implementation of a flexible template structure of the architecture making it suitable for a

range of applications. It also describes the incorporation of low power flash memory into

the design. Chapter 5 presents the experimental results demonstrating the quality of the

thesis contributions. Chapter 6 concludes the thesis with a summary of contributions and a

description of future work.



Chapter 2

Related Research

This chapter discusses research related to this thesis. A brief introduction of Model-Driven

Engineering and related research in model-driven design environments for application devel-

opment is given in Section 2.1. Section 2.2 discusses several architectural techniques for low

power consumption and energy efficiency, including embedded flash memory.

2.1 Model-Driven Engineering Overview

This thesis incorporates Model-Driven Engineering (MDE) principles for developing an ap-

plication programming interface to test the processor architecture. Section 2.1.1 gives a

brief introduction of MDE. Section 2.1.2 describes popular MDE-based products and tools

that offer a development environment with automated validation. Section 2.1.3 discusses the

related research work in model-driven design environments for application development.

5
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2.1.1 Introduction to Model-Driven Engineering

Model-driven engineering (MDE) is a software development paradigm which focuses on cre-

ating application specific abstract representations, instead of the underlying computing envi-

ronments. This approach eliminates the need to consider the computing platform complex-

ities, allowing the developers to program according to their design requirements [10]. MDE

methodology has become very popular as it elevates software applications development to a

higher level than possible with third-generation programming languages [10]. The third gen-

eration programming languages (3GL), such as FORTRAN, C, C++, C#, raised the level

of abstraction, however, the dependency on the computing environment was not completely

eliminated. This inability of the 3GL coupled with the capability of the MDE approach to

abstract the platform complexity and precisely express the domain concepts, makes MDE

an effective methodology [11].

Model-Driven Engineering combines two major functionalities, domain specific modeling lan-

guages (DSML) and transformation engines and generators [10]. Developers make use of

DSMLs to build applications using models that express logic of the design intent without

describing its control flow explicitly using program statements. Transformation engines and

generators analyze certain aspects of these models and generate source code or simulation

inputs or both, depending upon the framework requirement [10]. A few examples of the

MDE-based tools are discussed in the next section.

2.1.2 Model-Driven Engineering Tools

There are several commercially successful MDE products that are being used in various

industries such as Aeronautics, Automotive industry, Cyber-Physical Systems, and Indus-

trial Automation. A brief description of some of the popular MDE products is provided
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in this section and the reason behind the selection of Simulink as the application modeling

environment for the thesis is discussed.

Simulink [9] offers a comprehensive model-based design environment for the development and

simulation of dynamic and embedded systems. Developers can utilize the extensive libraries

of predefined blocks as well as user-defined subsystems to visually create an application in

its graphical environment. It also offers automatic code generation with Simulink Embedded

Code Generation [12] from the designed Simulink block diagram for the simulation and

validation of the system behavior.

Ptolemy II [13] is another model-based framework aimed at providing a methodology for

defining and producing embedded software applications. Like Simulink, it provides a set

of models of computation with which the user can construct a system in its graphical en-

vironment. It supports several models of computation facilitating simplified integration of

complex heterogeneous systems, unlike Simulink. It is used for modeling of communication

networks, circuit designs, and for design assistance for hardware/software co-design. How-

ever, it has a limited model library, lacks periodic discrete-time support, and does not offer

automated code generation.

Reactis [14] provides model-based solution to automatically test and validate the model gen-

erated for the application developed in Simulink. It offers model-based testing, debugging,

and validation for Simulink and Stateflow [15] models. Reactis Tester automatically gener-

ates test suites from Simulink and Stateflow models [14]. These test suites are primarily used

to verify whether the generated code conforms to the user-specified requirements. However,

the generated code is sometimes inefficient in terms of energy and performance because of

the mismatch between the computational model used and the target architecture.

There are several MDE-based tools languages such as Unified Modeling Language (UML) [16]
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which uses graphic notations to create visual models of the object-oriented systems. Being a

general-purpose language, it is not capable of providing features which are appropriate for ex-

pressing the domain-specific problems. Several variations have been proposed to make UML

suitable for certain domain-specific situations. For eg, MARTE [17] adds capabilities to UML

for model-driven development of Real Time and Embedded Systems. The ALDERIS [18]

language has both a visual and textual syntax to represent distributed real-time embedded

systems. PeaCE [19], an extension of Ptolemy II project, offers a model-driven specification

and automatic code generation for software and hardware co-design implementations.

Simulink is consciously chosen to be the functional modeling language for the development of

the application framework in this thesis. This is because, its extensive libraries of predefined

blocks and user-defined subsystem provide the right level of abstraction for the application

representation. Also, it is integrated with Matlab, a functionally specialized and popular

tool with a powerful math library, to simulate the behavior of the model. However, its code

generation capabilities are not suitable for the program execution on the designed data-

flow architecture. Therefore, the Simulink environment is interfaced with a custom built

application code generation framework to extract desired application graph from the model.

2.1.3 MDE Design Environments for Application Development

Multiple efforts have appeared over the years supporting model-based application develop-

ment. This section discusses several recent research efforts that demonstrate the success of

model-based design for application development and automated validation.

A novel model-based programming environment of embedded software applications for Multi-

Processor System on a Chip is proposed in [20]. The programming framework allows gener-

ation of diverse models for the architecture specification by modeling the software in MDE-
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based languages such as UML and PeaCE. The specification is converted to a fixed common

intermediate code (CIC) format, which consists of necessary hardware information such as

address mapping of memory segments, power and performance constraints. Thus, it sepa-

rates modeling of the software from the target architecture [20]. It also provides multi-phase

debugging capabilities: at the modeling stage, at the code generation stage, and at the

simulation stage [20].

A new approach, termed as SysWeaver, is offered in [21] for the model-based embedded

development. SysWeaver is a model-based design tool that includes a flexible code generation

scheme for distributed real-time systems that can be easily tailored to a wide range of

target platforms [21]. In this approach, the functional aspects of the system are specified in

Simulink and translated into a SysWeaver model to be enhanced with timing information,

the target hardware model and its communication dependencies. To be able to automate

the code generation for the entire system, the Simulink models are imported and converted

to SysWeaver functional models, which involves mapping a Simulink data-flow model into

the SysWeaver control flow model. The integrated chain offers the developer the advantages

of both tools including analysis, simulation, verification, and complete code generation [21].

A model-based framework for functional verification and performance estimation of chip

multiprocessors (CMPs) is introduced in [22]. CMPs consist of several complex compo-

nents such as programmable processors, custom logic blocks, and memories, all of which are

connected together via an interconnection network. The model-based (CARTA) framework

utilizes ALDERIS [18] DSML for the formal modeling of the CMPs. The key properties of

the CMP design, such as its structure, interconnection network, and behavior are specified

using ALDERIS. By switching to an abstract representation of the design, significant reduc-

tion in the overall design time with negligible accuracy loss is achieved as compared to a

sequential design process [22].
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The MDE principles are shown to have great significance in System on Chip (SoC) design,

which requires to master a lot of different abstraction levels, different simulation techniques,

and different synthesis tools [23]. The application and the target hardware architecture

are described by different meta-models. Therefore, the reuse of hardware and software

components becomes easier as they are graphically defined in a modeling environment such

as UML. ModTransf [23], a simple transformation engine is built to generate a code for the

validation of the hardware architecture functionality.

The application modeling framework built in this thesis partially follows the MDE paradigm

offered in [21][20]. Simulink model is chosen as the high-level design abstraction for the

application representation. Its simulation environment is used to generate the architecture

validation artifacts. However, instead of utilizing automated code generation functionality of

Simulink, the functional aspects of the application specified in Simulink are translated to an

intermediate format termed as application model graph. The custom built code generation

framework is used for this translation. This intermediate format is mapped on the data-flow

architecture description to be able to automate the code generation. The integrated tool-

chain offers automated simulation and verification of the proposed data-flow architecture.

2.2 Related Research in Power-efficient Processor Ar-

chitectures

Apart from the model-driven application framework, this thesis concentrates upon the power-

efficiency of the designed data-flow architecture. The related research in the architecture

techniques for low power consumption in processor architectures is discussed in Section
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2.2.1. An overview of the embedded flash memory and its application in power-critical field

is provided in Section 2.2.2.

2.2.1 Architecture Techniques for Low Power Consumption

The designed data-flow architecture is specifically targeted for event-driven applications of

sensor monitoring in e-textiles computing space [8]. As these systems are battery powered,

the performance of the system processor nodes is required to be optimized for power efficiency.

Therefore, it is important for the processor architecture to match the low power demands

of these systems. This section presents an overview of research efforts in power-efficient

architectures.

An ultra low power system architecture for sensor network applications is proposed in [24].

It replaces the instruction set-based functionality of a general-purpose micro-controller with

an event-driven system consisting of coarse-grained modules. It provides an easily extensible

system architecture that allows different sets of hardware components to be combined into a

larger system, targeting a particular application. The event-driven nature of this architecture

facilitates switching off any unused modules to reduce the total power consumption. The

power-down process of the modules of the architecture is aided by the custom designed

on-chip SRAM [24].

