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ABSTRACT

At present, as we enter the nano and giga-scaled integrated-circuit era, there are many
systeri design challenges which must be overcome to resolve problems in current systems.
The incredibly increased nonrecurring engineering (NRE) cost, abruptly shortened Time-
to-Market (TTA) period and ever widening design productive gaps are good examples
illustrating the problems in current systems. To cope with these problems, the concept of
an Adantive Computing System is becoming a critical technology for next generation
computing systems. The other big problem is an explosion in the interconnection wire
requirements in standard planar technology resulting from the very high data-bandwidth
requirements demanded for reai-timee communications and multimedia signal processing.
The concept of 3D-vertical integration of 2D planar chips becomes an attractive solution
to combat the ever increasing interconnect wire requirements. As a result, this research
proposes the concept of a novel 3D integrated adaptive coniputing system, which we term
3D-ACSoC. The architecture and advanced system design methodology of the proposed
3D-SoftChip as a forthcoming giga-scaled integrated circuit computing system has been
introduced, along with high-level system modeling and functional verificzation in the early

design stage using SystemC.

A major challenge in this research is to explore the proposed 3D-SoftChip plaiform to
investigate the effectiveness of the first novel 3D vertically integrated Adaptive
Computing System-on-Chip (ACSoC) as a next generation computing system. The
suggested 3D-SoftChip has been modeled at a system level using SystemC and the
functional verification of the modeled system has been firmly verified. The hand-crafted
assembler code for implementation of the MPEG4 motion estimation algorithm has been
applied with maore than 3.8 times performance improvement over conventional systems. It
can be clearly demonstrated that it is a highly suitable architecture for next generation
computing sys:ems. Finally, further work to realize the full implementation of the novel

concept of a 3D-ACSoC has been suggested.
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Chapter 1

Introduction

System design is becoming increasingly challenging as the complexity of integrated
circuits and the time-to-market pressures relentlessly increase. Adaptive computing is a
critical technology to develop for future computing systems in order to resolve most of
the problems that system designers are now faced with due in no small part to its
potential for wide applicability. Up until now, however, this concept has not been fully
realized because of the many constraints such as chip real-estate limitations and the
software complexity. Advancements of semiconductor processing technology and
software technology, however, adaptive computing is now facing a turning point. For
instance, the concept of reconfigurable computing has more recently started to receive
considerable research attention [2, 3, 7] and this concept is now starting to move and
expand into the realm of adaptive computing. Software defined virtual hardware [9] and
“Do-it-all” devices [12] are good examples that demonstrate this development direction

for computing systems.

Another growing problem in advanced computation systems, particularly for real-time
communication or video processing applications, is the data bandwidth necessary to
satisfy the processing requirements. A novel 3D integration system such as 3D SoC [24},
3D-SoftChip [14,15] which is able to satisfy the severe demand of more computation

throughput by effectively manipulating the functionality of hardware primitives through
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number of metal levels required per stratum. There are three feasible 3D integration
methods; a stacking of packages, a stacking of ICs and Vertical System Integration as
was introduced by IMEC [23]. There are four main enabling technologies for the
fabrication of 3D-Integrated Circuits, Bean Recrystallization, Silicon Epitaxial Growth,
Solid Phase Crystallization and Processed Wafer Bonding [26]. Table 1.1 shows the main
characteristics of each of these 3D fabrication technologies. In this research, however, the
focus is on the use of processed wafer bonding technology using an indium bump
interconnection array (IBIA). The reason why wafer bonding technology is adopted for
this work is because the process has particular benefits for applications where each chip
carries out independent processing. The characteristic of the 3D-SoftChip are that each of
the two planar chips should be effectively manipulated to maximize computation
throughput with parallelism. Also indium has good adhesion, a low contact resistance and
can be readily utilized to achieve an interconnect array with a pitch as low as 10pm, The
development of the 3D integrated systems will allow improvements that should be seen in

the packaging cost, the performance, the reliability and a reduction in the size of the chips.

Table 1.1: 3D Fabrication Technologies
3D Fabrication Technologies Characteristics

Deposit poly-silicon and fabricate Thin-film Transistors (TFTs).
High performance of TFT's

Beam Recrystallization High temperature of melting poly-silicon(Not practical Fab.Tech.)
Suffers from low carrier mobility

Epitaxially grow a single crystal Si
Silicon Epitaxial (SE) High temperature causes degradation in quality of devices
Growth Process not yet manuofaciurable

Low temperature alternative to SE

Flexibility of creating multiple layers

Solid Phase Crystallization [ Compatible with current processing environments
Usefui for stacked SRAM and EEPROM cells

Bond twe fully processed wafers together

Similar electrical properties on all devices

Independent of temperatere since all chips are fabricated then
Processed Wafer Bonding | honded / Good for applications where chips do independent
processing

Lack of preciston{alignment) restricts inter-chip communication to
global metal line

-17-






(ITRS), the manufacturing engineering costs of complex chips have reached almost one
miflion dollars, The associated design NRE costs almost reached tens of millions of
dollars in year 2003 [21]. Moreover, product life cycles are geiting ever shorter due to
rapid changes in technology and as a result the time-to-market (TTM) period is keenly
shortened. On the other hand, design and verification cycle times are getting longer into
the months or even years. As a consequence of these issues, a reconfigurable/adaptive
computing system that could be metamorphosed across multiple standards and

applications becomes very attractive for the next generation of computing systems,

1.2.1.2 The Concept of Adaptive Computing Systems

A reconfigurable system is one that has reconfigurable hardware resources that can be
adapted to the application currently under execution providing the possibility to
customize across multiple standards and applications. In most of the previous research the
concepts of reconfigurable and adaptive computing have been described interchangeably.
In this document, however, these two concepts wili be more specifically described and
differentiated. Adaptive computing will be treated as a more extended and advanced
concept of reconfigurable computing systems, which means it includes more advanced
software technology to effectively manipulate the mapping and scheduling of context
memory over a wide range of applications along with more advanced reconfigurable
hardware resources to support fast and seamless execution across these applications.
Table 1.2 shows the differentiations between reconfigurable computing and adaptive
computing. The benefits of adaptive computing are silicon reuse, bug-fixing post-
shipping, updating and fixing in market allowing for standards evolution, faster TTM and
lower costs. The reconfiguration capacity allows for significant reuse of silicon, If bugs
are found post-shipping or standards evolve, the adaptive computing system is easy to fix
and update simply by changing the contexts in the reconfigurable hardware resource. The
forthcoming impact from the deployment of adaptive computing is “Do-it-all” devices. A
small handheld PDA size device can assume the functionality of about 10 standard
devices simply depending on the context programs included such as a cellular phone, a

GPS receiver, an MP3 player, an e-book reader, a digital camera, a portable television, a
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1.2.2. Classification of Adaptive Computing Systems

Adaptive computing systems are mainly classified in terms of granularity,
programmability, reconfigurability, computational methods, hardware mapping methods
and target applications. The granularity is the basic data size of the reconfigurable
hardware resources. In fine grained systems, the primitive reconfigurable hardware
resources are typically logic gates, flip-flops and look-up tables and operate using bit-
level computations. Field Programmable Gate Amay (FPGA) and Complex
Programmable Logic Gates (CPLD) are good examples of fine grained systems. In
contrast, the coarse grained systems have complete function units such as ALU,
multiplier and dedicated functional units and operate using word-level computations. The
combination of the fined grained systems and the coarse grained systems creates a mixed

grained system.

The programmability relates to the capacity of the configuration. Single-
programmability allows only one customization, while multiple-programmability allows
for customization on-the-fly. The reconfigurability is executed by changing the context
memory. Static {interrupted execution) and Dynamic (in parallel execution) are two
categories of reconfigurability. Common computational methods used in the adaptive
computing systems are Single-Instruction stream Multiple-Data stream (SIMD)/Multiple-
Instruction stream Multiple-Data stream (MIMD) and Very-Long Instruction Word
(VLIW). The hardware mapping methods vary depending on developed systems from
manual routing to high-level language compilation. Most of the target applications for
adaptive computing are in the areas of wired and wireless communications and

multimedia digital signal processing

1.2.2.1 Previous Works

The research and commercial development of reconfigurable/adaptive computing
systems has been going vigorously since the early 1990’s. According to the classification
of adaptive computing described above, the nature of this research is classified in the

Table 1.3[3, 22} and it shows the best-known existing coarse-grain reconfigurable
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systems, the fine-grain reconfigurable systems have been excluded because these are

different category from our research.

The Matrix [1], REMARC [5] and MorphoSys [3] belong to the category of mesh-
based reconfigurable systems which is a combination of an array of word-level
processing elements with a control processor, such as a multi-granular array of Basic
Functional Units (BFUs) in the case of the MATRIX, an 8 by 8 array of 16-bit
nanoprocessor with MIPS-II RISC processor in the REMARC, or an 8 by 8 array of
reconfigurvable cells with MIPS-like processors in the MorphoSys. These are dynamic
reconfiguration, mesh based hierarchical interconnection fabric architectures. Their
application is restricted only to DSP type tasks and they have certain disadvantages in
term of the power consumption because of frequent data movement between the control

processor and processing elements. As well as, need to access external memory resources.

Another category is a linear array-based reconfigurable system such as, RaPiD [6] or
PipeRench [2]. These are linear arrays of processing elements with row-wide
interconnection fabrics, Each combination of the processing element array and the row-
wide interconnection can make a pipeline stage. The target application of these systems is
pipelining regular computation-intensive applications. The other categories such as
crossbar-based [35, 36] and reconfigurable processors [37] have been excluded in this

table.

The Trisend A7 [10] is considerably similar to other mesh-based reconfigurable
systems, the difference is in the granularity of the processing elements. The A7 has a
fine-grain reconfigurable fabric in comparison with the word-level processing elements in

the mesh-based reconfigurable system.

The MRC6011 [11], Adapt 2400 [16], DFA1000 [9], PC102 [17] are up-to-date
commercially developed adaptive computing systems, which have mostly heterogeneous
arrays of reconfigurable hardware except the DFA 1000 and dynamic configurability, The
main target application is computation-intensive multimedia DSP and communication
signal processing. These have more advanced adaptive computing characteristics

compared with the systems introduced earlier.
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As indicated, the early research and development was into single linear array type

reconfigurable systems with single and static configuration [8,1,6,5,4,2] but this has

evolved to large adaptive SoCs with heterogeneous types of reconfigurable hardware

resources and multiple and dynamic configurability. The MRC6011, Adapt2400,

DFA100, PC102 and 3D-SoftChip are good examples to show the current research and

commercial development directions. The ultimate goal for the adaptive computing system

is currently the “Do-it-all” device as explained before,

Tablel.3: Reconfigurable and Adaptive Computing Systems

System Gronukxity Programanchilly | Reconfigurain Conrputation Mapping ‘Target Application
Method
PADID] [8] Coarse(16bit) Multiple Static VLIW, 5IMD Raouting DSP applications
MATRIX [1] Coarse(8hit) Multiple Dynamic MIMD Multi-length General Purpose
RaPiD (6] Coarse{16bit) Single Mostly static Lincar array Channel routing Systolic arrays,
Data-intensive
REMARCIS} Coarse( L6bit) Multiple Static SIMD N/A Data-parallel
application
RAW [4] Mixed Single Static MIMD Switch box routing Gencral purpose
PipeRench {2} Mixcd(128bit) Multiple Dynamic Pipe-lincd Scheduling Data-parallel,
DSP applicaticns
MorphoSys {3} Coarse( | 6bit) Multiple Dynami¢ SIMD Assembler, Manual Data-paraliel,
P&R Imuage applications
Triscend A7 [10] Mixed Multiple Dynamic N/A Co-compilation General Purpose
{Assembler, C, Embedded System
Verilog, VHDL)
Motorala Coarse{16bit) Multiple Dynamic SIMD C-Compilation Computation
MRC60!T {11} Intensive
applications
QuickSitver Coarse(8.16.24, Multiple Dynamic Helcrogencous SilverC Comm., Multimedia
Adapr2400 {16 32bil) Nodes array D5P
Flixent Coarse {4bit} Multiple Dynamic Linear D-Fabric Verilog, VHDL, Multimedia
DFAIOK {9} Array Handle-C, Matlab applications
picoChip Coarse(16bil} Multiple Dynamic Jway-LIW Assembler Wircless
PCIO2 {171 Communications
: Comm,
3D-SoftChip Coarse{4bit) Multiple Dynamle Various types C-compilation Multimedia
of computation {Assembler, C) Signal Processing
models
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1.3 Motivation of Thesis

As the microelectronics industry enters the nano and giga-scaled integrated circuit era,
many problems, as described before, have been to occur, To cope with these problems,
especially the system-on-chip complexity and interconnection crisis, innovative new
computing systems with novel interconnection methods will be required. A very
promising candidate to overcome these problems is the concept of a 3D vertically
integrated adaptive computing system-on-chip (3D-ACSoC). This concept may well be a
critical technology for the next generation of computing systems because of its wide
applicability/adaptability and because of the significant benefits gained from 3D systems
such as reduction in interconnect delays and densities, and reduction in chip areas due to

the possibility for more efficient layouts etc.

Conventional SoC design methodologies include many error-prone and tedious
iteration processes which can result in a ack of system reliability and extend the design
time. Moreover, the portion taken up by verification processes in the total design time is
exponentially increasing. By adopting the suggested SoC design methodology using
SystemC, the design time can be significantly reduced and more reliable systems can be
realised. To satisfy these needs, the concept of the 3D-ACSoC and advanced HW/SW co-

design and verification methodology has been suggested.

1.4 Scope of Thesis

In this thesis, the novel 3D-SoftChip architecture for real-time communication and
multimedia signal processing is introduced, and its high-level system modelling and
functional verification using SystemnC is described. The 3D-SoftChip has been fully
modelled using SystemC at high-level and implementation of the MPEG4 full search
block matching motion estimation algorithm has been mapped to the modelled 3D-
SoftChip. Finally, the performance analysis is detailed in the last chapter, The thesis is
composed of nine chapters including this one. The following is the scope to be covered

by each of the following chapters.
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1.4.1. Scope of Each Chapters

Chapter 2 is an introduction to the overall 3D-SoftChip architecture. The novel
architecture and several salient features for next generation computing system will be
introduced along with the suggested HW/SW co-design and verification methodology.
The detailed architecture of the CAP chip will be described in Chapter 3. Heterogeneous
types of Processing Elements architecture and functions wiil be presented. Chapter 4
covers the ICS chip, its components and the ICS_RISC instruction Set Architecture with
instruction set summary. Chapter 5 presents the architecture of the UnitChip, its pipeline
operation mechanism and area constraint. A three hierarchical interconnection
architecture and the configurable nature of the inter-PE bus will be introduced in Chapter
6. Chapter 7 presents the high-level modelling of 3D-SoftChip using SystemC. The
simulation result of each component of the 3D-SoftChip is also provided to show the
verification of the functionality of the each component. Chapter 8 introduces application
mapping for high-level modelled 3D-SoftChip with the MPEG4 full search block
matching algorithm. The performance analysis will be performed in comparison with
conventional systems. Finally, the last Chapter outlines the contributions of this thesis

and suggested future work.