A power efficient processor for sensor applications, called the Phoenix Processor, is proposed

in [25]. Like the ultra low power system architecture, it offers an event-driven CPU with

compact ISA, a custom built low leakage memory cell, and an adaptive leakage management

in the data memory. Additionally, the Phoenix processor utilizes a power gating approach

using high threshold transistors. The processor is shown to be a power-efficient target for

the battery powered sensor nodes [25].
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The continuing decrease in the feature size of CMOS process technology also facilitates

a denser and higher processor performance [26]. However, a dominance of leakage power

over dynamic power in the smaller feature size process technology comes in the way of

efficient processor performance [26]. Various leakage-aware design techniques are proposed

for different process technologies. For instance, dynamic voltage scaling is a leakage power

control mechanism effective at 130nm process [27]. It reduces the power consumption of

processors when peak performance is unnecessary. However, the same technique is not

effective for processes below 100nm.

The power-aware design proposed in [8] utilizes the power gating approach for the power

management of the functional units suited for the process technology of 90nm and below.

The power management principle implemented in this design is similar to the device-level

management discussed in [24]. A voltage island phenomenon is utilized for reducing the

power consumption [8] with the aid of Unified Power Format (UPF) [28]. These voltage

islands are switched off when not in use. However, the modules of the architecture are not

completely switched off, as they contain configuration information necessary for the correct

functional behavior of the architecture. Therefore, a significant leakage power consumption

is observed when the functional modules are idle. This thesis proposes the utilization of

embedded flash memory cells to retain the configuration information in the idle states, facil-

itating complete power-down of the functional modules. A brief overview of embedded flash

memory is provided in the next section.

2.2.2 Embedded Flash Memory Overview

The embedded flash memory can be defined as an electrically erasable non-volatile memory

that is physically and electrically integrated on a monolithic silicon substrate of the host
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logic device such as, a micro-controller, digital signal processor, and application-specific

integrated circuit [29]. It has undergone tremendous growth of demand as compared to the

stand-alone flash memory (self-contained and uses a separate chip area for flash-memory-

related operations) in the past 20 years [30]. An embedded flash memory help to achieve a

significant reduction in the power consumption as compared to the stand-alone flash memory.

This is because, it eliminates the additional circuitry, buffers and the bus connection required

for the communication between the stand-alone flash memory and the host logic device. A

system on a chip can be realized with the embedded flash memory, which is not possible

with the stand-alone flash memory [29].

An embedded flash memory consists of an array of memory cells that store the information.

These memory cells are made from the floating gate transistors. Significant research efforts

have been made in the past few years in designing these flash cells suitable for embedded

applications. Some popular examples are, the source-coupled split-gate (SCSG) cell [31]

for low cost manufacturability, the 2TS cell [32] for low-voltage operation, and the MoneT

cell [33] for high-density and high-speed operation. The 2TS cell works on low operating

power in both, active and standby modes, and allows a flash module to be designed into a

single-cell battery powered system. It also offers enhanced read access at low VDD while

maintaining low power consumption [32]. Therefore, an integration of the 2TS cell with the

designed data-flow architecture will result in a power-efficient processor for the event-driven

applications. Also, the die size of the designed architecture will not significantly increase

due to the embedded flash, as the architecture with its basic set of function does not require

large amount of flash memory.

The embedded flash memory has a widespread application in several devices such as micro-

controllers, application-specific integrated circuits, and digital signal processors. The em-

bedded flash memory is used to store parameters, coefficients, and lookup tables in micro-
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controllers and application specific integrated circuits. It is also useful for code storage

purpose, that includes a set of configuration registers to configure the host logic device for

implementing specific types of operations [29]. The embedded flash memory cell arrays are

used to store reset configuration information, which are later retrieved by the host logic

device at power-up or reset [29]. A 65-nm 2T-embedded flash memory implementation for

a high reliability System on Chip application proposed in [34] is a good illustration of the

high performance of embedded flash memory on a small feature size process technology.

This thesis proposes the integration of low power (2TS), embedded flash memory cells in

the data-flow architecture to achieve significant power savings. The non-volatile nature

of these flash memory cells allows the configuration registers in the architecture to retain

the information required to perform specific predefined functions, during the powered-down

state. This facilitates the power-down of sections of the architecture when not in use (idle

state) and results in significant reduction in leakage power dissipation.



Chapter 3

MDE-based Application Framework

This chapter describes the design of an MDE-based application framework that is integrated

with the automation framework developed in [6]. The application framework makes use

of MDE principles to achieve simple application programming and automated validation of

the implementations. Section 3.1 gives an overview of the entire automation framework.

Section 3.2 describes the design of the application modeling framework in detail. Section 3.3

describes the modifications done to the validation framework to achieve easier application

validation.

3.1 Overview of the Automation Framework

This section gives an outline of the automation framework highlighting the contributions of

this thesis. The existing automation framework is an integration of the preliminary work

described in [6, 8], scheduler implementation described in [35], and the contributions of this

thesis. The top-level flow of the components of the framework is illustrated in Figure 3.1.

15
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As shown in Figure 3.1, the automation framework consists of four main components, an

application framework, a prototyping framework, a configuration framework, and a valida-

tion framework. The primary inputs to the automation framework are Simulink application

model and the base hardware architecture description file. The application framework sim-

plifies the application development by using Simulink, an MDE-based commercial software

package [9]. The input applications are created in Simulink design environment using pre-

defined Simulink blocks, subsystems, and user-defined embedded MATLAB functions. The

prototyping framework allows rapid prototyping of an architecture instance from the input

high-level architecture description files [6]. Additionally, the hardware design files for the

description are generated, synthesized, placed, and routed through an automated Synopsys

ASIC tool-flow chain. The configuration framework further maps the application graph onto

the matching coarse-grained modules in the architecture and generates a static schedule of

the application-architecture instance. [6]. The validation framework accelerates the vali-

dation of the desired application on the target architecture. It uses the application model

simulation in Simulink to generate test-input packets to validate the application execution

on the architecture.

The details of the configuration and the prototyping framework are provided in [6]. The

implementations of the application framework and the validation framework are explained

in detail in the following sections.

3.2 Application Framework Design

This section describes the implementation details of the application framework. The initial

version [6] of the automation framework required the input applications to be written as

high-level Python objects. The internal configuration of the application nodes were provided



18

through the object arguments. Additionally, python scripts were written to generate the test-

stimulus to validate the application execution on the processor architecture. The application

framework designed in this thesis simplifies the application modeling procedure. It aids in

programming applications at a higher level of abstraction, resulting in easy configurability,

minimized error, and meaningful validation. As shown in Figure 3.1, the framework consists

of three main components, an application representation in Simulink, a Simulink model

parser, and an application description compiler. These components are explained in detail

in the following sections.

3.2.1 Application Representation in Simulink

The applications are developed in the graphical environment of Mathworks Simulink. Simulink

offers a ready-to-use library with a variety of predefined blocks such as adder, subtracter,

filter, and analog to digital converter. Additionally, Simulink offers a subsystem [36] in which

a set of predefined blocks are replaced by a single block. It can be used to represent certain

functional units of the architecture, such as analog to digital converter and timer, by group-

ing predefined blocks into a subsystem. It also provides the MATLAB Function block [37]

to simulate a user-defined block functionality that is not provided by the predefined library

and subsystem.

Figure 3.2 shows the representation of a 3 -coefficient filter application in Simulink. As

shown in the figure, the Multiplier and Adder units are predefined blocks from the Simulink

library. The Analog to Digital Converter and Timer blocks are constructed as subsystems,

whereas the Splitter, Delay-generator, and Constant units are defined as user-defined em-

bedded MATLAB Function blocks. Some of the blocks, such as Constant and Analog to

Digital Converter, are required to be configured with specific parameters for their desired
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Figure 3.2: Simulink Representation of an Application (3-coefficient filter)

execution. These parameters for the units are set as block configurations in Simulink. The

test-stimulus is generated from input.mat and output.mat after the Simulink model simula-

tion. These files contain a sequence of samples, with each sample consisting of a time stamp

and an associated data value.

A set of rules are required to be followed for modeling an application in Simulink. The

structure of the application block diagram should follow the logical data-flow path of its

execution on the architecture to allow automatic conversion into application graph. The

blocks of the model can only by constructed using predefined blocks, subsystems, or embed-

ded user-defined blocks. If an embedded user-defined block is being used, its configuration

needs to be supplied externally. A strict naming convention needs to be followed for defining
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the Simulink blocks. All the block names should have the exact name string as that of the

functional units of the architecture.

3.2.2 Application Model Parser

When a Simulink block diagram is created, its model (.mdl) file is generated automatically in

the background. A model file is a structured ASCII file that contains two elements, keywords

and parameter-value pairs that describe the model. The file describes the model components

in a hierarchical structure as shown in Figure 3.3.