1.5 Conclusions

In this chapter, the motivation for the emergence of the novel 3D vertically integrated
system-on-chip and the benefits which can be acquired through its use have been
described. This concept will be a promising candidate for the next generation of

computing system.




Chapter 2
System Architecture of 3D-SoftChip

In this chapter, the core technology for the 3D-SoftChip along with its detailed and
overall architecture will be described. Finally a design guideline and the suggested design

methodology will be introduced.

2.1 Core Technology for 3D-SoftChip

The core technology for the 3D-SoftChip can be mainly classified into 3 fields of
technology is follows, a Very Deep Submicron (VDSM) silicon process technology, a 3D
Interconnection technology and an advanced software technology. The target silicon
process technology for the 3D-SoftChip is less than 0.13um to maximize the effect of
large scale integration in order to fit as much as possible into the Processing Element
(PE)s. This large scale integration into the PEs can be leveraged to amplify the
computation capacity of the 3D-SoftChip because of the SIMD computation nature of the
3D-SoftChip. The 3D Interconnection technology using the Indium Bump
Interconnection Amray (IBIA) is another state-of the art technology for the 3D-SoftChip.
The IBIA can cope with the severe demand for data bandwidth from real time
communication and multimedia signal processing applications. The last technology is the
advanced software technology, which is able to effectively execute context mapping and

scheduling within the context memory in the 3D-SoftChip.
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threads to be processed simultaneously. Given the primary target applications of
communication and multimedia processing four UnitChips should be sufficient for all
such requirements. Each UnitChip has a PE array, a dedicated control processor and a
high bandwidth data interface unit. According to a given application program, the PE
array processes a large amount of data in parallel, the ICS controls the overall system and

directs the PE array execution and data and address transfers within the system.

2.3 Features of 3D-SoftChip

The 3D-SoftChip has 4 distinctive features: Various types of computation modes,
adaptive Word-length configuration [14], optimized system architecture for real-time
communication and multimedia signal processing and dynamic reconfigurability for

adaptive computing.

+ Computation Algorithm : Various Computation Models

As described above, one 32-bit RISC controller can supply control, data and
instruction addresses to 16 sets of PEs through the completely freely controllable
switch block so various computation models can be achieved such as SISD. SIMD,
MISD, MIMD as required. Enough flexibility is thus achieved for an adaptive
computing (AC) system. Especially, in the SIMD computation model, 3 types of
different SIMD computational model can be realized, massively parallel,
multithreaded and pipelined SIMD computational models [13]. In the massively
paralle] SIMD computation model, each UnitChip operates with the same global
program memory. Every computation is processed in parallel, maximizing
computational throughput. In the Multithrcaded SIMD computation model, the
executed program instructions in each UnitChip can be different from the others, so
multithreaded programs can be executed. The final one is the pipelined SIMD
computation model. In this case each UnitChip executes a different pipelined stage.

These three computational models are illustrated in Figure 2.3,
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address in the ICS_RISC add to the specialized characteristics for optimized

communication and multimedia signal processing.

+ Dynamic Reconfigurability for Adaptive Computing

Every PE contains a small quantity of local embedded SRAM memory and
additionally the ICS chip has an abundant memory capacity directly addressable
from the PEs. With multiple sets of program memory and the abundant memory

capacity, it is possible to switch programs easily and seamlessly, even at run-time,

2.4 System Components

As introduced above, the 3D-SoftChip consists of a linear array of heterogeneous PEs
with an associated array of Indium bump 3D Interconnects, dedicated Switch Blocks, the
ICS_RISC and a high bandwidth data interface unit.

2.4.1. Configurable Array Processor {CAP) Chip

2.4.1.1 Heterogeneous Types of PEs

The CAP chip comprises a linear array of two types of PE, a Standard-PE and a
Processing Accelerator-PE. The advantages of heterogeneous PEs with dedicated
functions for special purpose DSP are more suitability for specific applications with enly
a medium flexibility trade-off compared with homogencous type PEs. In this case, two
Standard-PE and two Processing Accelerator-PEs form one Quad-PE. These will be in

detail in a later section.

2.4.2. Intelligent Configurable Switch (ICS) Chip
2.4.2.1 Switch Block

Each group of 4 PEs (Called Quad-PEs) are controlled by one Switch Block through
the IBIA. This transfers data from/to each PE and also provides instruction data for the
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PEs. It can completely freely configure each PE group, and makes it possible to achieve

efficient variable word-length configuration.

2.4.2.2ICS_RISC

A 32-bit dedicated RISC processor is used to control each set of 4 Quad-PEs (called
UnitCAP). It controls the execution of the PE array and provides control and address

signals to the Switch Block and the high bandwidth data interface unit in the UnitChip.

2.4.2,3 Data Frame Buffer

Two sets of Data Frame Buffers are included to support the transfer of large volumes

of data from/to data/program memory and the 1SC.

2.4.2.4 Program Memory

This is separated into two areas. One is a program memory for the ICS_RISC and the
other is the program memory for the PE array. This memory supports adaptively
configured word-lengths 1o increase the computation efficiency dependent on the
application. Additionally, multiple sets of program memory are included to allow

dynamic program switching,

2.4.2.5 Data Memory

Abundant memory capacity is one of the characteristic of the 3D-Softchip with each
PE containing its own embedded local memory aleng with a high bandwidth connection

to the memory store on the ICS.

2.4.2.6 DMA Controller

A dedicated controller is included to facilitate the transfer of large volumes of data
from/to program memory, data memory and the ICS. This provides a high efficiency data

interface between any of these units.
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2.4.2.7 3D Interconnection Technology

The CAP chip cairies out all data manipulation operations in the system. There is
rarcly the need for data transfer within the CAP beyond basic nearest neighbor
interconnects, except for computation with word-lengths configured to > 4-bit. All the
manipulated data is, therefore, transferved through the Indium Bump Interconnection
Array (IBIA) and processed by the ICS allowing for very high speed computation
because the IBIA provides very high bandwidth and very low inductance/capacitance
[15].

2.5 Design Guidelines

The design guidelines and constraints to satisfy the design goals are as follows.

* The 3D-SoftChip is the first novel 3D vertically integrated Adaptive Computing
System-on-Chip (3D-ACSeC)

*  Using Indium bump technology, data can be manipulated at very high speed with
wide bandwidth,

* The variable memory word-length and configurable word-length are unique
features for an adaptive computing system.

*  Various computation models (SISD, SIMD, MISD, MIMD) are possible for
adaptability/flexibility in accordance with the current application and 3 types of
SIMD computational models (massively parallel, multithreaded, pipelined) allow
for maximized computational throughput.

* The heterogeneous types of PE architectures are optimized for communication
and multimedia signal processing.

»  Dynamic run-time reconfigurability for adaptive computing. (Multiple sets of
program memory and abundant memory capacity)

* The arca constraint of PE should be minimized as much as possible (less than

60um x 60um in 0.13um technology) for a 4-bit word size.




2.6 Design Methodology

2.6.1. Suggested HW/SW Co-design and Verification Methodology

HW/SW co-design ts a development methodology that supports the concurrent and co-
operative development of hardware and software {(co-specification, co-development, co-
verification). It helps to evaluate the effect of design decisions and to explore the design
space at an carly stage to obtain the optimal architecture. As a result of this, design cost
and design cycle time can be reduced and more reliable system can be realised because of
the verification at the high-level of the system. Figure 2.5 shows a suggested HW/SW co-
design methodology for the 3D-SoftChip. Once the system specification is firmly decided,
HW/SW partitioning is executed to determine which functions should be implemented in
hardware and which in software. The HW can then be modeled using SystemC [19] and
SW modeled in C. After that, a co-simulation and verification process is implemented to
verify the 3D-SoftChip operation and performance and to decide on an optimal HW/SW

architecture.

More specifically, the SW is modelled using a modified GNU C Compiler and
Assembler. After the compiler and assembler for ICS_RISC has been finalised, a
program for the implementation of the MPEG4 motion estimation algorithm will be
developed and compiled using it. After that, object code can be produced, which can be
directly used as the input stimulus for an instruction set simulator and system level
simulation. The HW/SW verification process can be achieved through the comparison
between the results from instruction level simulation and system level simulation. From
this point on, the rest of the procedure can be processed using any conventional HW
design methodology, such as full and semi-custom design. N.B. SystemC is a system
design fanguage which supports concurrent HW/SW co-design methodologies and offers
a simulation kernel that supports hardware modeling concepts at the system level,

behavioral level and register transfer level [20].




2.7 Conclusions

The core technology, overall and detailed architecture of the 3D-SoftChip has been
presented. The four kinds of salient features, as described Section 2.3 can differentiate the
3D-SoftChip from conventional reconfigurable/adaptive computing systems. The design
time and reliability of the system will be significantly improved by adopting the

suggested HW/SW co-design and verification methodology using SystemC.

37






Chapter 3
Architecture of CAP Chip

In this chapter, the overall architecture of the Configurable Array Processor (CAP)
chip will be described along with the PE architecture for communication and multimedia
signai processing. The integration of 4 heterogeneous PEs forms one Quad-PE, and four
Quad-PE make up the UnitCAP chip.

3.1 Overall Architecture of CAP Chip

The basic architecture of the CAP chip is a linear array of heterogeneous PEs. Figure
3.1 shows three possible architecture choices for the PEs. The architecture in Figure
3.1(b} is suggested as the most feasible architecture for the PE in the 3D-SoftChip
because it has the oplimum trade-off between application specific performance and
flexibility, Examples of type A can be seen in [1,2,3], type B in [16] and type C in [17].
The CAP chip has the basic role of the processing engine for the 3D-SoftChip. It
manipulates large amounts of data at a high computational rate using any of the three

different SIMD computation models previously described.
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Chapter 4
Architecture of ICS Chip

rrhe ICS chip comprises the Switch Blocks, ICS RISC, program memory, data
memory, data frame buffers and DMA controller. The ICS chip is a control processor
which controls the CAP chip via the IBIA as well as the overall system. The ICS_RISC
provides control and address signals and data to the system as a whole. The switch blocks
configure each PE based on the current program instruction. The high bandwidth data
Interface Unit enables efficient transmission of data and instructions within the system. In

this chapter, the detailed architecture of the ICS chip is described.

4.1 Switch Block

The Switch Block provides data from/to each PE and also provides instruction data to
each PE. Three types of Switch Block, 6-sided, 7-sided and 8-sided provide optimized
interconnection within the ICS chip. Figure 4.1 shows the Switch Block architecture
which connects between the PEs and other Switch Blocks. The architecture of the Switch
Block is similar to conventional Switch Blocks in Field Programmable Gate Arrays
(FPGA) [32]. The lines in the figure represent switches to connect data/instruction data
within the PEs, Switch Blocks and the ICS chip. A pass transistor design is used to
optimize performance and minimise area, allowing a completely free configuration for
each PE.
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MSRI Move Imm value to Status Register(SR=#I) SR, #l None

MRS Move Status Register to Register(Rs1=SR) Rsl, SR None

LD Leoad indirect with Register (Rd=Mem[Rb]) Rd, Rb None

ST Store indirect with Register (Mem[Rb]=Rd) Rd, Rb None

BIT AND BIT-TEST INSTRUCTIONS

LSL Logical Shift Left Rd, Rsl N,Z,C.V

LSR Logical Shift Right Rd, Rsl N.ZCV

ASR Arithmetic Shift Right Rd, Rsl NZCYV

ROT Rotate Rd, Rsl NZCV

PE CONTROL INSTRUCTIONS

PECON4 PE Word-Length Configuration (4-bit) None None

PECONS PE Word-Length Configuration (8-bit) None None

PECONI6 PE Word-Length Configuration(16-bit) None None

PECON32 PE Word-Length Configuration {32-bit) None None

PESEL Select cestain PE (PEC~PELS) None None

PEMODH PE Operation mode (Horizonta! mode) None None

PEMODV PE Operation mode (Vertical mode) None None

PEMODC PE Operation mode (Circular mode) None None

PEEXEH Execute specific program to each PEs in the None None
same Horizontal line

PEEXEV Execute specific program to each PEs in the None None
same Vertical line

PEEXEC Execute specific program to each PEs in the None None
same Circular line

DMA INSTRUCTIONS

LDPEPRG Load Program Data from Program memory to addrMem None
Instruction decoder in PE.

LDDFB Load large amount of processing data for PEs addriMem, None
frem Data Memory to Data Frame Buffer addrDFB

LDPEDATA | Load large amount of processing data for PEs addrDFB, None
from DFB to Embedded SRAM in PE addrSRAM

WBREG Write back processed data in Embedded addrSRAM None
SRAM to the registers in the ICS_RISC

WBDFB Write back processed data in Embedded addrSRAM, None
SRAM to DFB addrDFB

STDFB Load large amount of processed data in PEs addrDFB, None
from Data Frame Buffer to Data Memory addrMem,

LOOP BUFFER INSTRUCTION

LBEN Generate an lterative Set of Instruction PC None
Addresses
(16 sets of Loop Buffer)
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computing systems. Morcover, the DMA controller enables transfer of the bulk data fast

and effectively through the 3D-SoftChip.




Chapter 5
Architecture of UnitChip

The 3D-SoftChip consists of 4 sets of UnitChip. Each UnitChip has one UnitCAP
and one UnitICS. As described in the chapter 3, the UnitCAP comprises 16 sets of
heterogeneous arrays of 5-PEs and PA-PEs and the UnitICS consists of a switch block, a
32-bit dedicated RISC control processor, a high bandwidth data interface unit, 2 sets of
data frame buffers and program/data memory for both the ICS and the PE array. In this
chapter, the UnitChip architecture and ifs pipeline operation mechanism which can

maximize the computational throughputs [3], are described.

5.1 UnitChip Architecture

As mention above, the UnitChip is a combination of the UnitCAP and the UnitICS
chip and four UnitChips form the complete 3D-SoftChip. Figure 5.1 illustrates the overall
architecture of the UnitChip. The control, data and instructions transfer through the IBIA
to the UnitCAP, and the processed data from the UnitCAP can be rapidly transferred back

to the ICS_RISC to be manipulated and stored in the data memory.







Table 5.1 illustrates the pipelined operation mechanism of UnitChip to improve its

performance. The detailed explanation is as follows.