Block
{

<Block Parameter Name> , <Block Parameter Value>

…

}

Model{
<Model Parameter Name> , <Model Parameter Value>

...

BlockDefaults
{

<Block Parameter Name> , <Block Parameter Value>

…

}

System
{ <System Parameter Name> , <System Parameter Value>

...

AnnotationDefaults
{

<Annotation Parameter Name> , <Annotation Parameter Value>

…

}

Line
{

<Line Parameter Name> , <Line Parameter Value>

…

}

Branch
{

<Branch Parameter Name> , <Branch Parameter Value>

…

}

}

}

Figure 3.3: Structure of Simulink Model file
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The Model section, located at the beginning of the model file, defines the values for model-

level parameters. These parameters primarily include the model name and simulation pa-

rameters. The model name is extracted from this section as the name of the application.

The BlockDefaults section appears after the simulation parameters and defines the default

values for the block parameters within this model. These values can be overridden by indi-

vidual block parameters, defined in the BlockSections. The Simulink block names and their

corresponding parameters are extracted from this section of the model file to gather the

application node and the internal configuration information. The top-level system and each

subsystem in the model are described in a separate System section. Each System section

defines system-level parameters and includes Block, Line, and Annotation sections for each

block, line, and annotation in the system. Information of the interconnections between the

application nodes is extracted from each Line section.

This model file is supplied as an input to the application parser developed in JAVA. The

parser makes use of the Simulink JAVA library developed in [38]. The necessary application

model information such as the name, block names, parameters, and block connections is ex-

tracted from the sections of the model file. The application description file (ADF) containing

the application information is built and forwarded to the application description compiler.

3.2.3 Application Description Compiler

A sample application description file (ADF) generated by the Simulink model parser is shown

below. It consists of five sections, application-name, application-nodes, module, internal-

configuration, and connections as shown. The application-nodes section lists the number of

times a module has been reused by an application. The module section specifies the modules

of the architecture used by an application. The internal-configuration section lists the con-
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figuration values specific to the modules of an architecture. The connections section specifies

the interconnections between the application nodes.

appl i cat ion name = [ ”3− c o e f f i c i e n t f i l t e r ” ]

app l i c a t i on node s = [ ”Mul tp l i e r1 ” , ”Constant1” , ”Mu l t i p l i e r 2 ” , ”Adder1” , ” S p l i t t e r 2 ” ,

”Mu l t i p l i e r 3 ” , ”Delay” , ”ADC” , ”To F i l e ” , ”Constant3” , ”Constant2” ,

”Timer” , ”Adder2” , ” S p l i t t e r 3 ” , ” S p l i t t e r 1 ” ]

modules = [ ”Mu l t i p l i e r ” , ”Constant” , ”Delay” , ”Adder” , ”Timer” , ”ToFile ” , ”ADC” , ” S p l i t t e r ” ]

i n t e r n a l c o n f i g u r a t i o n = [{ ”Constant1” : 0 . 2 } , {”Constant2” : 0 . 1 } , {”Constant3” : 0 . 5 } ,

{”Timer” :30 ,000} , {”ADC” : 8 } ]

connec t i ons = [ [ Timer , ADC] , [ADC, Delay ] , [ Delay , S p l i t t e r 1 ] , [ Delay , S p l i t t e r 2 ] ,

[ Delay , S p l i t t e r 3 ] , [ S p l i t t e r 1 , Constant1 ] , [ S p l i t t e r 1 , Mu l t i p l i e r 1 ] ,

[ S p l i t t e r 2 , Constant2 ] , [ S p l i t t e r 2 , Mu l t i p l i e r 2 ] , [ S p l i t t e r 3 , Constant3 ] ,

[ S p l i t t e r 3 , Mu l t i p l i e r 3 ] , [ Constant1 , Mu l t i p l i e r 1 ] , [ Constant2 , Mu l t i p l i e r 2 ] ,

[ Constant3 , Mu l t i p l i e r 3 ] , [ Mu l t ip l i e r 1 , Adder1 ] , [ Mu l t ip l i e r 2 , Adder1 ] ,

[ Mu l t ip l i e r 3 , Adder2 ] , [ Adder1 , Adder2 ] , [ Adder2 , To F i l e ] ]

The ADF is given as an input to the application description compiler developed in Python.

The complier transforms the ADF producing python objects for the application as a directed

acyclic graph (DAG). It is given by App G = (Vapp, Eapp), where Vapp is the set of applica-

tion nodes and Eapp is the set of interconnections (data-flow) between the nodes [6]. The

generated application graph is forwarded to the configuration framework for deriving the

static execution schedule on the processor architecture [6]. An example application graph

for a 3 -coefficient filter is shown in Figure 3.4.
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Figure 3.4: An Example Application Graph (Application-III (3-coefficient filter))

3.3 Validation Framework Design

The final component in the automation framework is the validation framework. The initial

version of this framework is implemented in [6]. The work done in this thesis simplifies the

validation procedure using the test-stimulus generated from the Simulink block diagram. As

shown in the Figure 4.1, the validation framework takes in 4 inputs, the hardware-design, the

static configuration, Simulink generated test-stimulus, and the clock information as input.

The validation framework has three steps, automatic test-bench generation, ASIC simulation

and results extraction and estimation.
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3.3.1 Automatic Test-Bench Generation

This section describes the automation of the test-bench generation using the Simulink test-

stimulus. The static application schedule produced by the configuration framework is verified

by automatically generating a test-bench; using the Simulink generated stimulus and the

clock information. The primary goal of the test-bench is to supply the architecture with

the generated configuration values as well as external port inputs and the functional units

specific configurations. In the first step, the configuration file generated by the scheduler

[35] is read and is used to produce the configuration packets in the architecture defined

packet format [6]. Apart from these execution specific configurations, the test-bench also

needs information about the functional unit specific configurations and the external port

inputs. This information is obtained from the Simulink generated test-stimulus (input.mat

and output.mat). It also needs the clock information which is provided externally. The

framework uses this information to generate a Verilog test-bench module that supplies the

wrapper configurations, internal configurations, and test data to the architecture design for

simulation [6].

3.3.2 Simulation, Results Extraction and Estimation

This section gives a brief overview of the simulation and result extraction framework built in

[6][8] and explains the contributions of thesis in implementing the power estimation frame-

work for the flash-based architecture. In the first step, the generated test-bench and the

design net-list are used to simulate the application on the architecture. The application is

simulated using the Synopsys VCS tool [39]. The area and timing results are automatically

extracted from the simulation output.

Additionally, the power consumption for executing an application on a given architecture
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instance is obtained from the Synopsys PowerTime-PX tool [39]. A gate-level power analysis

is performed by the tool, and power consumption of every hierarchical module is reported.

A detailed power report that has information of dynamic and static power consumption

for all the levels of hierarchy is obtained from the PowerTime-PX analysis. The initial

version of the framework utilized 90-nm technology from Synopsys that has capabilities to

support the leakage aware design. This thesis replaces the 90-nm library with a 45-nm

TSMC technology library [40] that does not have a power-aware capability to power-down

the functional units of the architecture during the idle cycles. However, the static schedule of

the application execution allows the framework to determine the cycles for which a functional

unit needs to power-down. This schedule is mapped onto the generated power report and the

power consumption in each cycle is estimated by considering zero power dissipation in the

functional units that are considered to be switched off in that cycle. The framework provides

an estimate of the power consumption as an output along with the actual area results.

The flash memory functionality in the architecture is described in Chapter 4. The assump-

tions taken into consideration while estimating the power savings are explained in Chapter

5.



Chapter 4

Flexible Design of the Processor

Architecture

This chapter describes the design of the data-flow processor architecture, giving an overview

of the previous implementation and highlighting the contributions of this thesis. A brief

outline of the architecture functionality is provided in Section 4.1. Section 4.2 describes

the flexible and scalable communication packet structure and parameterized functional unit

template. Section 4.3 discusses the use of low power flash memories for leakage power

reduction.

4.1 Overview of the Processor Architecture

A data-flow processor architecture without an instruction set was implemented in [8], specif-

ically targeted for event driven applications. It offered asynchronous event handling and

resource-sharing using data-flow principles. The data-flow architecture exploration space is

26
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expanded further in [35] with an implementation of a multi-bus architecture. Figure 4.1

gives a high-level representation of an instance of the multi-bus processor architecture.

Input FIFO

Interconnect Bus 1

Output FIFO

Adder
State

Machine

Bus Transfer

2
ShifterTimer ADC

Bus Transfer

1

Interconnect Bus 2

High Speed Network

Low Speed Processor

Architecture

Figure 4.1: A High-Level Representation of a Multi-bus Architecture

As shown in Figure 4.1, the main components of the processor architecture are FIFOs,

functional modules and event buses. A FIFO is used for communicating with the network to

synchronize the flow of events between the low speed processor and the high speed network.

The FIFOs act as configuration channels, transferring the configuration events from the

outside network to the functional units. The functional units are coarse-grained configurable

modules that perform a predefined function [8]. The functionality of the coarse-grained

unit is calibrated to the application specific behavior through configuration events [6]. The

functional unit starts executing only after it receives all the inputs and generates output data-

events. The functional units are interconnected through two event buses network (multiple

buses are possible) that transfer the data-events between the functional modules [35]. The

output data-events are transferred to their destination on predefined cycles through the

event-bus network.
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There is no central control unit for sequencing the execution of functional units. Each

functional unit executes autonomously if it receives the required input. The flow of data

(also called events) between the functional units facilitates the execution of an application

on the architecture. This ensures that the architecture does not suffer from run-time re-

source conflicts, giving predictable performance. The details of the multi-bus architecture

implementation and functionality are provided in [35].

4.2 Scalable and Flexible Architecture Design

This section describes the implementation of a scalable and flexible design of the architecture.

The implementation builds upon the initial version of the architecture [8] making it suitable

for a wider range of applications. Section 3.2.1 describes the design of the communication

packet structure for transmission of configuration and data events. Section 3.2.2 illustrates

the template design of the functional units of the architecture.

4.2.1 Communication Packet Structure

This section illustrates the flexible packet structure design for the architecture. The com-

munication packet structure is an important factor in the design of the architecture, as the

capabilities and limitations of the architecture can be drawn from it. The initial version of

the architecture was designed to handle a fixed packet length of twelve bits for both con-

figuration and data. The fixed packet structure restricted the number of modules in the

architecture to eight. It also introduced limitations on the configuration data that can be

transferred in a single packet. This limited the class of applications that can be successfully

executed on the initial version.
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The existing version of the processor architecture is designed to handle a flexible packet

structure facilitating scalability and adaptability in terms of the number of modules and

configuration data it can hold. The redesigned packet structure is illustrated in Figure 4.2.

Configuration/DataModule Address

16-bit Packet Structure

C/D’

ADDRESS_BITS
Event Mode

For Event Mode = 1

WR/I’ Wrapper/Internal Conguration

Wrapper Register Value

For Configuration Mode = 1

Wrapper

Register

Address

Internal Register Value

For Configuration Mode = 0

Internal Register

Address

For Event Mode = 0

Event Data

Configuration Mode

WR_CONFIG_BITS

INT_REG_BITS

(15-ADDRESS_BITS) data length

(14-ADDRESS_BITS-WR/INT_BITS) configuration length

Figure 4.2: Communication Packet Structure for the Architecture

As shown in Figure 4.2, the communication packet length is set to 16. There are three pa-

rameters, ADDRESS BITS, WR CONFIG BITS, and INT REG BITS that determine the

packet structure. These parameters are customizable according to the application require-

ment through the software framework. The framework provides these parameters as argu-

ments to hardware design files before compilation. The ADDRESS BITS parameter controls

the number of address bits allotted to the hardware functional units of the architecture. The

bit next to the functional unit address is termed as Event Mode bit. If this bit is high, then

the packet contains a configuration event for a specific module within the architecture. If
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this bit is low, then the packet contains a data event generated due to the unit execution.

For a packet containing a configuration event, the remaining portion of the packet consists of

configuration/internal register addresses, which are controlled by the WR CONIG BITS and

INT REG BITS parameters. These parameters control the number of configuration/internal

registers within the architecture functional units. The remaining bits in the communication

packet contain configuration values. If the Event Mode bit is low, then the entire packet

structure after the event mode bit contains the data events flowing among the hardware

units of the architecture.

4.2.2 Design of the Functional Units

This section describes the functional unit template design with a focus on the contributions

of this thesis. The previous version of the template was developed in [6][8]. This thesis

introduces new parameters and modifies the functionality of the template to elevate its

flexibility and scalability.

4.2.3 Structure of Redesigned Parameterized Template

The template structure built around the functional units allows them to interact with the

interconnection network. The design of the internal module is made independent of the

changes in the interconnection network [8]. Such an approach reduces the design effort of a

functional unit because an internal module only needs to be plugged into the template. The

template is redesigned in a parameterizable fashion facilitating enhanced flexibility. Figure

4.3 shows the parameters and components of the functional unit template.

Input Bus-interface, Output Bus-interface, Wrapper Configuration, and Internal Configura-

tion form the wrapper of a functional unit. The internal module executes the module specific
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Figure 4.3: Parameterized Template for the Functional Units

functionality. The modules of a functional unit take multiple cycles for execution. Their

execution is independent of the interconnection network and the functionality of the internal

module. To achieve this independence, handshake signals are employed for signaling the

completion of execution of a module, as shown in Figure 4.3. The template is parameteriz-

able, with control over the functional unit address, configuration/internal registers, and the

data length. A brief explanation of the new parameters is as follows. The description of the

remaining parameters is provided in [8].

• ADDRESS BITS: This parameter controls the number of functional units in an archi-

tecture instance. This parameter is useful particularly when an application requires

a significant (more than 8 ) number of functional units for its execution. The default

value of this parameter is set to 4.
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• WR CONFIG BITS: This parameter controls the number of wrapper configuration

registers in a functional unit. This parameter is particularly useful for complex appli-

cations that demand a significant number of output registers. The default value of this

parameter is set to 3.

• INT CONFIG BITS: This optional parameter controls the number of functional unit

specific internal configuration registers. This parameter is optional because every func-

tional unit does not require configuration registers.

4.2.4 Input Bus-Interface Module

This section describes the new functionality introduced in the input bus-interface module to

read a flexible packet structure. Its block diagram is shown in Figure 4.4.
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The input bus-interface polls the input bus lines for an input event. Once an input is re-

ceived, the BUS WIDTH parameter determines number of cycles required to form an event

packet. The destination address of the event is transferred onto the bus before the data.

The number of bits read as the destination address is dependent on the ADDRESS BITS

parameter. After the destination address is read, it is compared with the MOD ID, and

the input packet is accepted by the only functional unit with the same MOD ID. The input

bus-interface reads the next bit (Event Mode) and determines whether the received packet

is either configuration or data. It forms a configuration or data sub-packet and forwards it

to the wrapper or the internal module respectively.

4.2.5 Wrapper Configuration Module

This section describes the new functionality introduced in the wrapper configuration module

to increase the number of configuration registers. The overall structure of the wrapper

configuration block is shown in Figure 4.4.
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The wrapper configuration registers are common to all of the functional units. These registers

primarily contain destination and delay information derived from the application schedule.

The number of configuration registers in the module is dependent on the WR CONFIG BITS

parameter. This parameter is set according to the number of output registers reused. The

details of multiplier output registers and the handshaking signals are provided in [35]. The

configuration register at the first address indicates whether a specific functional unit is ready

for operation. The configuration register at the second address signifies the number of times

a functional unit is reused (less than MAX REUSE). The remaining configuration registers

specify the destination and delay values for each output register.

4.2.6 Internal Configuration Module

This section describes the new functionality introduced in the internal configuration module

to allow a variable number of internal configuration registers. The overall structure of the

internal configuration block is shown in Figure 4.4.
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Figure 4.6: Internal Configuration Module of a Functional Unit

The internal configuration module receives the configuration packet from the input bus inter-

face. The INT CONFIG BITS parameter determines the number of internal configuration

registers, which are different for different functional units. The remaining bits in the packet

structure contain configuration values and are allotted to specific registers. These configura-

tion values are forwarded to the internal module of the functional unit as shown in Figure 4.3.

4.3 Power-aware Design

This section describes the power-aware design of the processor architecture that targets

static power consumption. In the initial version of the architecture, a power-aware design was

achieved by switching off the power to the modules of a functional unit during an application

execution [8]. However, the entire functional unit was not powered-down to preserve the
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destination and delay values in the wrapper configuration module of the functional units.

This lead to significant leakage power consumption during the idle cycles [8].

This thesis proposes the use of embedded flash memory cells as a replacement for the CMOS

static-RAM cells in the wrapper configuration module. Flash memory stores information in

an array of memory cells made from floating-gate transistors [41]. These cells can be used to

store configurations, allowing the functional unit to be powered-down during idle execution

cycles. The 45-nm standard cell library used for the ASIC implementation does not have

support for the embedded flash memory cells. However, an estimation of the power savings

can be made by assuming that the CMOS static-RAM register cells are replaced by the flash

memory cells in the wrapper configuration modules of the functional units. The effectiveness

of flash memory in the processor architecture is determined using the result extraction and

estimation framework. The power analysis focuses on the comparison of the power savings

achieved in the flash-based architecture with the power consumption in a non-flash based

architecture.

As shown in Table 4.1, in the flash-based architecture, there are three primary phases in the

application schedule, the configuration phase, the execution phase (busy cycles), and the idle

phase (free cycles). During the configuration phase, the input bus-interface and the wrapper

configuration module are powered-up to transfer the configuration events, and the internal

and the output bus-interface modules are powered-down. After the configuration phase is

over, the wrapper configuration module is powered-down.