*« STEP 1 - LOAD PROGRAM FOR PEs: The first operation is to load 16
instruction words for PEs from program memory to the instruction decoder in the
each PE, the row and column decoder in the UnitCAP can specify a certain PE to
load the programs, depending on the desired computational mode (e.g, SIMD,
MIMD).

+ STEP 2 - LOAD PROCESSING DATA FOR Pis (1): Load large amount of
processing data for PEs from data memory to data frame buffer. The start address
of memory and an amount of data to transfer can be indicated by the DMA

instructions.

« STEP 3 - LOAD PROCESSING DATA FOR PEs (2): Load the processing data
for PEs from data frame buffer to embedded SRAM in each PEs. The row and
column decoder in the UnitCAP can specify a certain PE to load the processing

data.
+ STEP 4 - EXECUTE PEs: Execute the PE array

« STEP 5 - RELOAD PROGRAM FOR PEs (1): Reload 16 instruction words
from program memory to the instruction decoder in each PE, the row and column

decoder in the UnitCAP can again specify a certain PE to load the programs to.

+ STEP 6 - RELOAD PROCESSING DATA FOR PEs (2): Reload the processing
data for PEs from data frame buffer to each PEs, the row and column decoder in

the UnitCAP can specify a certain PE to Ioad the datainto.

« STEP 7 - WRITE BACK PROCESSED DATA TO DFB: Write back processed
deta from embedded SRAM in each PEs to data frame buffer

» STEP 8 - TRANSFER PROCESSED DATA TO Memory: Transfer large

umount of processed data from data frame buffer to memory
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5.3 Area Estimations and Constraints

Table 5.2 shows the feasible estimated area of 3D-SoftChip components. The
performance of the integrated circuits largely depends on integration density. The tight
area constraints can be achieved through more integration density, which means it can
maximize benefit from large scaled integration. The area constraints should be tight in

order to achieve the best performance.

Table 5.2: Area Estimation and Constraint of UnitChip (Target Technology: 0.13 um Process)

Component Estimated Area
S5-PE 60 um x 60 um
PA-PE 60 um x 60 um
IBIA I5umx 15um
One Quad-PE 130 um x 130 um
UnitCAP 500 um x 500 um
CAP{4x4 UnitCAP) 1100 um x 1100 um
CAP(L6x 16 UnitCAP) 2200 um x 2200 um
ICS_RISC 300 um x 300 um

5.4 Conclusions

As explained above, by using the pipeline operation mechanism that is a 6-stages
pipelined architecture, the performance of the UnitChip can be 6 times more improved.
This pipelined operation is another distinguished character to accelerate the
computational throughput as the computation is executed simultancously as much as the

pipelined stages.




Chapter 6

Interconnection Network

In this chapter, the three hierarchical interconnection architectures: Inter-PE bus,
Switch Block Armay interconnection and IBIA, will be introduced along wilh the
configurable nature of the Inter-PE bus using the input operand multiplexer in each of the
PEs.

6.1 Hierarchical Interconnection Architecture

The interconnection network of the 3D-SoftChip can be broken into three hierarchical
levels. The Inter-PE bus between PEs in the CAP chip is the first level, This local
interconnection network has a 2D-mesh architecture providing nearest-neighbor
interconnection between the PEs. The second level of the interconnection network is the
switch block array interconnection. This supports longer interconnections on the ICS chip
but also has a basic 2D-mesh architecture. The last hierarchical level of interconnection is
the IBIA. With progression of technology to ever decreasing semiconductor geometry
scales, the prediction of interconnection delay and the portion of interconnection delay in
the total system delay are crucial factors. It is also a major factor in the limitation of
overall system performance. To overcome these problems, 3D interconnection
technology using Indium bump becomes very attractive because it supports a very high
bandwidth coupled with a very low inductance/capacitance (and thus low power

dissipation) and can be readily utilized to achieve an interconnect array with a pitch as
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Table6.1: Inter-PE Bus (IPB) interconnection connectivity

IPB Signal Name Source{Output) Destination(Input)
IPB1 SPE1{dOutadjPE) PAPE(dLeft)
IPB2 SPE1{dOutadjPE} PAPE2(dUp)
IPR3 PAPE1(dOutadiPE) SPE1(dRight)
PB4 PAPE1(dOutadjPE) SPE2(dUp)
IPBS PAPE1{dQutad|PE) Next Quad-PE(SPE [{dLeft)}
IPB6 PAPE2(dOutadjPE) SPEIl{dDown)
IPB7 PAPE2{(dOutadjPE} SPE2(dLeft)
IPB8 PAPE2{dOutadjPE) Downside Quad-PE(SPE1{dUp))
IPB9 SPE2(dOuladjPE) PAPE1{dDown)
IPB10 SPEX{dOutadjPE) PAPE2(dRight)
IPBIil SPE2(dQutadjPE) Next Quad-PE(PAPE2(dL eft))
IPBI12 SPE2{dQutadjPE) Downside Quad-PE(PAPE1(dUp))

Figure 6.2 shows the Quad-PE architecture and Inter-PE interconnection architecture
{3]. Because of the input multiplexer in each PE, the connectivity can be readily
configured. The input multiplexer can choose certain input operands from among the 6
different inputs; data input, data from left side, right side, upward side and down side PE
(dIn, dLeft, dRight, dUp, dDown) and each PE's output (dQutadjPE) becomes input
operand to the neighbour PEs. Table 6.1 describes the connectivity within one Quad-PE
and indicates that it can be configured by the PE programming according to the target

application.

6.1.2. Indium Bump Interconnection

Indium is an excellent material to use as an interconnect material due to its excellent
adhesion to most metals, including aluminum, which is the metallization for the pads
used in most VLSI technologies. Indium has a low melting point, which implies a low
work hardening coefficient, allowing for direct bonding on processed VLSI wafers.
Additionally, it provides excellent mechanical as well as electrical connectivity (contact
resistance < 1 m& per bump). Reflow techniques can be used for flexibility and to
increase the bump height to width ratio as needed. Such techniques can also be used to
incorporate self-alignment features to the bonding process. Figure 6.3 illustrates 3D filp-

chip wafer bonding technology using indium bump interconnection arrays.

-64-






Chapter 7
High-level modeling of 3D-SoftChip

using SystemC

I n this chapter, the high-level modelling of 3D-SoftChip using SystemC will be
introduced. Firstly, an overview of SystemC, Computer Aided Design (CAD)
environment for SystemC will be briefly described, followed by a presentation of the
high-level simulation output waveforms for each of the 3D-SoftChip components and

analysis of these. Finally, some conclusions are provided,

7.1 SystemC Overview

SystemC is a C++ class library and design methodology which can effectively design
a software algorithm, hardware architecture, interface with SoC and system level designs,
System-level modelling, quick simulation to validate and optimize design and HW
architecture and various software algorithms explorations can all be achieved using
conventional C++ development environments, The current system design methodology is
for the system engineer to write high-level language (C, C++, Matlab etc.) programs to
verify the concepts and algorithms at system-level. After the concepts and algorithms are
validated, the high-level modelled designs are manually converted to the Hardware

Description Languages (VHDL, Verilog-HDL) in order to implement the hardware. But
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Chapter 8
Application Mapping for 3D-SoftChip

The MPEG4 Full Search Block Matching Motion Estimation Algorithm (FBMA)
has been applied to the high-level system modeled 3D-SoftChip to verify its functionality
and demonstrate its architectural superiority. The hand-crafted assembler code for
implementation of the algorithm becomes the input stimulus of the system-level modeled
3D-SoftChip. The performance will be analyzed in compraison with a conventional DSP

processor, Application Specific ICs (ASICs) and MorphoSys.

8.1 Full Search Block Matching Algorithm (FBMA)

Motion estimation (ME) is introduced to exploit the temporal redundancy of video
sequences and is an indispensable part of video compression standards such as the
ISO/NEC, MPEG-1, MPEG-2, MPEG-4 and the CCITT, H.261/ITU-T, H.263 etc. Since
ME is computationally the most demanding portion of the video encoder, it can take up to
80% of total computation time and it can be a major Jimiting factor for the performance.
Among the many different ME algorithms, FBMA is one of the most widely used in
hardware, despite its high computational cost because it has the optimal performance and
lowest control overhead. The block matching motion estimation algorithm compares a
specific sized block of pixels in the current frame with a range of equally sized pixel
blocks in the previous frame to find the best match (minimum difference) between two of

the blocks. The position of the best matched block can then be encoded as a motion

76-



STEP 1 - LOAD REF. BLOCK DATA INTO PE ARRAY SRAM: The first

operation is to load reference block data (I, (m,n) ) into embedded SRAM in each

PE in the array.

STEP 2 - EACH PE MOVES THIS DATA TO INTERNAL REGISTER:
Each PE moves the reference data from the embedded SRAM into an internal
register so it is available to be used for calculation of SAD values for the entire

search window.

STEP 3 - LOAD FIRST SEARCH POSITION BLOCK DATA INTO PE
ARRAY SRAM: The block data for the first search position (I, (m+dx,n+dy))

is then loaded into the embedded SRAM in each PE in the array ready for
calculation of the SAD value between the reference block and this first search

position.

STEP 4 - EACH PE EXECUTES SUBTRACTION AND ABSOLUTE
VALUE COMPUTATION: In this step, each PE carries out a subtraction
operation between the reference block data and the current search position in
SRAM, the absolute value of this resulting difference is stored as the absolute

difference value for that block position.

STEP 5 —~ PARTIAL SUMMATION (1): In this step every odd columned PE
performs a partial sum operation of its absolute difference value with the value
from the PE to its immediate right in the array, the result is stored as a double-

word vialue across both PEs.

STEP 6 - PARTIAL SUMMATION (2): In this step the two partial sums
computed in the previous step are summed in the same way, every odd columned
PE pair sums its result with the result from the PE pair to its right, this result is

stored as a quad-word value across all four PEs in each row.

STEP 7 ~ PARTIAL SUMMATION (3): In this step the column wise operation

carried out in step 5 is repeated row wise to accumulate another set of partial sums,
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in this case, however, the second row of PEs accumulated its result with the result
from the row above, while the third row of PEs accumulates its result with the

result from the row below,

* STEP 8 - PARTIAL SUMMATION (4): In this final partial sum accumulation,
the second row of PEs sums its result with the result from the third row, producing

the total SAD value for that search position.

* STEP 9 - WRITE BACK RESULT DATA TO THE ICS_RISC: Finally the
resultant SAD value calculated in STEP 8 is written back to the internal register in
the ICS_RISC for comparisen with the previous minimum and updating of the

motion vector if applicable.

* STEP 10 - REPEAT STEPS 4 TO 9: The next search position data block can be
loaded into the SRAM in the PE array while the SAD calculation is being carried
out for the current search position so once the result had been written back the

calculation of the SAD for the next search position can be begun immediately,

8.3 Performance Analysis

Figure 8.3 shows the performance comparison of the 3D-SoftChip with a DSP
processor, several ASICs and MorphoSys for matching on 8x8 reference block ugainst its
search area of 8 pixels displacement. There are 81 candidate blocks (27 iterations) in each
search area [33]. In the 3D-SoftChip, as described above, the number of processing
cycles for one candidate block is just 7 clock cycles (each UnitChip computes one quarter
block, so with 4 UnitChips one complete block is computed every 7 cycles), so the total
number of processing cycles for the 3D-SoftChip becomes 567 (81 iterations of 7 cycles

each).

The number of clock cycles required is very close to that reported for MorphoSys,
with just 4 UnitChips, this, however, can readily be improved simply by increasing the
number of UnitChips on a scaled up 3D-SoftChip. A 4x4 UnitChip array, for example,
would have an effective throughput of one block every 142 cycles. In addition to this,

considering the characteristics of the 3D system, there are other significant advantages.
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8.4 Conclusions

In this chapter, the mapping of the implemented MPEG4 full search block matching
algorithm has been applied to the system-level modelled 3D-SoftChip i order to
demonstrate its architectural superiority. According to the described results, the proposed
3D-SoftChip architecture has the potential for a more than 3.8 times performance
improvement over conventional systems. The suggested 3D-ACSoC is clearly a highly

suitable system for the coming giga-scaled integrated computing age.
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Chapter 9

Conclusions

In this chapter, the contribution of this thesis will be summarised and future

research work will be suggested.

9.1 Contributions

In this thesis, a novel 3D vertically integrated adaptive system-on-chip architecture as
a next generation computing system along with its functional verification and the
mapping of an MPEG4 motion estimation algorithm has been presented. The suggested
architecture has a number of advantages compared with conventional current generation
reconfigurable/adaptive computing systems, such as wide applicability, various and
powerful computation methods, adaptive word-length configuration and benefits from the
architecture including 3D interconnect performance, reliability and a reduction in the size
of the chips (and thus the cost), as described before. As outlined in chapter 5.3, the size of
total chip as described is relatively small at around 1.1 mm?® for an amray of 2x2
UnitChips or 2.2 mm? for an array of 4x4 UnitChips. This is based on a 4-bit word-length
for the PEs so there is also ready potential to extend to a wider word-length (8-bit word-
length) and more integration of the PEs to maximise the computational throughput and
benefits from large integration. Moreover, the ICS_RISC can also be readily extended on
the upper chip layer by adopting advanced computation algorithms and dedicated

instructions for specific applications to allow more efficient controllability and
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performance over the current relatively simple ICS_RISC design. As minimum feature
sizes continue to decrease in more advanced chip fabrication processes the inherent
scalability of the UnitChip design means that the array size can simply be increased to
within the constraints of the maximum dic size to realise ever more power adaptive

compuling systems,

The performance of the execution of the MPEG4 full search block matching motion
estimation algorithm has been shown to be more 3.8 1imes improved over current
generation processors. Due to these significant performance, power and cost advantages it
can be shown that the suggested 3D-ACSoC is one of the most suitable architectures for

the next generation of computing system.

Morcover, the suggested advanced HW/SW co-design and verification methedology
can accelerate the reliability and significantly reduce the design time, especially the time
and effort required for verification. This thesis indicates a highly promising research
direction for future adaptive computing systems and an advanced and efficient HW/SW

development methodology for ever more complicated SoCs.