During the application execution phase, the internal and the output bus-interface mod-

ules are powered-up when the input bus-interface receives all of the inputs required for

the functional unit execution. The wrapper configuration module is powered-up to transfer

configuration events to the output bus-interface and is powered-down after the transfer is

complete. The internal module is powered-down when the results are transferred to the
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Table 4.1: Execution Sequence of Flash-based Architecture

Power States in Different Phases Description
Phase (input, wrapper, internal, output)

Configuration (ON, ON, OFF, OFF) the wrapper configuration module
reads from the input bus-interface

Execution

(ON, OFF, OFF, OFF) the input bus-interface
reads from the bus

(ON, OFF, ON, OFF) internal module reads
from the input bus-interface

(OFF, OFF, ON, OFF) the internal module execution
(ON, ON, ON, ON) simultaneous execution of

all the modules
(OFF, OFF, ON, ON) the output bus-interface reads

from the internal module
(OFF, OFF, OFF, ON) output bus-interface transfers the result

on the event-bus
Idle (OFF, OFF, OFF, OFF) the entire unit is powered-down

output bus-interface, and no more inputs are available. Similarly, the output bus-interface is

powered-down when a data packet is transferred onto the bus, and there are no more results

from the internal module. Because the wrapper configuration module is powered-down when

not in use, significant power savings are achieved in the execution phase of the flash-based

design as compared to non-flash based architecture.

In the idle phase, the input bus-interface in powered-down. The input-FIFO signals the

input bus-interface of the functional unit to power up for the next execution based on the

configurations (free cycles) stored in it [8]. The wrapper configuration module, the internal

unit, and the output bus-interface stay powered-down and therefore, the entire functional

unit is switched off during this phase. This results in significant power savings in the idle

phase as well.

Similarly, flash memory cells can be used to replace the configuration registers in the input-
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FIFO and power-down the components of the FIFO when not in use. The sections of

the input FIFO are powered-down after the configuration phase, and are powered-up when

there are events from the network to the processor architecture during execution. The output

FIFO is always in a powered-down state, and it is powered-up when there are events from the

processor architecture to the network. The different power states of input and output FIFO

are provided in Appendix A.3. The detailed power analysis of the flash-based architecture

is provided in the next chapter.



Chapter 5

Experimental Results

In this chapter, the contributions made to the architecture design and the associated software

framework are validated by executing an application suite on the representative architecture

instances. In Section 5.1, the development of the application suite in Mathworks Simulink

environment is validated. In Section 5.2, the scalability and the adaptability of the re-

designed architecture are demonstrated. In Section 5.3, the power savings achieved due to

the embedded non-volatile flash memory cells are presented.

5.1 Application Modeling Framework Validation

The application modeling framework is validated by using it successfully to transform the

Simulink representation of each application of the suite into the corresponding application

graph. The transformation is performed in two stages. In the first stage, the Simulink

application model is converted to the corresponding application description file (ADF) by

the application framework. In the second stage, the ADF is transformed into application

graph. The experimental application suite in Simulink used for the processor architecture

39
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evaluation is presented in 5.1.1. The representative instances of the architecture are described

in 5.1.2. The experimental setup is explained in section 5.1.3. The Simulink representations

of the entire application suite and the generated application graphs are provided in Appendix

A and B, respectively.

5.1.1 Experimental Application Suite

The micro-controller application range is broad, with numerous vendors, technologies, and

markets included in it. However, this wide range can be categorized on the basis of specific

characteristics of the applications and the field of use, such as industrial automation, digital

signal processing, robotics, and sensor driven systems. An application suite is developed in

Simulink for the evaluation of the dataflow processor architecture, including representations

of these popular PIC micro-controller application fields. In sensor driven systems, each type

of sensor (e.g., accelerometer, infrared sensor) and associated applications present differ-

ent requirements to the processors in terms of their computation. Therefore, some of the

applications in the suite represent the processing challenges these sensors introduce. The

application suite is divided into subsets based on the specific application characteristics.

Table 5.1 summarizes the applications in the suite and the reasons for their selection. The

execution behaviour of these applications on the architecture enables analysis of the dataflow

processor performance as a target platform for the real-world applications.

• Application-I set consists of a temperature controller (Application-I) [42] with a simple

logic-control mechanism. The temperature controller allows the user to change the

threshold temperature through an asynchronous event from the network. It consists of

an ADC which samples a sensor value periodically based on a timer event. The output
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of the ADC is compared with a specified temperature threshold. The difference is fed

to a state-machine that controls the switch-on and switch-off of an actuator.

• Application-II set consists of variations of a 2-operand multiplier, in terms of the

operand size (2-bit, 4-bit, 6-bit, 8-bit). A multiplier application makes use of the shift-

and-add approach to multiply the two operands, and thus, demands extensive resource

sharing [35, 43].

• Application-III set consists of variations of a discrete-time, finite impulse response

(FIR), n-coefficient digital filter application [44]. Its output is a weighted sum of the

current value and a finite number of previous values of the input.

• Application-IV set is an application that determines the square root of an integer by

the method of successive approximation [45]. Square root calculation is chosen because

it plays a significant role in the digital signal processing applications [46].

• Application-V set consists of a free-fall detection application [47] that protects the

data in the hard drives from a free-fall. It consists of an ADC which continuously

takes analog inputs from a 3-axis accelerometer [48] and calculates a g-value based

on standard computations. The calculated g-value is compared with a predefined

threshold. If the predefined threshold is crossed, the actuator is switched on.

• Application-VI set is an application that assists a robot to follow a predefined path

[35]. This application consists of an ADC which takes inputs from two sensors attached

to two limbs, and the sensor variations are fed to a state-machine. The state machine

directs the robot to turn left or right through an actuator.
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Table 5.1: Summary of the Application Suite

App Application Field/Feature
Application Characteristics Appendix

No. Name Represented
Module Nodes Edges Model Graph
Types

I Temperature Control 7 9 11 A.1 B.1
controller based automation

II

Multiplier

Mathematical

8 17 22 A.2 B.2
(2 -bit)

routine functions
Multiplier 8 35 46
(4 -bit)

Multiplier 8 53 76
(6 -bit)

Multiplier 8 71 94
(8 -bit)

III
2 -coefficient

Digital
8 11 13 A.3 B.3

FIR Filter
signal processing3 -coefficient 8 15 19

FIR Filter
8 -coefficient 8 35 49
FIR Filter

IV Square root Non-linear 8 28 39 A.4 B.4
functions

V Free-fall Interfaced with 9 32 46 A.5 B.5
detector an accelerometer sensor

VI Path Micro-controller 9 23 29 A.6 B.6
follower based robotics,

Interfaced with
infrared sensor

5.1.2 Architecture Set

Each application in the suite has a different architectural requirement. Therefore, six ar-

chitecture sets are used for the experiments, each deferring from the rest with respect to

the number/types of the functional units in the architecture. The functional units, includ-

ing, Timer, ADC, Splitter, State Machine, Adder, Subtractor, FIFO, Constant-generator,
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Table 5.2: Summary of the Architecture Set

Set Feature/Tradeoff New Functional Application Suite Appendix
No. Demonstrated Units Introduced Support

I Area and - Application-I C.1
energy overhead

II Support for complex - Application-II C.2
(number of nodes) applications variations

III Support for Delay-generator Application-III C.3
multiple output registers variations

IV Support for Multiplier Application-IV C.4
larger wrapper configuration

V Support for Comparator Application-V C.5
8+ functional units

VI Support for - Application-VI C.6
larger internal configuration

and ALU are presented in [8]. Certain functional units are designed as a part of this work

and are mentioned in Table 5.2. Table 5.2 summarizes the architecture set specifying the

feature/tradeoffs demonstrated by each instance and the support for the application suite.

5.1.3 Experimental Setup

The Simulink application model and the architecture description file are given as inputs

to the programming framework. The framework automatically maps the application onto

the architecture and generates a static schedule of the execution for the hardware func-

tional units. The architecture designs are provided as an input to the tool-flow automation

framework, which performs synthesis, automatic placement, and routing of the architecture

instance. A standard cell based ASIC approach is used based upon a 45-nm technology

library from TSMC [40]. The verification framework configures the applications onto the ar-

chitectures and validates the application execution with the help of the Simulink generated
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test-bench.

The area of an architecture instance is extracted from the Synopsys IC Compiler [39] which

has details of the standard cell and the interconnection areas. The power consumption for

executing an application on a given architecture instance is obtained from the Synopsys

PowerTime-PX [39]. The inputs for power analysis are the gate-level netlist of the design

from the Synopsys IC Compiler, the timing and parasitic information files extracted after

the placement and route process, and the waveform output of post-layout simulation. A

gate-level power analysis is performed, and power consumption of every hierarchical module

is reported. A detailed power report that has information of dynamic and static power con-

sumption for all the levels of hierarchy is obtained from the PowerTime-PX analysis.

The 45-nm technology library used in this approach does not have a power-aware capability

(unlike the 90-nm Synopsys technology library [49]) to power-down the functional units of the

architecture during the idle cycles. However, the static schedule of the application execution

allows the framework to determine the cycles for which a functional unit needs to power-

down. This schedule is mapped on the generated power report and the power consumption

in each cycle is estimated by considering zero power dissipation in the functional units which

are to be switched off in that cycle. The generated results are grouped according to the

power states of the functional units. A functional unit has a power manager circuitry to

switch off certain modules in a power-aware design. The additional power consumption due

to this circuitry is not taken into consideration for this analysis. This is because the analysis

concentrates on estimating the power savings achieved by the flash-based approach over non-

flash based architecture, and the additional power penalty due to the power circuitry is the

same in both the scenarios. This additional power penalty is 10.1 µW per cycle, which is
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not significant in complex applications that reuse the functional units in the architecture [8].

The power analysis and the assumptions it is based are discussed in detail in Section 5.3.

5.2 Flexibility of the Architecture Design Template

The packet structure of the architecture is made flexible to provide a control over important

architectural design decisions. The advantages of this flexibility and the resulting area and

energy penalty are presented in this section.

5.2.1 Scalable Packet Structure

In this section, scalability, in terms of the architectural choices available due to the flexible

template design is described. A careful configuration of these architectural choices allows an

enhanced support for a wider range of applications. The application suite is executed on the

original and the new architecture sets for this section.

The initial architecture implementation had a fixed 12 -bit packet structure with a predefined

number of address bits for internal and wrapper configurations, which limited the range of

applications that could run be on it. The new architecture implementation consists of a 16 -

bit packet structure with a variable number of address bits for functional units, wrapper, and

internal configurations. Table 5.3 shows the comparison between the architectural choices

in the initial and the new implementations of the architecture.
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Table 5.3: Scalability Due to Flexible Packet Structure

Architectural Choice 12-bit Architecture 16-bit Architecture
(fixed) (flexible and feasible)

Maximum no. of functional units 8 8 to 32
Wrapper configuration registers 4 4 to 16
Internal configuration registers 4 4 to 16

Data Length (bits) 8 8 to 12

5.2.2 Architectural Support for Application Suite

A direct comparison of the application execution on both versions of the architecture is shown

in Table 5.4. It is evident that, as the complexity of an application increases in terms of

the specified choices, the initial architecture implementation fails to provide support for the

application execution. However, the flexible configurability of these choices allows the new

architecture implementation to be a good target for simple as well as complex applications.

Table 5.4: Application Execution Outcome on Initial and New Architecture

Application New Initial Reason
Instance Architecture Architecture

I Supported Supported -

II
2 -bit Supported Supported -

4,6,8 -bit Supported Not Supported Insufficient wrapper configuration registers

III
2 coeff Supported Supported -
3,8 coeff Supported Not Supported Insufficient wrapper configuration registers,

smaller data length
IV Supported Not Supported Insufficient internal configuration registers
V Supported Not Supported Exceeds maximum allowed functional units
VI Supported Supported -
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5.2.3 Area and Energy Cost Analysis of the Redesigned Template

The area and energy overhead of the redesigned template is shown in this section. As dis-

cussed in Chapter 4, the functional units are built by plugging the internal modules into

the template. The bus-interfaces and the configuration registers form the template of the

architecture design. The wrapper configuration and the wrapper counter blocks form the

configuration registers. For this experiment, the new architecture implementation is pa-

rameterized to allow 16 functional units, 8 wrapper configuration registers, and 8 internal

configuration registers.

Application-I, II (2 -bit), and III (2 -coefficient) are executed on the initial and new architec-

ture implementations I, II, and III respectively for this experiment. The comparison of the

previous template with the current template in terms of their area is shown in Figure 5.1.

Note that all of the components of the new architecture occupy more area as compared to

the initial implementation. This is a result of the increase in the size of the registers that

store the functional unit specific internal configuration and the schedule specific configuration

values. An average increase of 23% is noticed in the template component area.
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Figure 5.1: Area Comparison of Template Components

The energy consumption comparison of the initial and new template implementation is

provided in Figure 5.2. From Figure 5.2, it is evident that the energy consumption of the

new template design components is higher (18%) than that of the initial implementation.

It is due to the increase in the register sizes of the template components. Thus, there is a

trade off between an enhanced support for a broader range of applications and the resultant

area and energy overhead.
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Figure 5.2: Energy Comparison of Template Components

The area of the functional unit as a function of its template and the internal module is

presented in Table 5.5. There are three different types of templates. Template-I consists of

one input bus-interface and one output bus-interface, Template-II consists of two input bus-

interfaces and one output bus interface, and Template-III consists of one input bus-interface

and two output bus-interfaces. The comparison of area cost of the templates in both versions

of the architecture is shown in Table 5.5. The template area is also compared with the

internal module of the respective functional units. It is evident that there is an increase in

the internal functioning module area in the current architecture due to the increased size of

the registers that store the internal configurations. However, the ratio of the template area

to the internal unit area is nearly identical in both the versions.
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Table 5.5: Template vs. Internal Module

Function Template
Previous Architecture Current Architecture

Module Type Template IM Template IM

Area (µm2) Area (µm2) Area (µm2) Area (µm2)

A/D Template-I 2819.12 1154.23 4063.91 1684

Splitter Template-II 4228.68 1412.45 5809.45 2109.45

Adder Template-III 4918.94 1198.34 6382.28 1420.28

Constant Template-I 2819.12 779.75 4063.91 1140.91

Shifter Template-II 4251.24 2045.66 5924.45 2628.57

State-machine Template-III 4918.94 6537.7 6382.28 8767.43

5.2.4 Area of the Template v Packet Structure Width

The parameterized nature of the architecture design enables estimation of the template area

for variations in the packet width. This section derives the relationship between the template

area and the packet width. From the previous two sections, it is evident that the area of

the template varies with the packet width. The width of bus is matched with the packet

structure width, simplifying the packet formation logic at the bus-interfaces. This is because

the packet capture and the packet transfer blocks require a reduced number of cells for their

logic realization [8]. Although the template is designed in a parameterized manner with four

primary parameters controlling the packet structure (Section 4.2), the PACKET WIDTH

parameter is predominantly responsible for the register sizes in the input and the output

bus-interfaces. Therefore, it is possible to estimate the area of the template as a function of

the packet width. The estimated area of the template is given by
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Atemplate = (Asingleinput) ∗ w ∗N1 + Asingleoutput ∗ w ∗N2, where, (5.1)

Atemplate is the total area of the template,

Asingleinput is the average area of a single register input bus-interface in µm2,

Asingleoutput is the average area of a single register output bus-interface in µm2,

w is the width of the packet structure,

N1 is the number of input bus-interfaces, and

N2 is the number of output bus-interfaces.

The values of Asingleinput and Asingleoutput are calculated from the area results of the new

architecture implementation and are shown in Table 5.6.

Table 5.6: Single Register Module Area

Module Area (µm2)

Input bus-interface 109.23
Output bus-interface 144.8

Using the equation 5.1, Table 5.7 gives the template area of the architectures with different

packet widths. The equation is validated by comparing the calculated template area with

the actual area results of the initial architecture implementation. The calculated area is

within ≈6% of the actual area.

5.3 Power Estimation of Embedded Flash Memory

This section illustrates the use of embedded flash memory for significant power savings. A

prominent leakage power consumption is noticed during the idle execution cycles when the
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Table 5.7: Template Area v/s Packet Width

Packet Width Template Type Actual Area (µm2) Calculated Area

12
Template-I 2819.12 3048.36
Template-II 4228.68 4359.12
Template-III 4918.94 4685.96

14
Template-I 3598.68
Template-II - 5166.42
Template-III 5628.02

16
Template-I 4064 4063.91
Template-II 5811.16 5809.45
Template-III 6381.28 6382.28

18
Template-I 4626.24
Template-II - 6642.0
Template-III 7236.16

functional units are not in use in the initial architecture implementation [8]. As described

in Chapter 4, the non-volatile nature of the on-chip flash memory cells allows the functional

unit to be switched off while retaining the configuration in the powered-off state. The power

estimation analysis done in this section makes certain assumptions regarding the embedded

flash memory implementation on the processor architecture.

The valid assumptions considered in the power estimations are discussed in section 5.3.1.

In section 5.3.2, an example application from the application suite is chosen to show the

mapping of the power states onto the application execution schedule. The power savings

obtained in all of the functional units, and the power and energy savings obtained across the

application suite on representative architectures are graphically represented in Section 5.3.3.

The power consumption results supporting the graphical representations in this chapter are

given in Appendix D.
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5.3.1 Assumptions in Power Estimation

It is assumed that the CMOS static-RAM register cells are replaced by the flash memory

cells in the wrapper configuration modules of the functional unit. The flash memory cells

have slower access rate as compared to the static-RAM cells. For example, the 256K low

power SRAM from Hitachi has an access time of 50ns, whereas 256K NOR flash memory

cell from Toshiba offers an access rate of 80ns [50]. However, as the clock speed of both the

SRAM and flash memory cells is faster the clock rate of the targeted applications, therefore,

it is assumed that the access rate does not have a significant affect in this case.