9.2 Future Work

As introduced in the suggested design methodology, the high-level modelling and
functional verification has been carried out, the next task is the architeciural explorations
to obtain an optimized HW specification. The method to explore vanious architecture
options is through parameterized memory, data frame buffer and DMA controller
modelling using SystemC. followed by simulation with various HW configurations so as
to find the best HW specification. The use of the parameterized modelling method makes
the architecture exploration considerably casier, the parameter values can simply be
changed in the SystemC code. Figure 9.1 shows the SystemC modelling of the
parameterized memory. Once the optimum HW specification is decided, the rest of the
procedure can be executed with any conventional hardware design method, such as fuil
and semi-custom design and the SW design should be concurrently performed so that the

novel concept of an adaptive system-on-chip computing system can be realised.
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A Novel 30 Vertically Inteerided Vdaptive Compuating System -
' Appendin d = FOS RISCISA Version 10 Lo

| 1 _ICS_RISC Instruction Set Architecture Version 1.0

31030 9 2 027 % 2 M B 12 N 20 19 18 17 16 5 14 13 12 1 10 9 8 7 & 5S4 3210

Iﬁaﬁﬁi.(lwnd) 0 0 1} 0 0 Opcode Rd i - Immediate(4,8.16-bit)
Immedi.2word) {0 O 0 0 1 Opcode Rd ' ' Unused
Immediate (32-bit) h

Register o 0o oo o0 1 o0 Opcode Rd ' ‘Rs2' | = Rst Unused
LB Addressing |0 0 0 |0 11 Opcode | Rd Rs2 - - " Rsl RMn | Unused
Shift / Rotate 0O 0 1 |0 l 0 0 Shift X Rd  ShiftAmt. - | ~ Rsl Unused -
Load 0 0 1 (o 1 0 1 ] x Rd I Rb Unused
Store ¢ ¢ 1 |0 1 1 0O 1 x _ Rd X Rb Unused
Branch 0 0 1 |0 I 1 1 Cond X ' : Offset
PE Control o 1 0|1l 0 0 0 PE Op x | Opmode | Config PE Sel Unused
DMA Control 1 DMA o8 | Amocunt of Data to Start address of DFB SRAMY Start address of Mem | Start address of Program/Data

Op 5d Transfer {Souw/Dst) RepSd | SRAM/ICS Reg(S/D) | St Memory (SowDst.)
Multiply 0o 1 1|1 1 1 1 X Rd Rs2 Rsl Unused
Dedicated . e : _ Not yet decided
Instructions o .
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Appendin A - TOS RISC IS Y Version L
Opcodes Mnemonics Description (Immediate) Description (Reglster) '.
o|(o0|0O MOVA Rd = Immediate Rd =Rsl
0|00 MOVB Rd = Immediate Rd = Rs2
0|0 1 AND Rd = Rd & Immediate Rd =Rsl & Rs2
0t0]1 OR Rd = Rd | Immediate Rd=Rsli |Rs2
-0 i o XOR Rd = Rd # Immediate Rd =Rsi ~Rs2
ol1]o NOT Rd = ~ Immediate Rd = -~Rsl
ol1{1]o0 ADD | Rd=Rs! + Immediate Rd =Rsl + Rs2
of1]1 SUB Rd = Rs1 — Immediate Rd = Rsl — Rs2
‘1./{0]o0 CMP Compare Rsl and Immediate | Compare Rs! and Rs2
1100 MESR Status Register = Immediate Status Register = Rsl
Mjot MRS N/A Rs1 = Status Register
2 Mnemonics Description
0 0 0 LSL Shift Left
0 0 1 LSR Shift Right
0 1 ASR Arithmetic Shift Right
1 | o ROT Rotate '
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Appemlic V= HOS RISC IS A Version 1LY
Cond Mnemonics Description
o 0 0 EQ Equal
0 0 1 NE Not Equal
0 1 0 AL Always (Unconditional)
o PE QOperations Mnemonics Description
0 0 0 PECONF Configuration of each PEs (4,8,16,32 bits)
0 0 1 PESEL To select certain PE (PEOQ ~ PELS)
0 1 0 PEMODE To select PE operation modes (Horizontal/Vertical/Circular modes)
0 1 | PEVEXE To execute specific program te each PEs in the same vertical line
1 0 0 PEHEXE To execute specific program to each PEs in the same horizontal line
1 ¢ 1 PECEXE To execute specific program to each PEs in the same circular line
_ DMA Mnemonics Description
Operations
0 0, 0 LDPEPRG Load maximum! 6 program data from Program memory to Embedded SRAM in PEs
0 0 1 LDDFB Load [arge amount of processing data for PEs from Memory to Data Frame Buffer
0 1 0 LDPEDATA Load large amount of processing data for PEs from DFB to Embedded SRAM in PE
o 1 1 WBREG Write back processed data in Embedded SRAM to the Registers in the ICS_RISC
1 0 WBDFB Write back processed data in Embedded SRAM o DFB
i 0 1 WBMEM Write back processed data in DFB to Data Memory
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Appendin A - TOS RISC IS Version LA

- '_'_l.'l " Instruction descriptions
. *  Immediate addressing : Short immediate values : 4.,8,16 bit ( 1 instruction word), Long immediate value
' Rd = Rd op Immediate (4,8,16,32 bit) :

31 30 2% 28 27 W 25 24 23 22 21 22 19 I8 17 16 15 14 13 12

132 bi_t.s:'(:2.instrun.::li(.).n \iﬁ:_jrﬂs_) e

4

mnm w9 8 7 6 S 3 2 1
! Instructionword ! O 0 0 (O O 0 O Opcode Rd 4, 8, 16 bit Constant
' 3 30 29 28 37 2 25 24 23 22 3 20 19 I8 17 16 15 14 13 12 1 w0 9 %8 7 6 5 4 3 2 1
Unused

2 Instructionwords [0 O O (0 O 0 I Opcode Rd

32 bit Constants

Description: The processed data from PEs and immediate data from regFile or data memory can be manipulated in the ICS_RISC so it can

process 4.8,16,32bit data.

* Register addressing :
Rd =Rsl op Rs2

Description: Rs| and Rs2 indicates the address of internal regFile(32 sets of 32bit data(32 x 32bi()}. The opcode idemiﬁcs_lhg opcratidns and
_ the manipulated data between Rsl and Rs2 is stored in the register which indicated by Rd. | | ' o '
e LB Addressing:
Rd =Rsl op Rs2 . o
. Description: When the LB Addressing becomes active. the sources of addresses become a Loop Buffer. It has :16 dcp_th.é_. of laoping :;hpacity.
= Shift/Rotate: | S :
Rd = Rs1 Shift by Amount
Description: According to the shiftCul and shiftAmt, the shifter can shift the input opcmnds..
= Load:
Rd = Mem [Rb]
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Description: Rd in the regFile ¢an load the data from data memory address which indicates by Rb,

e  Store :

Mem [Rb] =Rd

Description: Data in the regFile can store to the data memory address which indicates by Rb

* . Branch:
| If (Cond} PC = PC + Offset .
Description: According to the Cond signals, the Program Counter value can increase as much as o.ffset v_alr:.lg; U .
. Multiply : o -
Rd = Rsl * Rs2
Description: The operands can multipiied and stored in the Rd.
* PE Contol : -
. PECONEFE. PESEL, PEMODE {Horizontal/Vertical/Circular modes), PEEXE
* . DMA Control :
LDPEPRG: Load maximum16 program data from Program memory to Instruction Decoder in PEs
LDDFB: Load large amount of processing data for PEs from Data Memory to Data Frame Buffer
LDPEDATA: Load large amount of processing data for PEs from DFB to Embedded SRAM in PE
WBREG: Write back processed data in Embedded SRAM in PE to the registers in the ICS_RISC
WBDFB: Write back processed data in Embedded SRAM in PE to DFB
WBMEM: Write back processed data in DB to Data Memory
*  Dedicated Instructions
Not yet decided
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. 1.2 Addressing modes.
*  Immediate
*  Register

* Loop Buffer(LB) Addressing
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Appendix B-High-level Modeling of 3D-SoftChip Using SystemC

23 Special Features (ICS_RISC)
) *  Harvard architecture, 3 Stage Pipelined architecture(Fetch, Decode, Execute)
*  Memory access, during the execution stage, is done by load/store instructions only
*  All operations except load/store, PE and DMA operations, are register-to-register within

the ICS RISC

*  Single-cycle instruction execution

24 . System Components (ICS_RISC)

*  Program Counter : 32th GPR is a program coun.ler
*  Loop Buffer : 16 x 32-bit buffer to generate instruction address for iterative characteristic
instructions
* - Register file(General Purpose Register) : 32 x 32-bit general purpose register
. = Status Register : 4 kinds of flags (N: Negative / Less Than, Z: Zero, C: Carry / Borrow, V;
o Overflow)
* Instruction Register: Instruction decoder for ALU and Control Unit
* ALU& Control Unit: It is consist of ALU, Shifter, Multiplier
'+ 1O Unit: 32-bit Data input/output register (dinReg, dOutReg)

2.5 - ICS RISC Functions

See Appendix A

26 ICS _RISC Block Diagram (Input/Output Pin Description)

e ™
ICS_RISC
iData[31:0) iAddr[31:0]
—————t S e
dAddr{31:0]
Reset : dData]31:0)
| ___DMA Control .
Clock > .
L _

Figure 2.3: ICS_RISC Block Diagra.n (Input/Output Pin: Description)
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References for the ICS_RISC

[1] Yeong-don Bae, “Basic Microprocessor Design™, http:/fwww.donny.co.kr

[2] Yap Zi He, “Building A RISC Microcontroller in an FPGA”,

hitp:/iwww.opencores.org/projects/risemeu
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Appendix C-SystemC Codes

— — ————————————— — ——————— ————  —— — ——— 1
'.“
* SPE: Standard-PE for CAP(Configurable Array Processor){keader file for SPE)
* Copyright(c) 2005 hy Chul KIM, All rlght reserved
* Author: Chul KIM(ckim@student.ecue.edu.au)
* File name: spe.h
* Revision history: Yersionl
* Date: 17/172005
*

#include “systerne,h™
dinclude "iReg.h*
#include "mux.h"

SC_MODULE(spe) {
sc_in<bool> clock;
s¢_in<hool> resel;
se_ln<sc_uint<19> > instICS;  #instruction input from ICS
5¢_Ine<se_ulnteds > dIn, dLeft, dRight, dUp, dDown; fidata inputs
5¢_out<se_uint<ds » dQut; {/data output
sc_outese_vinl<ds > dQutadjPE; Hdata output for adjacent PEs
ffiemp signal for Instruction
s¢_signal<sc_ulnt<19> > §_inst;

Htemp signals from iReg(Instruction Decoder)
sc_signalese_uint<ds »5_muxACil;
se_sipnal<sc_uint<d> > s_muxBCL;
sc_signalesc_uiml<3d> > s_sopSel;
s¢_signal<bool> 5_dowtRCtl;
sc_signalesc_uint<2> >  s_regSel;
s¢_signalese_ointed> > s_sramSel;

sc_signal<bool> s_sramEn;
sc_signal<bool> s_rwRegEm;
sc_signat<hool> 5_rwSEn;

Hlemp signals for mux infoutput and ALU inputs

s¢_signal<sc_uint<d> »s_dIn, s_dLeft, s_dRight, s_dUp, s_dDown;
se_signal<sc_uint<d> >dRegOutA ;. freg out for muxA Input
sc_sipnatese_uinteds »dRegOutB; /ireg out for muxB input
sc_signal<se_uint<d> >muxAOut:

sc_signal<sc_uint<d> >muxBOut;

s¢_signal<bool> dRegA, dReqB; {fdata request for register

#temp signal for ALU output
sc_signal<sc_uint<d> »aluQut;

HMemyp stgnal for internal register
s¢_signal<se_uint<d> >regln;
sc_signal<se_uint<ds> »tmpl, tmp2, tmp3, tnapd;
sc_signalese_uinted> >regOut;

{flemp signals for SRAM
sc_signal rye<d> sramData;
sc_lved> ramData[16];

{ftemp signal for outpul data bus
I/ sc_signal<se_uinted> >doutBus;
se_signalesc_lved» >  doutBus;

veid do_latchi);
vold do_alu();

void do_reg(};
void do_sram();
void do_doutReg();

iReg* iRegl;
iReg* {Repl;
{Reg* IReg};
{Reg* iRegd;
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mux® muxA;
mux* muxB;

SC_CTOR(spe{

#ifdef STH

doutBus.initialize{0);

dOut.initialize{0);

dOutadjPE.Initinlize(0);

for {int i=0; k<16; i++) ramData[l}="XXXX";
#endif

k

1Regl=new iRep(""iReg");
IRegl-=inst(s_inst);
IRegl->muxBCI(s_muxBCil);
iRegl->doutRCtI(s_doutRCHly;
iRegl-»sramSel{s_sramSel);
iRegl->rwRegEn(s_rwRepgEn);
iReg2=ncw iReg("iReg"k
{Reg2-=inst(s_inst);
iReg2->muxBCtls_muxBC1);
iReg2->douiRCH(s_doutRCul);
iReg2->sramScl(s_sramSel);
iReg2->rwRegEn(s_rwRegEn);
iRegd=ncw [Reg({"iReg");
iReg3-»instis_inst);
iReg3->muxBCtl(s_nuxBC);
{Reg3->doutRCtl{s_doutRCH);
{Reg3->sramSel{s_sranSel);
iReg3->rwRegEn(s_rwHRegEn);
iRegd4=new iReg("iRcg");
iRegd-5Inst{s_inst);
iRegd->muxBCU(s_muxBCH);
iRegd->doutRCtl(s_doutRCtl);
iRegd->sramSel(s_sramSel);
iRegd->rwRegEn(s_rwRegEn);

nuxA=new mux{" mux');
muxA->muxCtl(s_moxACtl);
muxA->dReg{dRegOutA);
muxA->dRight{s_dRight);
muxA->dDown(s_dDown);
muxA->dReg(dRegAl;
muxB=new mux{"mux"});
muxB->muxCl{s_rauxBCl);
muxB->dReg(dRegOuiB);
muxB->dRight(s_dRight);
muxB->dDown{s_dDown}:
muxB->dRegidReqB);

SC_METHOIMdo_laich);
sensitive_pos << elock;

sensitive_neg << reset;

SC_METHOD{do_alu);

iRegl->muxACu(s_muxACt);
{Regl->sopScl(s_sopSel);
iRegl->regSel(s_regScl);
iRegl-»sramEn(s_sramEn);
{Regl->rwSEn{s_rwSEn);

iReg2->muxACtl{s_muxACtl);
iReg2-»s0pSel{s_sopSel);
iReg2->regSel{s_regSel);
iReg2-»sramEn(s_sramEn);
iReg2->rwSEn(s_rwSEn);

IReg3->muxA CuUis_muxACtl);
IReg3-=sopSel(s_sopSell;
IRegd-»>regScl(s_regScl);
iRegd->sramEn(s_sramEn);
iRegd->rwSEn(s_rwSEn),

iRegd->muxACtHs_muxACtl);
iRegd->50pSel(s_sopScl);
iRegd-»regSel(s_regSel);
iRegd-»sramEn(s_stamEn);
{Regd->rwSEn{s_rwSEn);

muxA->dIn(s_dIn);
muxA->dLeftis_dLeft);
muxA->dUp(s_dUp);
muxA->muxQut{muxAOut);

muxB->dinis_dIn);
muxB->dLeft{s_dLell};
muxB->dUp(s_dUp);
muxB->muxOut(muxBCut);

sensitive << clock << muxADul << muxBOut << s_sopSel << s_rwRegEn;