The area of a single flash memory cell depends on the type of the flash memory (NAND

or NOR). A single NOR flash memory cell has an area of 0.24 µm2 as compared to 0.296

µm2 area of CMOS static-RAM cell on 45nm cell technology [51, 52]. Thus, it is safe to

assume that the use of flash memory cells does not negatively affect the total area of the

architecture.

The energy consumption due to write operations to flash memory is not significant, because

all flash write operations are restricted to configuration data written prior to the execution.

The output bus-interface reads the flash cells a large number of times during an application

execution. The energy consumption of a flash cell per read operation is 0.81 nJ as compared

to 0.2 nJ in SRAM cell [52][53]. The estimation of the energy overhead caused due to the

read operations is beyond the scope of this thesis and needs to be explored in the future.

A power manager circuitry is typically used to manage the power within the architecture.

The approximate power consumption due to the power manager circuitry is 10.1 µW [8].

It is not significant in complex applications that heavily reuse the functional units in the

architecture [8]. Therefore, this additional power-penalty is not taken into consideration for

the power analysis of flash based architecture.
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5.3.2 Power States of a Functional Unit

A functional unit has four primary modules, namely, an input bus-interface, a wrapper

configuration, an internal module, and an output bus-interface. Each module is powered-

on before its execution and powered-down after the execution is complete. Based on the

application execution, there are eight feasible power states of a functional unit in the flash-

based architecture as shown in Table 4.1.

The execution of Application-III on Architecture-III is considered for the high-level illustra-

tion of power states of functional units of an architecture in a single schedule period, as shown

in Figure 5.3. From Figure 5.3 it is clear that, the total application schedule Application-II is

28 cycles (active cycles), in which all the functional units operate in an event-driven manner.

There are 47 idle cycles during which there is no activity on the bus. The number of active

and idle cycles depend on the application clock frequency, which is set to 1000 KHz for this

experimental setup. OFFcomplete (OFF,OFF,OFF,OFF) is the power state during the idle

cycles in which all the modules of a functional unit are powered-down. As Figure 5.3 shows,

the powered-down state consumes the majority of the execution cycles in a schedule period,

and hence responsible for significant power reduction. Also, during the busy (active) cycles,

the functional units are completely switched off after their execution. This leads to power

savings in the busy cycles as well. It is also evident from Figure 5.3 that, the individual

modules of the functional units, after their respective execution, are powered-down, further

adding to the power savings. The FIFO differs from the other functional units in terms of

its template and functioning. The power states of the FIFO are given in Appendix D.4. The

power savings achieved with respect to the non-flash-based architecture is presented in the

next section.
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5.3.3 Power Savings in Embedded Flash-based Architecture

The power savings obtained in the flash-based architecture with respect to the non-flash-

based architecture for each functional unit of Architecture-III are shown in this section.

Power dissipated in the architecture design is divided into two categories: static and dy-

namic. Static power is the power consumed by the circuit when it is not switching. Dynamic

power is the power dissipated when the circuit is active i.e. performing some function. Dy-

namic power is further divided into two components: switching power and internal power.

The details of the power consumption in each power state of both non-flash-based and flash-

based architecture are described in Appendix D.1 and D.2, respectively. Figure 5.4 gives an

overview of percentage average power savings in all the functional units of the architecture-

III for the execution of Application-III at 500 KHz application frequency.
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From Figure 5.4, there is a significant reduction in the leakage power dissipation in all the

functional units of the flash-based architecture. This is because, there is no leakage current

in the idle states. Also, the ratio of the idle cycles to the active cycles is high for this partic-

ular application execution (122/28). The powered-down state of the functional units during

the idle cycles is primarily responsible for the internal power reduction.

However, the use of flash memory cells does not have a significant effect on the switching

power consumption. This is because when a functional unit is in idle state, there is no

switching activity in its modules. The power consumption of the input-FIFO in the non-

flash based architecture is 42.6(µW), with the leakage power consumption of its internal unit

being a dominant factor in it (55%). Some portions of the input-FIFO are powered down

during the cycles when there is no data transfer between the network and the processor

architecture. This brings the total power consumption of input-FIFO down by 55.45%.

Appendix D.4 provides the actual power consumption results of all the functional units of

Architecture-III.

5.3.4 Power and Energy Savings Across the Application Suite

The average power and energy savings in the flash-memory-based architecture with respect

to the non-flash-based architecture, for a single schedule period of the entire application

suite, are presented in Figure 5.5. The energy consumption is calculated using the equation

5.2.

Esched = (P1avg) ∗ a ∗N1 + (P2avg) ∗ a ∗N2, where, (5.2)
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Figure 5.5: Power Savings Across the Application Suite

Esched is the energy consumed in a single schedule period in Joules,

(P1avg) is the average power consumption for a busy cycle in Watts,

(P2avg) is the average power consumption for a free cycle in Watts,

a is the processor clock period in seconds,

N1 is the number of busy cycles in a single schedule period, and

N2 is the number of free cycles in a single schedule period.

The number of busy and idle cycles and the power and energy consumptions in the flash-

based architecture and the non-flash based architecture for the application suite are presented

in Table 5.8.

From Figure 5.5, it is evident that the percentage power savings with respect to the non-

flash-based architecture are not uniform for all the applications. The idle cycles in a schedule



59

Table 5.8: Avg Power, Energy Consumption of Applications in a Schedule Period

App Active Idle Flash Power/Non-Flash Power (µW) Energy
Suite Cycles Cycles Switching Internal Leakage Total (nJ)

I 26 124 2.9/3.1 8.1/22.5 46.0/158.2 57.0/183.9 3.1/11.0
II 46 104 5.5/5.7 13.5/32.2 75.6/198.8 94.6/236.7 8.7/31.0
(2-
bit)
II 65 85 6.6/7.4 20.8/44.3 114.3/237.8 141.8/289.5 14.8/37.1
(4-
bit)
II 93 57 11.5/11.5 43.2/70.9 198.6/339.3 253/421.7 47.0/74.6
(6-
bit)
II 126 24 16.3/16.4 83.2/104.7 296.4/413.8 395.8/534.9 99.7/131.2
(8-
bit)
III 28 122 3.8/3.9 7.3/24.4 48.6/173.1 67.8/201.4 3.8/11.1
(2-
co)
III 34 116 4.1/4.1 8.9/26.4 52.4/181.3 75.9/211.8 5.1/14.0
(3-
co)
IV 54 96 6.2/6.3 17.8/37.2 91.1/218.5 115.1/262 12.4/27.0
V 51 99 5.8/6.1 14.7/36.0 89.8/209 110.4/251.1 11.2/23.9
VI 49 101 5.7/5.93 14.0/32.7 82.3/204.5 102.1/243.2 10.0/30.5
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period (during which entire functional units are powered-down) are primarily responsible for

the reduction in power consumption. As the complexity of an application increases in terms

of the execution cycles, the number of idle cycles decreases, thereby reducing the effect of

the flash memory cells. Application-II(8 -bit multiplier), with the least number of idle cycles

in the application suite, has a net power saving of 26% in an embedded flash memory-based

architecture, whereas Application-I (temperature controller), with the most number of idle

cycles, has a net power saving of 69%. Thus, based on the estimations of the power-savings

achieved, this thesis proposes the use of embedded flash memory for reduction in the power

consumption.



Chapter 6

Conclusion

This thesis demonstrates the design of an MDE-based application framework for the rapid

generation of software applications to explore the processor architecture. Simulink, a model-

based design tool, is used to develop applications in its graphical environment. The ap-

plication framework provides a simple application programming interface by successfully

generating application graphs from the Simulink block diagram. Also, the architecture de-

sign is made flexible to allow execution of simple as well as complex applications. A wide

range of applications of varying complexity are successully executed on the architecture, val-

idating flexibility of the architecture design. Additionally, a detailed power analysis is done

to estimate the power savings achieved by the embedded flash memory in the architecture.

The advantages of incorporation of flash memory are demonstrated by comparing its power

consumption with that of non-flash based architecture. It is shown that the embedded flash

memory based causes significant power savings.

The work done in this thesis combined with the work presented in [8], [6], and [35] demon-

strate the design of a flexible dataflow architecture suitable for event-driven applications. It

also presents a robust MDE-based automation framework facilitating easier application de-
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vevlopment, automatic configuration generation, and validation of the application execution

on the architecture.