SC_METHOD{do_rcgh

sensitive << clock << 5_repSel << 5_rwRegEn << regln << dReg A << ¢ReqB;

SC_METHOD{do_sram);

sensitive << clock << 5_rwSEn << 5_stamEn << s_sramSel << regln << sramData;

5C_METHOD{do_doutReg);

sensilive << clock << s_doutRCil << doutBuos;
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Fid

* 5PE; Stondard-PE for CAP{Configurable Array Processor){source file for SPE)

* Copyright(c) 2005 by Chul KIM, All ¢lght reserved
* Author: Chul KIM{ckim@&student.ecu.cdu.au)

* File name: spe.cpp

* Revision history: Versionl

* Pate: 17/1/2005

*

#include "spe.h”

i/ Latch
vold spe::do_latchi) {
IF (reset) {
s_inst.write(0); s_dIn.wrlie{0); §_dLefLwrite(0);
| ( s_dRight.wrile{0); s_dUp.write(0); s_dDown.write{0);
clse
s_fnst.wrlle(nstICS.read(});
s_dIn.write(dIn.read{}}; /finput data bus
s_dLeftwrite(dLcft.read(}};
s_dRight.write(dRIght.read());
s_dUp.write(dUp.read());
s_dDown.write(dDowiLread(});
}
}
ALY
#define comp(a,b) ({{a)>(b)71: (((3)==(b})?0: -1}) {/comparator

void spe:ido_alu() |
#ifdel STM
unsigned short result=0;

#else
unsigned short result;
#endif
unsigned short srel=muxAQul.read();
unsigned short sre2=muxBOul.read();
switch(s_sopSel.read()) {
case 0t result = srcl & sre2;
case 1: result = srel | sre2;
case 2: result = ~srel;
case }: result = srcl » src2;
case 4: result =srel +sre2;
case 5; result = srel - srel;
case 6: resulf = srel * src2;
case 72 result = comp(srel,sre2);
default:
aluOat.write(result);
regIn.write(result);
}
# [nternal Register

void spe::do_reg{) {
if {s_rwRegEn) { {fread operation
switch {s_regSel.read()) {
case 0z regOut.write(tmpl);
case 1: regQut.write{tmp2);
case 2: regOut.write{tmp3);
case b regQut.write{tmpd);

default:
}
il {dRegA) {
dRegOutA = regOut;
}else {
doutBus = sc_lved> (regQut);
dOut = s¢_vint<4d> (doulBus);
1

break: Hand
break; for
break; {inot
break; ifxor
break; {fadd
break: }suh
hreak;  /spmul
break; Heomp
break;

break;
break;
break;
break;
break;

Houtput control
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§f (dReqB) {
dRegOutB = regOut;
} else {
doutBus = s¢_lv<d> (regOul);
d0ut = sc_uint<d> (dovtBus);
)
}elsej {twrile operaillon
swlich (s_regScl.read(}) {
case 0: tmpl = rogin; Jreak;
case 1: tmp2 = regln; breaks
case 2: tmp3 = regln; break;
case }: impd = reglng break;
default: break;
'
1
'
H SRAM
void spe::de_sram() {
if (s_sramEn) {
if {s_rwSEn} { {fread operation
sramData.write{ramData[s_sramSel.read{)]);
doutBus = sramData;
d0ul = sc_uint<d> {sramData);
# dOul = sc_uinted> {doutBus); #-- d0Out has a dummy value{#F)
Jelse fwrite operation
sramData= s¢_lved> (regln);
rambData{s_sramSel.read()] = sramData;
} else{
sramData = "ZZZ7';
1
}
} Data cutput register

void spe:ido_doutReg() {
il (s_dautRCtl) {
dOutadiPE = sc_uint<d> (doutBus);
)

W
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2 Proeceeing Accelerator-PE,

——————  — ————————————___——— ]
,fi
* iReg: Instruction Reg lor Processing Accelerator-PE{header file for 1Reg)
* Copyrighi{c) 2005 by Chul KIM, All right rescrved
* Author: Chal KIM{cklm@student.ecu.edu.au)
* File name: [Reg.h
* Revision history: Versionl
* Date: 29/172005
./

#include "systeme.h™

SC_MODULE({iReg) {

sc_in<ese_uini<19> > inst; {finstrueclion input
se_out<se_uint<i> > muxACtl HmuxA CU

sc_ott<se_uint<3> > muxBCil; SimuxB Ctl

sc_outesc_uint<d> > sopSel; H5-PE operation sel
se_out<hool> douwtRC1; fidata-out reg cll
se_oulese_uinl=2:s = regSel: Hntermal reg sel
sc_oul<sc_uint<d> > sramSel; HSRAM sel

sc_out<bool> sramEn; H#SRAM enable signal
s¢_out<bool> rwRegEn; Hinlernal reg read/write signal
se_out<bool> rwSEn; HSRAM read/write cnable signal

void do_iRcg();

SC_CTOR(iReg) [
SC_METHOD(do_iReg);
sensilive << inst;

#ifdet SIV
muxACtl.tnitéalize(0);
muxBCtl.initinlize{0);
sopSelinitialize(0);
doutRC1l=0;
regSel.initialize(0);
sram3el.injtialize(0);
sramin=0;
rwRegEn=0;
rwSEn=10;

Hendif

I

i*
* {Reg: Instruction Reg {for Processing Accelerator-PE(source file for iReg)
* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@student.ecu.edu.au)
* File name: iReg.cpp
* Revislon history: Versionl
* Date: 29//2005
*f

#indude "iReg.h"
void iReg::do_iReg() {

se_aind<19> tmp_inst;
1p_inst = inst.read():

rwSEn = tmp_Inst[18];
rwRegEn =tmp_inst[17];

sramEn = imp_inst[16];

sramSel = imp_inst.range(15,52);
regSel = tmp_insl.range(11,10);
doutRCul = (mp_insi{2];

sopSel = tmp_inst.range(8,6);
muxBCtl = imp_inst.range(5,3);
muxACl = tmp_inst.range(2,0);
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— - — ——————— ————— —————— ——— —— ]
It
* Mux: Mux for Processing Accelerator-PE(header file for Mux)
* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@student.cev.edu.au)
* File name; mux.h
* Revision history: Versiond
* Date: 20/1/2005
wf

#include "systeme.h”

SC_MODULE(mux) {

sc_in<se_ulnt<ds> = muxCtl; ffmux ctl input

sc_in«sc_uint<ds > din; /finput datz

sc_in<se_yint<d> > dReg; /fdala from intermal Reg

se_ln<sc_uint<d» > dLeft; Jidata [rom adjacent PE(from lefi PE)
sc_ln<sc_ulot<d> > dRight; fidata from adjacent PE(from right PE}
sc_lnese_ulnt<d> = dUp; {fdata from adjacent FE(from upside PE);
sc_inese_uninteds > dDown; /fdata from adjacent PE(from downside PE);
sc_out<se_upinted> > muxOut;

5¢_out<bool> dReq; /idata request for internal register

void do_mux{);

S5C_CTOR{mux) {
SC_METHOD(do_mux};
senslilve << muxCtl << dIn << dReg << dLeft << dRight << dUp << dDown;

#ifdef SIM
muxOut.inliialize(0);
dReq=0;
#endif
}
I
"l

* Mux: Mux for Processing Accelerator-FE(source file for Mux)
* Copyright(c) 2005 by Chul KIM, All right reserved

* Authar: Chnl KIM{ckim@student.ccu.edu.oun)

* File pome: mux.cpp

* Revisian history: Yersionl

* Date: 2H1/2005

*

#include " mux.h'

void mux::do_mux() {

switch (muxCtl.read()) {
case 0: imuxQut = ding dReq=0; break;
case It muxQut = dRep; dReq=1; hreak;
case 2: muxOut = dLelt; dReq=0; break;
case 3¢ muxOut = dRIght; dReq=0; break;
case d: muxOut = dip; dReq=0; break;
case 5: muxQut = dDown; dReq={}; break;
delault: break;
}
}
e ———
FiJ

* ALU: AL U for Processing Actelerator-PE(header file for ALL)
* Copyright(c) 2005 by Chul XIM, All right reserved

* Aulhor: Chul KIM{ckim@ student.ccu.cdu.au)

* File rame: alu.h

* Revislon history: Yersionl

* Date: 29/1/2005

*/

#include "'systemc.h"
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SC_MODULE{alu) {

sc_n«sc_uini<d» >
sc_inesc_uint<ds >
sc_inesc_uint<ds >
se_outese_ulnt<d> >
5c_outese_uinlzds =
se_put<sc_binl<d> >

aluAlng

aluBln;

aluCtl;

aluQut;

reglng

regTop; fitemp vep for MACMAS & output for lest

vold do_alu();

SC_CTOR{alu} {
SC_METHOD{do_alu);
sensitive << aluAln << aluBIn << aluCtl:

#ifdef SIM
atuQut.initalize(0);
regln.initialize(0);
regTmp.injtialize(0);
Hendif
1
k
f‘ﬂl

* ALU: ALU for Processing Accelerator-PE(source file for ALU}
* Copyright(c} 2005 by Chul KIM, All right reserved

* Author: Chul KIM(ckim@student.ccu.edu.au)

* File name; alu.cpp

* Revision history: Versionl

* Date: 29172005

*

#include "alo.h"

Hidefine MAC(AB,P) (((AYHBHHPY Hmac

HHidefine MAS(A, B (({A)*{B)-(P)) {fmas

/idefine  Mfasr-when the data-type Is signed, 1l should be modified

#define  ROR(A)  (({({A&Ox0D)&0x])}{{(A &OxOD>>0x1)]|0x8): (A &Ox0N)>>0x I }&0x0T) firotate
#define  ABS(A)  (((A&OxO<0x0?(-1*{A &x0N)):(A &Ox0f)) &OxOI) /fabs

vaoid alu:do_ahe() |

se_uint<d> resultysrel sre2 tmp,mul Timp; fftemp signals
srel = aloAIn.read();
srel = aluBlIn.read();
switch (aluCtlread()) {
case 0; result = srel*sreds break; {fpamal

case 1: mulTmp = srcl*sre?;

result = mudTmp + sc_vint<d> {regTmp);
case 2: mulTmp = srel*sre2;

result = mndTmp - sc_uinl<4d> (regTmp); break; {fmas

break; fmac

case 3: result = srele<l; break; /#s]

case 4; result = srelss1; break; Hlsr

ffwhen the data-type is signed, it should be modified(asr)

case 5: result = srels»l; break; Hasr{divider/2)
case 6: result = ROR(srel); break; /#ror

{fwhen the data-type s signed, it can be applicd(abs)
case 7: result = ABS{srcl); break; ffabs
default: break;

aluDul.wrilc{resull);

regln.write{result);

tmp = aluDut;

regTmp.write(tmp);  /dcfined in the header file, signal for Test
fise_oul<sc_uintd> > regTmp;
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* PAPE: Processing Accelerator-PE for CAP(header file for PAPE)
* Copyright(c} 2005 by Chul KIM, All righi veserved
* Author: Chul KIM(ckim@student.ecu.edu.au)
* File name: pape.h
* Revision history: Yersionl
* Date: 29/172005
./

#incade “systeme.h”
#include "iReg.hh"
#include "nux.h"
#include "alu.k”

SC_MODULE(pape) {
s¢_in<bool> clock;
s¢_In<hoal> resed;
sc_in<sc_uinl<19> » [nsiICS;  #instruction input from ICS
s¢_in<sc_uint<ds > dIn, dLeft, dRight, dUp, dDown;
s¢_out<se_ulnt<ds > dOut; {/dala output
sC_gutase_uim<ds > dOutad]PE; f{data output for adjacent PEs

fitemp signal for instructlon
se_signalese_uint<19» > §_lnst;

{ftemp signals from [Reg{Instruction Decoder)
sc_signalese_uint<3» >s_muxACil;
s¢_signatesc_uint<d>> s_muxBCil;
se_signal<sc_uint<3> > s_sopSel;
sc¢_signal<bool:> s_doutRCtl;
s¢_signatesc_uint<2» > 5 regSel;
sc_signaicsc_uint<d>> s_sramSel;

s¢_signal<hool> 5 srambn;
sc_signal<bool» s_rwRegEn;
sc_signal<bool> s_rwSEn;

fitemp signals for youx infoutput and ALU inputs
se_signalesc_uint<d» »s_dIn, s_dLeft, s_dRight,s_dUp, s_dDown;
sc_signalesc_uinted> »dRegOutA ;/reg out for muxd input
se_signolese_uint<4> >dRegOutB;ffreg oul for muxB input
se_signalesc_pint<d> >mmxACul;

s¢_signalese_uint<d> >muxBOut;

se_signal<hool> dRegA, dReqB; Hdata vequest for register

fitemp signal for ALU sutput
se_signal<sc_uint<4> >s_aluCut;
se_signakese_nint<d> >s_regTmp;

Hlemp signal for internal register
se_signalese_uint<d> »5_reging
se_signalese_uint<d> >tmpl, tmp2, tmp3, tmpd;
sc_signalese_uint<d» »regOut;

Hemp slgnals for SRAM
s¢_signal_ry<4> sramData;
se_lved» ramData[16];

Hternp signal for output dala bus
i sc_sigoalese_uint<d> »doutBus;
sc_signalesc_lv<d>> doniBus;

void do_taichi);
vokd do_reg();

void do_sram();
void do_doutReg();

IReg* 1Regl;
iReg* 1Reg2;
iReg* IReg3;
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Hifdef STM

#endif

k

iReg*
mux*
muy*
alu*

iRegd;
muxh;
muxB;
aluPAPE;

SC_CTOR(pape) {

iRegl=ncw iReg("iReg");
iRegl->Insi(s_insty
iRegl->muxBCilis_muxB i),
iRegl->dowtRC(s_doutRCID;
iRegl-»sramSel{s_sramSel);
iRegl->rwRegEn{s_rwRcegEn};
iRep2=new iRep{"iRep"");
iReg2->inst(s_inst);
IReg2->muxBCHU(s_muxBCH);
IKeg2->doutRCI(s_doutRCtl);
[Reg2->sramSel(s_sramSel);
|Reg2->rwRerEn(s_rwRepEn);
IReg3=ncw iReg("iRcg"');
iReg}-»inst{s_inst);
{Reg3->muxBCH{s_muxBCtly;
iReg)->doutRCt{s_deutRC1HI);
iRegd-=>sramSel(s_sramSel);
iReg3->rwRegEn(s_rwRegEn);
iRegd=new iReg("iReg");
iRegd-»inst(s_insty;
iRepd->muxBCtl{s_muxBC1l);
iRegd->dout RCtl(s_doutRCti);
iRegd-=sramScl{s_sramScl);
iRegd->rwRegEn(s_rwHegEn};

muxA=new mux("mu."");
muxA->mnuxCtl(s_r. .xACll);
muxA->dReg(dP..z0utA);
muxA->dRighris_dRight);
muxA->dDownis_dDown);
muxA->dReq(dRegqA);
muxB=new mux{"mux"*);
muxB->muxCtl(s_muxBCil);
muxB->dReg{dRepQuiB);
muxB->dRight{s_dRight);
muxB->dDown{s_cDown);
muxB->dRey{dRcqB);

aluPAPE=ncw alu("alu'');
aluPAPE->aluAln{muxA Qui);
aluPAPE->aluCil{s_sopSel);
AlUPAPE->regln(s_regIn);