6.1 Future Work

The application framework developed in this thesis makes use of Simulink as an application

modeling platform. The current implementation supports the predefined blocks, subsystems,

and the embedded matlab functions for the application development. This implementation

can be expanded further to encompass other libraries of the Simulink (for example, State-

Flow, SimEvents) to enhance the application generation flexibility. Also, application clock

information is provided externally in the current implementation of the framework. The

Simulink clock can be tuned to the archicteture clock to complete the automation of the

test-bench generation. The new architecture implementation consists of a single input-FIFO

and a single output-FIFO for the communication with the network. It can be explored fur-

ther to include multiple FIFOs. The power estimation of the embedded flash memory based

architecture does not take into consideration the power penalty caused due to the memory

write operations. A qualtitative analysis of the impact of the power penalty is required in

the future.
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Appendix A

Simulink Application Suite

Simulink models of the application suite described in Section 5.1 is presented in this chapter.
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Figure A.1: Simulink Temperature Controller Model
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Figure A.2: Simulink Multiplier Model
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Figure A.3: Simulink Filter Model
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Figure A.4: Simulink Square Root Model
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Figure A.5: Simulink Free Fall Detector Model
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Figure A.6: Simulink Path Follower Model



Appendix B

Application Graphs

Application graphs generated from simulink models of the application suite are shown in

this chapter.
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Appendix C

Architecture Sets

The graphical representations of the architecture set described in Section 5.3 is shown in this

chapter.
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Appendix D

Power Results

Detailed power consumption values supporting the power savings graphs in Section 5.3.2 are

provided in this section.
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D.1 Power Consumption in Non-flash-based Architec-

ture

All types of power dissipation in each feasible power state of a non-flash-based architecture

is given in this section.

Table D.1: Number of Cycles of Power States

Cycle Type
Power States Number of Cycles (75)

(input, wrapper, internal, output) Adder A/D Splitter

Free Cycles (OFF, ON, OFF, OFF) 64 61 63

Busy Cycles

(ON, ON, OFF, OFF) 6 2 2
(ON, ON, ON, OFF) 1 1 2
(OFF, ON, ON, OFF) 1 8 1
(OFF, ON, ON, ON) 2 2 2
(OFF, ON, OFF, ON) 1 1 5

Table D.2: Leakage Power Consumption in Different Power States

Power States Leakage Power (µW)
(input, wrapper, internal, output) Adder A/D Splitter

OFFinput, ONwrapper, OFFinternal, OFFoutput 11.41 11.34 14.95
ONinput, ONwrapper, OFFinternal, OFFoutput 18.87 15.14 18.75
ONinput, ONwrapper, ONinternal, OFFoutput 22.78 19.37 23.37
OFFinput, ONwrapper, ONinternal, OFFoutput 15.32 15.57 16.42
OFFinput, ONwrapper, ONinternal, ONoutput 23.01 23.72 31.82
OFFinput, ONwrapper, OFFinternal, ONoutput 19.10 19.03 30.35
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Table D.3: Dynamic Power Consumption in Power States

Power States Dynamic Power (µW)
(input, wrapper, internal, output) Adder A/D Splitter

Int Switch Int Switch Int Switch
(nW) (nW) (nW)

OFFi/p, ONwr, OFFint, OFFo/p 3.29 0 3.29 0 3.52 0
ONi/p, ONwr, OFFint, OFFo/p 4.15 749 3.72 395 3.95 432
ONi/p, ONwr, ONint, OFFo/p 4.44 997 4.1 410 4.45 1241
OFFi/p, ONwr, ONint, OFFo/p 3.58 248 3.67 515 4.1 809
OFFi/p, ONwr, ONint, ONo/p 4.16 482 4.35 766 5.3 2025
OFFi/p, ONwr, OFFint, ONo/p 4.87 580 3.87 251 4.72 12.16
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D.2 Power Consumption in Flash-based Architecture

All types of power dissipation in each feasible power state of a flash-memory-based architec-

ture is given in this section.

Table D.4: Number of Cycles in Different Power States

Cycle Type
Power States Number of Cycles (75)

(input, wrapper, internal, output) Adder A/D Splitter

Free Cycles OFFcomplete 64 61 63

Busy Cycles

(ON, OFF, OFF, OFF) 5 1 1
(ON, ON, OFF, OFF) 1 1 1
(ON, OFF, ON, OFF) 1 1 2
(OFF, OFF, ON, OFF) 1 8 1
(ON, ON, ON, ON) 1 1 1

(OFF, OFF, ON, ON) 1 1 1
(OFF, OFF, OFF, ON) 1 1 5

Table D.5: Leakage Power Consumption in Different Power States

Power States Leakage Power (µW)
(input, wrapper, internal, output) Adder A/D Splitter

OFFcomplete 0 0 0
(ON, OFF, OFF, OFF) 15.46 11.80 11.80
(ON, ON, OFF, OFF) 18.87 15.14 18.75
(OFF, ON, ON, OFF) 19.37 16.03 16.42
(OFF, OFF, ON, OFF) 11.91 12.23 12.62
(ON, ON, ON, ON) 23.01 23.72 31.82

(OFF, OFF, ON, ON) 19.60 19.92 28.00
(OFF, OFF, OFF, ON) 15.69 15.69 23.40



93

Table D.6: Dynamic Power Consumption in Different Power States

Power States
Dynamic Power (µW)

Adder A/D Splitter
(input, wrapper, internal, output) Int Switch Int Switch Int Switch

(nW) (nW) (nW)

OFFcomplete 0 0 0 0 0 0
(ON, OFF, OFF, OFF) 3.86 749 3.43 395 3.43 432
(ON, ON, OFF, OFF) 4.15 749 3.72 395 3.95 432
(OFF, ON, ON, OFF) 3.58 997 3.81 910 4.0 1241
(OFF, OFF, ON, OFF) 3.29 248 3.29 248 3.58 809
(ON, ON, ON, ON) 4.16 482 4.35 766 5.3 2025

(OFF, OFF, ON, ON) 3.87 482 3.96 766 4.78 2025
(OFF, OFF, OFF, ON) 3.58 234 3.58 251 4.2 1216
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D.3 Power States of FIFO

All feasible power states of FIFO functional unit are presented in this section.

Table D.7: Power States in Input FIFO

Cycles
Power State of Input FIFO

Network wrapper packet count internal bus
interface mask down interface

Architecture Configuration
ON OFF OFF OFF OFF OFF
ON OFF OFF OFF ON OFF
ON OFF OFF OFF ON ON

FIFO Configuration ON ON ON ON OFF ON
Free Schedule Cycles ON OFF ON ON ON ON
Busy Schedule Cycles ON OFF ON ON OFF ON

Table D.8: Power States in Output FIFO

Cycles
Power State of Output FIFO

bus-input internal module network-nout

Listen Cycles ON OFF OFF
IM Execution Cycles ON ON OFF

Network Transfer cycles OFF ON ON
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D.4 Power Estimation of Individual Functional Units

This section presents the comparison between average power consumption of functional units

in non-flash-based and flash-based processor architecture.

Table D.9: Average Power Consumption of Functional Units in a Schedule Period

Functional
Dynamic Leakage Total

Unit
Power (µW) Power (µW) Power (µW)
w/o with w/o with w/o with
Flash Flash Flash Flash Flash Flash

Adder 2.43 0.79 12.51 4.36 15.94 5.15
A/D 3.59 0.82 12.16 4.21 15.75 5.03

Splitter 3.10 1.09 25.32 7.64 29.42 8.73
Timer 3.10 0.89 16.42 5.87 19.52 6.76

Multiplier 4.34 1.50 30.95 11.61 35.29 13.11
Constant 2.45 0.83 13.68 4.56 16.13 5.39
Delay 2.58 0.89 23.54 7.07 26.12 7.96
FIFO 7.61 2.15 41.32 13.42 47.93 15.57
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D.5 Power Savings Across the Application Suite

This section presents the comparison between average power consumption of entire applica-

tion suite in non-flash-based and flash-based processor architecture.

Table D.10: Average Power, Energy Consumption of Applications in a Schedule Period

Application
Non-flash Power (µW) Flash Power (µW)

Suite Swt Int Lkge Total Engy Swt Int Lkge Total Engy

I 3.1 22.5 158.2 183.9 11.07 2.9 8.1 46.0 57.0 3.1
II (2-bit) 5.7 32.2 198.8 236.7 31.0 5.5 13.5 75.6 94.6 8.7
II (4-bit) 7.4 44.3 237.8 289.5 37.1 6.6 20.82 114.38 141.8 14.87
II (6-bit) 11.5 70.9 339.3 421.7 74.69 11.2 43.2 198.6 253 47.06
II (8-bit) 16.4 104.7 413.8 534.9 131.23 16.2 83.2 296.4 395.8 99.74

III (2-coeff) 3.97 24.4 173.1 201.47 11.15 3.86 7.36 48.65 67.8 3.8
III (3-coeff) 4.10 26.41 181.33 211.84 14.08 3.97 8.91 52.41 75.9 5.16

IV 6.3 37.2 218.5 262 27.04 6.2 17.85 91.1 115.1 12.44
V 6.1 36.0 209 251.1 23.95 5.8 14.76 89.8 110.4 11.26
VI 5.93 32.7 204.5 243.2 30.57 5.7 14.08 82.3 102.1 10.09