SC_METHOD(do_laich);

sensitive_pos << clock;
sensttive_neg << reset;

SC_METHOD{do_reg);

sensitive << elock << s_regSel << s_rwRegEn << s_regln << dReqA << dReqB;

SC_METIIOD{do_sram);

sensitive << clock << s_rwSEn << s_sramEn << 5_sramSel << s_regin << sramData;

SC_METiIOD{do_doutReg);

iRegl->nuxACH{s_muxACH);
iRegl->s0pSel(s_sopSel);
iltegl->regSel(s_regSel);
iRegl->sramEn(s_sramEn);
iRegl->rwSEn{s_rwSEn);

tReg2->muxACtl{s_muxACtl);
iReg2-»sapSel(s_sopSel);
IReg2->regSclis_rcgSel)y;
iReg2->sramEn(s_sramEn);
iReg2->rwSEn(s_rwSEn);

iReg3->muxACO(s_muxACLl);
iReg3-»sopSel(s_sopSel);
iRegd->regSel(s_regSel);
iReg3-»>sramEn(s_sramEn);
iRegd.»>rwSEnis_rwSEn);

iRegd->muxACH{s_muxACtl);
iRegd->sopSel(s_sopSel);
iRegd-sregSel(s_repSel);
iRegd-»>sramEn{s_sramEn);
iRegd->rwSEn(s_rwSEn);

nmuxA->dIn{s_dIn);
muxA->dLelt(s_dLefi};
muxA->dUp{s_dUp);
muxA->muxOui{nuxAQut);

muxB->dIn{s_dIn);
muxB->dLefi{s_dLeft);
muxB->dUp(s_dUp);

mux B->muxOut({muxBOut);

aluPAPE->aluBIn(muxBOut);
aluPAPE->aluCut({s_aluOut);
aluPAPE->tegTmp(s_regTmp);

sensitive << clock << 5_dosiRCH << doutBus;

doutBus.initialize{8);
d0ut.initiallze(0);
dOutadjPE.initialize(0);

for (int =0 i<16: i++) ramDatafi]="XXXX";
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* PAPE: Processing Accelerator-PE for CAP(source file for PAPE)
* Copyright{c) 2005 by Chul KIM, All right reserved
* Author; Chul KIM{ckim@student.ccu.edu.au}
* File name: pape.cpp
* Revision history: Yersionl
* Date: 29/12005

s}
#include “*pape.h”
I/ Latch
void pape::do_latch() {
if {reset) {
s_finst.wrlte(0); s_dInwrite(0); s_dLeft.write(d);
s_dRight.write(); s_dUp.wrlie(0); §_dDown.wrlie(0);
Jelse {
s_inst.write(instICS.read());
s_dInwrite(din.rexd)y Hinput data bus
s_dLeft.write(dLeft.cead());
s_dRight.writc{dRlght.read{});
s_dUp.write(dUp.read());
s_dDown.write{dDowrLread()):
'
}
# Internal Register
vold pape::do_regi) {
il {s_rwRegEn) { fircad operation
switch (s_regSelread()) {
case 05 regOut.wrlieinpl); break;
case 1: regQut. write(tmp2); break;
case 2t regOutwrite(tmpd); breaks
case 3; regOut.write(tmpd); break;
default: break;
}
if (dRegA )} { {foutpul contro!
dRegOutA = regQut;
} clse {
doutBus = se_lved> (repQut);
dOut = sc_ulnl<d= (doutBusk;
}
If {dReqB) |
dRegOutB = regOut;
belse{
doutBus = se_lv<d> (regUut);
d(ut = s¢_uint<d> (doutBus);
]
j else If (s_rwRegEn==0) { Jiwrite operation
switch (5_regScl.read()) {
case 0: tmpl = s_regln; break;
case 1: tmp2 = s_regln; break;
case 2! lmpd = s_reglng break;
case }: tmpd =3 _regln; hreak;
default; break;
}
}
H
/i SRAM

void pape::do_sram() {
if {s_sramEn) {
it (s_rwSEn) { Mfread operation
sramData.write{ramDatals_sramSclLread(3]};
doutBus = sramData;
d0ut = se_ulnt<d= (sramDala);
# dOul = s¢_uint<4> {doutBus); /-- d0ul has a dumuny value(#F)
¥ else | fwrite operatlon
sramDala= sc_lv<d> (s_regIn);
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ramData[s_sramSel.read()] = sramData;

}elsef
stamDala = "ZZZZ";
}
}
/f Data outpul register

vold pape::do_doutReg(} {
ir {s_doulRCu) |
dQutadjPE = sc_unint<4> {dostBus);
1

3 ICS_RISC
3.1  Datapath Architecture

f'
* PC: Program Counter
* for 1CS{Intelligent Configurahle Switch)RISC Care(header file for pc}
* Copyright{e) 2005 by Chul KIM, All right reserved
* Author: Chul KIM(ckim@student.ecu.ediau)
* File name: pe.h
* Revision history: Version!
* Date: 23/3/2005
*

#include "systeme.h"”

S5C_MODULE{pc}{

sc_in<bool> clock;

s¢_lIn<hoal> reset:

s¢_in<bool> 1AregCtl; //Select Signal between aluQut/inerOut
sc_in<bool> dAregCtl;

se_lnese_vlnt<d2s > aluOut;

sc_outesc_uint<d2> » tAddr; {fInstruction Address
sc_oul<sc_uinl<32s » dAddr; {fData Address

void do_p<();
void do_amtoIner();

sC_uing<32s iAddrTmp;
se_uint<32> incrOut;
bool AddrOut;
sc_ulntel2s iAddrin;
SC_CTOR(po) |

SC_METHOD{do_pck

sensitive << clock pos() << reset << iAregCtl << dAregCtl << aluOut;
SC_METNOD{do_autolncr);

sensitive << clock.pos() << reset;

#ildel SIM
|Addr.inilialize{0);
dAddr.initialize(0);
#endif
}
b
,ft
* PC: Program Counter

* for 1CS{Intelligent Configurable SwilchyRISC Core{source NMle for pe)
* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KIM(ckim @student.ectnedu.au)
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* Flle name: pe.cpp

* Revision history: Versionl
* Date: 23320405
*
#include "pc.h”
vold pe::do_pe(} |
bool {AddrQutTmp;
It (reset} {
iAddr=20;
dAddr =0
) else {

IAddrTmp = iAddeln;
tnerOwt = IAddrTmp + 2;

!
It lATegCtl) {
J1Addr = aluGut;
tAddrOulTmp = 0;
Jelse {
iAddr = incrQut;
AddrOQutTmp = 1;
!
IAddrCut = iAddrOutTmp;

IF (dAregCtl) |
dAddr = aluQut;
!
}
vold peiido_aulolner() {
If (reset) §
{AddrIn=0;
} else if {AddrOun) {
if (clock posedge() {
iAddrins+;
}
]
}

f‘
* SR: Status Register
* for 1CS{Intcllipcnt Contigurable Switch)RISC Corc(header file for 51)
* Copyrightic} 2005 by Chul KIM, All right rescrved
* Author: Chul KIM{ckim@student.ecu.edu.au)
* Flle nanw: se.h
* Revision history: Yersionl
* Date: ¥2/2005
u

#nclude "systeme.h”

SC_MODULE(s) {

sc_in<bool> clock:
sc_lo<hool> resel;
se_in<se_uinteds > condFlag;
s¢_in<se_uint<d > whData;
s¢_ln<bool> whbSel;
sc_Iln<bool> stOEn;
se_ln<bool> SrWhEn;
s¢_out<hool> zFlag;
se_oul<se_uinled» > rdDala;
void do_sr();

sc_uint<ds stData;

A DISSERTATION FOT THE DEGREE OF MASTER OF ENGINERING SCIENCE 132



ID-SoftChip

A Novel 3D Vertically Iitearated Adaptive Computing Sysiem
Appendisn C-Svstem Codes

SC_CTOR(sr) {
SC_METHOD(do_sr);
sensltlve << clock << reset << condFlag << wbDala
<< whSel << stOEn << srWhEn;

#ifdel STM
zFlag.initialize(0);
rdData.inlilalize(0);
Hendif
!
I
I.
* SR: Status Register

* for ICS{Intelligent Configurable SwitchiRISC Core{source file for s1)
* Copyright(c) 2005 by Chul KIM, All right reserved

* Author; Chut KIM{cklm@student.ecu.edu.au}

* File name: sr.cpp

* Revision history: Versionl

* Date: 3/22008

L

#include **sr.h"

void sroda_sr{) {
if (reset) {
stData = 0;
} else If (st WhEn) {
il (wbSel) {
srData = condFlag;
}else {

}

srData = whData;

}
zFlag = srData[2];

if (stOEm) {
rdDaia = seData;
]

i rdData = srDEn ? sc_lved> (srData) : "ZZZZL";

ft
* LF: Loop Buffer
* for ICS(Intelligent Configurable Switch)R1SC Core{header file for I}
* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@student.ecu.cdu.au)
* File name: ILh
# Revision histery: Versionl
* Date: 14132005
¢

#include "'systeme.h™

SC_MODULEQLD {

sc_in<hoal» clock:

s¢_in<bool>» reset;

s¢_ln<hool> 1bEn; {fLoop Bulfer Enable
sc_in<bool» 1IbRWEn; /Loop Buffer Read/Write Enable

sc_inese_uint<3i> > 1AddrIn;  /iAddr Input for LF
sc_oul<se uint<d2> > iAddrOut; HiAddr Ouitput for LF
i sc_oul<se uint<d»>  fncr;

vold do_lE();
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sc_ulnt<32> huffli6];
se_ulnted= incr'Tmp;

SC_CTOR(ND {
SC_METHOD{do_If);
sensitive << cleck.pos{) << reset;

#irdel SIM
clock=0;
reset=1;
1bEn=0;
IhRWEn=({;
LAddrIn.initialize(0);
InerTmp.inltialize(15);
#endif
)
HH
’"

* LF: Loop Buffer

* for 1CS(Intelligent Configurable Swlich)RISC Core(source file for If)
* Copyright{c) 2005 by Chul KIM, All right reserved

* Authar: Chul KIM (ckim@student.ecu-edy.au)

* File name: H.cpp

* Revision history: Versionl

* Date: 17732005

+

#include "If.b"

void If::do_1E) {

if {clock posedge()) {
ir (IbEn) {
i (bRWEm} { {iread operatlon
InerTmp+-+;
A ddrOut.write(bufllincrTmpD;
}else | {iwrite operation
incrTimp--;
buflliner Trup] s iAddrin;
}
}
}
i fner = inerTmp;
}
T ———
,(.

* RegFile: 32 x 32 Regisier file

* for 1CS(Intelligent Configurable Switch)RISC Core(header file for regFile)
* Copyright(c) 2005 by Chul KIM, All right rescrved

* Author: Chul KIM{ckim@student.ccu.edu.aw)

* File name: vegFile.h

* Revision history: Versionl

* Date: /22005

¥

#include "systemc.h’

SC_MODULE(regFile} |

sc_ln<honl> clock;

se_ln<sc_uint<S>>  rdAldx; Hread Index A
se_in«se_ulnt<S> > rdBHx; Hread index B
s¢_in<bool> rdAQEn; {fread A ovtput enable
st_in<bool> rdBOEn; {iread B output enable
sc_Inesc_uint<S>>  wbldx; {fwriteback Index
se_ln<sc_uint<d2> > whData; {fwritehack data
s¢_in<bool> whEn; Jwriteback enable

s¢_la<se_ulni<d2> >  pe;

A DISSERTATION FOT THE IDEGREE OF MASTER OF ENGINERING SCIENCE 134



ID-SoftChip

A Novel 3D Verticadly Tntegrated Ndaptive Computing Systein
Appendis C-SystemC Codes

§¢_out<ge_uint<d2>>rdAData; Mread data A
sc_out<sc_uint<32> > rdBData; Hreaddata B

sc_slpnalesc_ulnt<32> >gprigprl,gpr2 gpri,gprd pprs,gpréepr7,gprd gord,
gpr10,gpril,gpri2.ppridpprid,gprisepelé,gprl? gprid,ppridgprio,
gpr21,gpr22gpr2d gpr2d,gpr25,epré,gprlt,gprl8 gpe29,gprit,gpril;

sc_slgnal<sc_uint<32> » rdADataTmp, rdBDataTmp;
vold do_regFilel);
SC_CTOR(regFile) {

SC_METHOIMdo_regFiley;

sensitive << clock.pos() << rdAldx << rdBldx << rd ADEn << rdBOEnD << wbldx
<< whData << whEn << p;

#ifdef SIM
rdAData.Inltinlize(0);
rdBData.initlalize(0);
#endif
)
k
'fi

* RepFile: 32 x 32 Register file

* for ICS(Intelligent Configurable Switch)RISC Core{source file for regFile)
* Copyright(c) 2005 by Chul KIM, Afl right reserved

* Author: Chul KIMickim@student.ecu.edu.au)

* File name: regFile.cpp

* Revision history: Versionl

* Date: 322005

*

#Hinclude "regFile.h”
void regFile::do_regFile() {
if (whEn) {
switch (whldx.read{)}

case §: gpri.write(wbData); break;
case }: gprl.write(whData); break:
case 2: gprl.write(wbData); breaks
case }: gprd.write{whData), break;
case 4; gprdwrite(whDaia); breaks
case 5: gpri.write(whDaia); break;
case 6; gpré.write{(whilaia); break;
case T: gprl.write(whData); hreaks
cas¢ B: gpt8.write{whiata) break;
crse 9 gprd.write( whikatay; break;
case 10: gprl®owrite(whData); break;
case 11: gpellwrite(wbDatay; break;
case §2: gpril.write{wbData); bircak;
case 13: gprldwrite(whData) break;
case 14: gprid.write(whDala); breaks
case 15; gprlS.write{whData); break;
case 16: gprif.write{wbData); break;
case 17; gprit.write(whbata); break;
case 18: gpr18.write{wbData); break;
case 19: gpr1P.write(wbData); break;
case 20: gpr20.write{wbData); break;
case 21: gpr2l.write(wbData); break;
case 22: gpe2l.write(wbData); break;
case 2}: gprid.write(whData); break;
case 2:4: ppr2d.write(whData); break;
case 25: ppr2S.write(whDaia); break;
case 26: gpri6.write(whllata); break;
case 27: gpra7,write{whbData); break;
case 28: gpr28.write(whbiata); break;
case 29: gpr2%.write{wbData); break;
case 30: gprd0.write(whData); break;
case 31: gprilwrite(pc); break; Hfor PC
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'
if (rdAOEn) {

default:

switch (rdAldx.read()) {

}

}
it (rdBOEn) {

case {: rdAData = gpri);
case 1; rdAData = gprl;
case 2: rdAData = gprl;
case ¥ rdAData = gprd;
case 4: rdAData = gprd;
case £: rdAData = gpr$;
case 6: rdAData = gprb;
case 7: rdAData = gprT?,
case 8: rdAData = ppr8;
case 9: rdAData = gpr9;
case 10: rdAData = gpril;
case 11: rdADala = ppril;
case 12: rdADala = gpri2;
case 13 rdAData = gprid;
case 14: rdAData = gprid;
case 15: rdAData = gprl5;
case 16: rdAData = gprl6;
case 17: rdAData = gprl7;
case 18: rdAData = gpri8;
case 19: rdAData = gprl®;
case 20: rdAData = ppr20;
case 21: rdAData = gprll;
case 23: rdAData = gpril;
case 23 rdAData = gpr2d;
case 24: rdAData = gpr24;
case 25: rdAData = gpr25;
case 26: rdAData = gprlé6;
case 27: rdAData = gpraT;
case 28: rdAData = gpr28;
case 29: rdAData = ppr2¥;
case 30: rdAData = gprd;
case 31: rdAData = pe;
default:

switch (rdBldx.read()} {

case 0: rdBData = gprd;
case 1: rdBData = gpri;
case 2: rdBData = gpr;
case }: rdBData = gprd;
case 4; rdcData = gprd;
case 5: rdBLata = gpr$;
case 6: rdBData = gpré;
case 7: rdBData = gpr7;
case 8: rdBData = gpr8;
case 9: rdBData = gpr9;
case 10: rdBData = gprid;
case 11: rdBData = gpril;
case 12: rdBDxata = gpri2;
case 13: rdBData = gprid;
case 14: rdBData = gprld;
case 15: rdBData = gprl5;
case 16: rdBDuta = gpris;
case 17: rdBData = gprl?;
case 18: rdBData = gpri§;
case 19: rdBData = gprl9;
case 20: rdBData = gpr2;
cus¢ 21: rdBData = gpr2l;
case 22: rdBData = gpr2l;
case 2} rdBData = gprl);
case 24: rdBData = gpr2f;
case 25: rdBidata = gprlS;
case 26: rdBData = gpr26;
case 27: rdBlata = gpr27;

break;

treak;
break;
break;
break;
break;
break;
break;
break:
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break;
break:
break;
break;
break;
break:
break;
break; #for PC
break;

break;
break;
break;
break:
break;
break;
break;
break:
break;
break;
break;
break;
break;
break:
break;
break;
hreak:
break;
break:
break;
break;
break;
break;
break;
break;
break;
break;
break;
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case 28: rdBData = gpr28; hreaks;
case 29 rdBDaia = ppr29; breaks;
cnse 30: rdBData = gpr30; breaks
case 31: rdBDala = pr; breaks fffor PC
default: breaks;

P ——— ]

I*
* aluDel: Definition of the ALU functions
* Capyright(c) 2005 by Chul KIM, All right reserved
* Author: Cho! KIM{ckim@student.ecuedu.aun)
* File name: aluDelh
* Revision history: Versionl
* Date: 21212005
»f

#imdef _ALU _DEFINE_H_
#define _ALU_DEFINE_H_

#t ALU Function Definitions
#define CMD_MOVA 0x0
#define CMD_MOVE 0x1

#define CMD_AND 02
#define CMD_OR 0x3
#idefine CMD_XOR Oxd
#define CMD_NOT 0xs
#define CMD_ADD 0x6
#define CMD_SUD 07
#define CMD_CMP 0x8
#endif

"i

* alulCS: ALU for 1CS(Intelllgent Configurable Swilch)RISC Core(header file for 2{ulCS)
* Copyright{c) 2005 hy Chul KIM, All right reserved

* Author: Chul KIM{ckim@student.ecu.edu.au}

* File name: aluICS.h

* Revision history: Versionl

* Date: 2722005

»f

#include "systeme.h"
#include “aluDelh™

SC_MODULE(atulCS) {

sc_nese_uint<32> > aleAlng
sc_in<se_uint<32> > aluBIn;
se_Inesc_nint<d> > aluCtl;
] s¢_in<bool> cloy Jfearvy input
se_oub<se_uint<d2> > ahsOut;
sc_out<sc_uint<d> > condFiag; ffcondltlonal Bags

void do_alu{);
sc_signalcbool» of, vI, nf, zf;

SC_CTOR{alulCS}{
SC_METHOD{do_alu};
sensilive << aluAIn << aluBln << aluCil;
#ifdef SIM
aluCutinitialize(0);
condFlag.inltialize(0);
#endif

A DISSERTATION FOT THE DEGREE OF MASTER OF ENGINERING SCIENCE 137



3D-5o{tChip

A Novel 2 Vertically Tntegrated Adaptise Computing System

Appendiv C-SystemC Codes

h

e

* aluICS: ALU for 1CS(Intelligent Configurable Switch)RISC Core(source file for alufCS)

* Copyrighiic) 2005 by Chul KIM, All right rescrved

* Author: Chul KIMi{ckim@student.ccu.edu.au)
* File name: aluICS.cpp
* Revislan histary: Verslonl

* Dute; 2272005
.

#include "aluICS.h"

#define comp{a,b) (¢{n;>(b))?1: {{{a)==(b))?0:-1))

# ALY
void alulCS::do_alv'; {
Hifdef SIM

signe { short result = 0;

#else

stgned short resull;

#endif

slgned short srel = aluAInread();

signed short src2 = aluBIn.read();
I} slgned short {cin = cIn.read();

slgned short cmd = aluCtlread{();

sC_uint<d>

tmpCond;

switch (emd & 0xF) {

case 0: reselt = svel; break; HCMD_MOVA
case L: result =src2; hreak; HCMD_MOVDB
case 2: result = secl & sre2; break; HCMD_AND
case ¥ result = stel | sre2; break; #CMD_OR
case 4: result =srcl # srel; break; {{CMD_XOR
case 5: result = ~seel; break; HCMD_NOT
case 6: result = srel + ste2; break; H#CMD_ADD
case 7: result = srcl - sre?; break; #CMD_SUR
case §; result = comnpisrel sre2); break; HCMD_CMP
default: break;
}
#f Conditional Flags
if {result & 0xFFFFO000) cl.write(l); /carry/Borrow flag
clse cl.write(0);
if {(vesult & OxFFFFMH) vi.write(1); Hoverllow Mlag
clse vl.write{0);
result &= 0xFFFF:
il (result == 0 zL.write{1); Mzero flap
clse zl.write(0);
il (result & 0x8000) nfiwrite(1}; #nepative Nag
clse nf.write{0);
aluDut.writelresvle);
tmpCand[3]=nl;
tmp Cond(2)=zf;
tmpCand[1])=cf;
tmpCond(0)=vf;
condFlag=tmpCond;
1
!l

* MUL: multipller

* for ICS(Inteltigent Configurable Switeh)RISC Core(header fle for multiplier)
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* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KEM(ckim@student.ccu.edu.au}

* File name: mul.h

* Revision history: Versionl

* Date: 14/3/2005

¥

#include "systeme.h'

SC_MODULE(mul} {

s¢_in<hool> clock;
sc_in<hool> resel;
sc_ln<se_uint<d2> > mulAln;
se_ln<sc_uint<32> > muiBln;
se_out«se_uint<32> = mulOut;

void do_mul{);

SC_CTOR{mul) {
SC_METHODi{do_mul);
sensitive <« clock << reset << mulAIn << mulBIng
#ifdefl STM
mulOut.initialize{0);
#endif

%

f!
* MUL: pltiplier
* for TCS({Intclligent Configur able Switch)RISC Core(source file for multiplier)
* Copyright(c} 2005 by Chul KIM, All right reserved
* Author: Chul KIM (ckim@student.ccu.cdu.aw)
* File name: mul.cpp
* Revision history: Versionl
* Dale: 14/3/2005
*

#include "mul.h"

void muk::do_mul() {
s¢_uint<32x srcl, svel, result;
srel = mulAlng
src2 = mulBIn;

result = srcl * sre2;

mulQut. write{result);

—  — —— — — —— —_ ———— —— _____—— - ——____—

'n't
* Shifter: Shifter for 1C5(Intelligent Configurable Switch)RISC Corefheader file fer Shifter)
* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@studeat.ecu.cduw.an)
* File name: shifter.h
* Revision history: Versiond
* Dale: 2742005
*

#include "systeme.h”

SC_MODULE(shifter) {

se_Inese_uint<32> > shiftIn; Hshifler Inpul
sc_ln<sc_uint<S> > shiftAmt; J/shifter amount
sc_in<se_ulnt<d> > shiftCil; {feontral input
se_out<se_uint<i2> shiftQut; Jishifler output
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void do_shift{);

SC_CTOR(shifter) {
SC_METHOD(do_shif1);

sensliive << shifiln << skiftAmt << shiftCil;
#ifdel SIM /
shiftQut.initialize(d);
fendil
}
h
;0

* Shifter: Shifter for ICS{Intelligent Configurable Switch)RISC Core(sourre file for Shifter)
* Copyrightic) 2005 by Chul KIM, All right rescrved

* Author: Chul KIM(ckim@stadent.ccnedu.au)

* File name: shifter.cpp

* Revision history: Versionl

* Date: 2/2/2005

.

#include “shiftec.h"

void shifter::do_shift{) {
s¢_uint<32> w_shiltInw_shiftOut;
se_uint<S> w_shiftAmi;
sc_uint<d> w_shiftCtl;

w_shiftln=shiftIn;
w_shHtAmt=shiftAmi;
w_shiftCtl=shiftCu;

switch (w_shiftCul) {
case 0: w_shiftOut = w_shiltIn << w_shiftAmt; break;  Hlogical shift left
case 1: w_shiftOut = w_shiftln == w_shifiAmi; break; foglcal shift vight

i case 2: w_shiftQut = ({32({w_shiftIo[31]H<a(32.w_shiftAmt))|(w_shiftin->w_shiftAmt); break;

i Arithmetie Shift Right should be modificd.

f case 2: w_shiftOut = ({w_shiltEn[32]{w_shiftln|31]}}<<(32-w_shiltAmt))|iw_shiftIn>>w_shiftAmt);
break;

case 2: w_shiftOut = w_shiltIn »> w_shiftAmt; break;
case 3: w_shiftOut = (w_shiltIn »> w_shiftAmt) | (w_shiftIn << (32-w_shiftAmt)); break;

{/Rotate
default:
break;
}
shifiQut.write(w_shiftQut);
}
= ————————————
’t

* Datapaih: Data-path architecture

* for ICS(Intctligent Configurable Switch)RISC Core(header file Tor datapath)
* Copyright(c) 2005 by Chut KIM, All right reserved

* Author: Chul KIM(ckim @student.cor.cdu.au)

* File name: datapath.h

* Revision history: Yersionl

* Date: 30472005

*f

#include “'systemc.h”
flinclude "pc.h”
#lnclude “'sr.h"
#include "IL.h"
#include "'regFite.h"
Hinclude "atuDefh"”
#include "atulCS.h"
#include "shifter.h"
#include "mul.h*
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SC_MODULE(datapath) {

s¢_in<bool> clock;

s¢_in<honk> reset;

so_in<se_nint<32> > ir. mg #Emmediate Data

sc_ln<bool> cmpFlag; /Compare Flag

sc_in<bool> srOEn;  //Status Register Enable

s¢_in<hool> stWhEn; /Status Register Read/Write Enable
s¢_inese_uinted> > aluCil; H#ALU Control Signal

sc_in<bool> aluQEn; /ALU Qutpul Enable
s¢_in<se_uint<ds > shiftCtl;  //Shifter Control Signa)

s¢_in<bool> shiftQEn; //Shifter Oulput Enahle

s¢_in<bool> mulOEn; //Multiplier OQutput Enable
sc_in<se_pint<S> > opAldx;  /QOperand A Index
se_in<sc_uint<S> > opBldy; /Opcrand B Index

s¢_in<hool> rdAOLEn; /Read A Qutpui Enable

s¢_in<boal> rdBOEn; //Read B Gutput Enable
sc_inesc_upint<S> > whidx; f¥¥ritehack Index

sc_in<hool> whEn; {AWriteback Enable

s¢_inebool> immOEn; Almmediate Qutput Enable
5¢_in<bool> [AregCll; //Instruction Address Register Control
se_in<boal> dAregCll; /#Data Address Register Control
s¢_in<hool> dInCil; #Mata Input Control

5¢_in<hool> dOutCtl;  #Data Output Control
se_in<se_uint<32> > dln; {{Data Input

5¢_in<bool> IbEn; {fLoop Bulfer Enable

s¢_in<bool> IbRWEn; #Loop Buffer Read/\Yrite Enable
{#Output Signals

s¢_out<hool> zFlag; #Zero Flag

se_outese_uinted2s 1Addr; ffInstructlon Address
s¢_pub<se_uint<i2s > dAddr;  //Data Address

sc_out<se_uinf<3Z»> » d0ut; {Data Oulput

#Temp Signals

se_sipnalesc_uint<32> > husA, busB, busW;

s¢_signalesc uini<32> > s_aluQut; HALU Qutput Signal
sc_sipnalse_uini<d> = s_condilag; ffConditional Flag
se_signal<se_uinl<32> > s_shiftOut; /{Shifter Qutput Signat
sc_sipnalese_uinl<32» > s_mulOut; ultiplier Output Signal
sc_sipnal<se_uint<d> > tmpbusA, tmpbusV;  /Temp Signals far SR
s¢_sipnalesc_uint<S> = s_shiflAmi; #Temp Signal for Shifler
sc_signal<sc_uint<d2> > plAddr; HInsiruction Address from PC
se_signalese_uint<32> > 1LAddr; fnstruction Address from LF
void do_outCil(); HFuncilon for Output Control

void do_tnOutReg(); ffFunction for Data In/QOut Reglsicr

void do_sigDiv(} { {#Function for Gen. Signals for Status Register
sc_uint<32> busAl, busWi, busBl;

busAl = busA;

busW1 = husW;
busB1 = busB;

tmpbusA = busAl.range(31,28);
tmpbusW = busWl.range(31,28);
s_shiftAmil = busBl.range(15,11); #/Signal for Shift Amount Controt

}

Bt ipe;
sr* (13
e ilf;

regFile*  iregFile;
alICS*  jaluICS;
shifter*  ishifter;
mul* imul:

SC_CTOR(datapath) {
ipc=ncw pe('pc”);
ipe->elockiclock); jpe-»resel{resct); ipe->iAvegCtl(IAregCUl);
Ipc->dAregCtl{dAregCul; ipe->atuQut(s_aluQut);
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pc->tAddri{piAddr); ipe->dAddr{dAddr);

isr=new sri''sc"');

isr->tlock{ctock); Isr-»reset{reset); isr->condFlag(s_condFlag);
isr->whData{imphusi¥); Isr-»wbSel(cmpFlag); isr->srOEn(srQOEn);
{sr>st WhEn{srWhEn); tsr->zFlag{zFlag); isr->rdDataltmpbusA);

ialuIC8=ncw alulCS("alulC8");
jalnICS->aluAIn{busA); ialo1CS->aluBIn(busB);

infulCS->aluCui(s_aluQut); jaluICS->cond¥Fiag(s_condFlag);

Ishifter=new shifter{"shifter");
ishifter->shiftTn{busA);ishifter-=shiftAmt(s_shiftAmt);

istifter->shiftCtlishinCtiy; ishifter->shiftQut(s_shiftOul);
imul=new (" mul");

{mul->clock{clock); imul->reset(reset);
imul->mulBIn(busB); Imuf->mulGut(s_mulQut)
tif=new W{"1f"*);

[f-clock(clock); ilf-=reset{resct);
fif->1bEn{lbEn); ilf-»>1AddrIn{ptAddr);
ircgFile=new regkile("regFile”);

ircgFile-»clockiclock); iregFile->rdATdx(opAldx});
iregFile->rdAOQEn{rdAOEn}; iregFile->rdBOEn(rdBOER);
iregFile->whData{busWk jregFile->wbEn(wbEn);
ircgFile-srdAData(busA); iregFile->rdBDatla(busB);

SC_METHOD{do_outCil);

jalal CS->aluCti(aluCl);

[mul->mulAIn(busA);

f->IbRWEn(lbRYWEn);
itf->iA ddrOut(l1Addr);

iregFile->rd BIdx(opBldx):
iregFile->whIdx{wbIdx);
iregFile->pedlAddr);

sensitive << immOEn << aluDEn << shilOEn << riul0En << IbEn << clock << reset;

SC_METHOD{do_inQutReg);
sensitlve << dInCtl << dQutCtl;
SC_METHOD(do_sigDiv);
sensitive << ¢lock << resets

#ifdef SIM
zFlag.initialize{0);
iAddrinitialize(0);
dAddrinitialize{0);
dQut.Inltialize(D);
#endif
}
k
I

* Datapath: Data-path architecture

* for 1CS{Intefligent Configurable Switch}RISC Core(Source file for datapath)
* Copyright{c) 2005 by Chul KIM, All right reserved

* Author: Chul KIM{ckim@studenl.ccu.edu.av)

* File name: datapath.epp

* Revision history: Verstonl

* Date: 30/4/2005

*f

#include *'datapath.h”
void datapath::do_outCa{) {
if (fenmOEn) {
bush = imm;

}
if (aluQEm} |
busW = s_aluOut;

}
if (shiftOEn} {
busW = s5_shiflOul;

!
if (mulOEn) {
busW = s_mulOut;

}

if (IbEn) { HLoop Bulfer Addressing
iAddr = IlAddr; {Instruclion Address from LB

}else |

}

{Addr = plAddr; #Instruction Address from PC
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vold datapath::da_nOutReg() {

It {GInCuY) {

busW =din;

}
if (@QutCil) {

d0ot = bush;

1

3.2  Control Architecture

—
*

* Del: Macros for ICS_RISC
* Capyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KEM{ckim@student.ccu.edu.au)

* File name: def.h

* Revision history: Versionl

* Date: /52005
*f

#define INST_ALUIS
#dcfine INST_ALUIL
#define INST_ALUR
#define INST_ALULB
#define INST_SHRO
#dcfine INST_LOAD
#define INST_STORE
#dcfine INST_BRANCII
#dcfine INST_PECON
#define INST_DMA
#define INST_MUL

#dcfine COND_EQ
#define COND_NE
#define COND_AL
ft#deline COND_NV

#define OP_MOVA
#define OP_MOVB
#dcfine OP_AND
#define OP_OR
#dcfine OP_XOR
#define OP_NOT
#define OP_ADD
#define OP_SUB
#deflne OP_CMP
#defice OP_MSR
#dcfine OP_MRS

#tdefine STI_LSL
itdefine S11_LSR
#define SH_ASR
#define SH_ROT

* Feich: Feleh Unit for 1CS_RISCheader file for feich)
* Copyright(c) 2005 by Chul KIN, Al right reserved
* Avthor: Chut KIM (ckim@student.ccu.cdu.au)

* Flle name: fetch.h

* Revislon history: Versionl

* Date: 17572005
*

;\amqa\m&wwno

L ]

B\Dﬁﬂﬂ\uhmml—c

fad b e S

#Data Input Register

#iData Quiput Register

HALU Imm. Short(1 Inst. word)
HALU I, Long(2 Inst, word)

HALU Register

#ALU Loop Buffer Addressing

HShift/Rotate
#Load

HiStore
ffBranch

HPE Contral
/DMA Control
JMMultiply

HEqual
#Not Equal
fAlways
//Never
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#include “systeme.h"

SC_MODULEfletch) {

sc_nchool> clock;
sc_in<sc_uint<32» > dIn; {finstrection Data
sC_out<sc_uint<d2> > fTast; /fFetched Data

vold do_Fetch();

SC_CTOR(fetch) {
SC_METHOD{do_tetch);
sensilive << clockpos() << din;

#ifdef SIM
fnst.injtialize(0);
#endif

k

!C
* Fetch: Feteh Unit for IC5_RISC({Source file for fetch)
* Copyright(c) 2005 by Chul KIM, AL right reserved
* Anthor: Chul KIM{c Kim@student.ecitedu. au)
* File name: fetch.cpp
* Revision history: Versionl
* Dale: 1/5/2005
.

#include "fetch.h"

vold fetch::do_feich() {
Mnst = dinread(};
H

,u"
* Decode: Instruction Decoder Unit for ICS_RISCihicader file for decode)
* Copyrighi(c) 2045 by Chul KIM, Al right reserved
* Author: Chul KIM{ckim@student.ecu.edu.au}
* File name: decodeh
* Revision history: Yersionl
* Dale: 1/5/2008
*f

#include "'systemc.h"
Hinciude "defh"

SC_MODULE({decode) {

sc_in<hool> clock;

s¢_n<hool> reset;

se_inese_uint<32s » {Inst; #Fetched Instruction

s¢_in<bonl> flush; #Pipeline Flush

s¢_out<bool= refill; HPipeline Refill
se_oulesc_uint<ds » instld; {Anstruction 1D
sc_out<se_uint<ds > cond; {fBranch conditlon
se_out<se_uint<ds = opcodi; #10p code

sc_out<se_uint<ds> > shift: #fshift contrel signal
sc_nut<sc_uint<Ss > rslldx; HRb/Ms1 Index
s¢_out<se_uint<Ss > rs2idx; #Rs? Index

s¢_outese_uind<Ss > rdldx; {fRd Index

5c_out<sc_uinl<d2» > imm; Hmmediate data

sc_out<hool> immFlag; H1mmediate operand flag
s¢_out<bool> cmpFlag; #Compare flap(update status vegister/no writeback)
se_out<hool> branchFlap; {fBranch Flag

s¢_out<bool» exliFlag; HEnd of simulaion flag
sc_vut<bool> stOEn; HStatus register oulput enahie
s¢_out<boal> st WhEn; /Siatus register read/write enable
HExtended OQutput
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JfFor Leop Bulfor

sc_out<hools 1bEn; HL.oop Bulfer Enable

sc_out<hool> IbRWER; {fLoop Buffer Read/Wreite Enable

IPE Control

se_oul<se_uini<d> » PEOp; HPE Execute Operalions
se_oul<sc_uint<l> > PEOpmode; {PE Operation Mode Selection
se_out<sc_uint<l> = PEConfig; H#PE Configuration

se_out<se_uinted> > PES¢l; HPE Sel

HDMA Conirol

sc_outese_uint<d> > DMAOQp; H#DMA Execute Operations Sclection
s¢_oul<bool> DFBSel; HData Frame DufTer Sclectioni 2 Sets)
s¢_oul<se_uini<ds = dataimi; f#fAmount of Data te Transfer
s¢_outesc_uintet> > startAddr DFB; {iStart Address of PFB({Source/Dest.)
se_gut<bool> SRAMRegSel; #iSclect hetween SRAM/ICS_RISC Reg(Source/Dest.)
sc_put<se_uinteS> > startAddrSRAMReg; //Start Address of SRAM/CS_RISC Reg(SD)
sc_out<bool= memSel; /Miemery Scleclian(ProgranyData}l
sc_outesce_uint<10> > startAddrProgBDaMem; /Start Address of ProgranyData Muemary (S/D)
sc_uint<T> finstid; #iinst[31:25] for extraci Insiruction 1D
se_uint<d> instIdTmp; {MDescribe the 10 sets of Instruction 1D
void do_pipeclineCt1(}; {fFunction for pipeline control

void do_instId(); fFuncilon for extract instruction ID

void do_cond(); HFunction for condition

void do_fieldExi{); f{Funciion for instrucilon feld extraclion

SC_CTOR(dccode} |
SC_METHOD{do_pipetineCil);
sensitive << elock.pos{) << MNush;
SC_METHODdo_instld);
sensitive << cleck.pos() << {Inst;
SC_METHOD(do_cond);
sensllive << clock. pos();
SC_METIIOD(do_fieldExt);
sensitlve << clock.pos() << Mnsy

B

)f.
* Decode: Instruction Decoder Unit for $CS_RISC(source file for decode)
* Copyright(c) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@student.ecu.edu.au)
* File name: decode.cpp
* Revision history: Versionl
* Date: 2/5/2008
*

#include "decodeh”

void decode:ido_pipelineCil() { {Function for Pipeline Cantrol
hool refifll Tmp;
I {reset) {
refillTmp=1;
}else{
if (flush) {
refiliTmp = 1;
refill = 1;
}else {
refillTmp = 0;
refll = refillTmp;
}
}

}
= —— e ——  ——————————— ]

,(t
* Execute: Execute Unit for ICS_RISC(header file for exccute)
* Copyright{c) 2005 by Chul KIM, ANl right reserved
* Author: Chu) KIM{ckim@student.cen,edi.au}
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* File name: execute.h

* Revision history: Versionl
* Date: 2/5/2005

*/

#include "systeme.h”
#include "defh"

/#0pernad A Coatrol

#define ARD ['H HOperand A : Rd

#define ARS1 1; HOperand A ; Rsl

#define APC 2; #0perand A s PC
#Qperand B Control

#define TIM 0; #O0perand B : Immediate
#define BRS2 1; H#Operand B : Rs2/ShiftAmt
#define BRD 2; HOperand B : Re

SC_MODULE(exccute) {

s¢_in<hool> clock;
s¢_lnese_uinteds» > Instlds ffinstruction ID
s¢_lacse_uint<d»>»  cond; ffCondition
se_in<sc_uint<d>>  opcode; f#0p code
s¢_inese_uinl<d> >  shift; /Shift Type
se_loese_uinl<S=>  rslldx; fRs] Index
s¢_inese_uinl<S>»  rs2ldx; fRb/RS52 Index
s¢_lnesc_uinl<S>>  rdldx; #Rd Index
sc_inesc_uint<}?> > imnt; {Mmmediate dain
s¢_lnchool> immFlag; {lmmediate Operand Flog
s¢_ln<bool= cmpFlag; f{Compare Flag (update SR, No writeback})
sc_ln<bool> srOEn; #Status Register Output Enable
5¢_ln<baol> sr¥WhEn; #Status Register Writeback Enable
#QOutput Signals
sc_outesc_uinted=> akluCtl; #ALU Control
sc_out<bool> aluDEn; #ALU Ouiput Enable
se_outesc_vint<d>>  shiftCul; #Shifter Control
sc_gut<hool:> shiftOEn; {tShifter Qutput Enable
s¢_out<bool> mulOEn; i3 ultiplier Output Enable
sc_out<sc_uini<5>> opAldx; #Operand A Index
se_out<sc_uint<S>> opBldx; f#0perand B Index/Shift Amt
s¢_ocut<hool> rdAOEn; {Read A Output Enable
s¢_aut<hool> rdBOED; f{Read B OQutput Enable
sc_pul<sc_uint<S»>> wbldx; i%Writeback Index
5C_cut<hool> whin; HWritehack Enahle
sc_out<hool> immOEn; #immediate Output Enable
sc_cut<bool> iArepCl; #Instruciion Address Register Control
sc_out<hool> dAregCil; JData Address Register Control
sc_out<bhool> dInCil; /Data Inpui Control
sc_out<bool> dOutCtl; #Data Output Control

i sc_outese_uint<S»>>  shiflAmt; H#Shilt Amount

vold do_ctlSigGen(); /Function for Contrul Signal Generate
vold do_opSel(}; HFunction for Sclect Input OperandA B
vold do_aluCtl(; HFunction for Arrange AluCtl Signals
vold do_shiftCL); HFunctiva for Arrange ShiltCul Signals

sc_uint<d> opcodeTryp;
sc_uint<2=> opA, opB;

SC_CTOR(execute) |
SC_METIIOD{do_ct1SigGen);
sensitive << clookpos() <« instld;
SC_METHOL{do_opScl);
sensitive << clock.pos() << rdIdx << rs1ldx << rs2idx;
SC_METNOD{do_nluCily;
sensitive << clock.pos{) << opcodr;
SC_METHOD{do_shiftCil);
scnsitive << clock.pos() << shilt;

#ifdef SIM
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aluCil.initatlze0);
aluOFEn.initfalize(0);
shiftCtl.Inldallzetdy;
shiNOEn.initlalize);
mulOEn.initialize(0);
opAldx-initislize(0);
opBldx.initialize(0y;
ro ADEn.initializel0);
rdBOEn.initializeid);
whidx.initialize(0);

immOEn.laitldlze{0);
iArgCtLinitialize(d);
dArcgCilinltialize(0)y
dInCil.inlilalize(0);
dOuICtLEnitiatizecd);
#endll
}
]
f.

* Execute: Execute Unit for 1C5_RISCisuvurce file for execute)
* Copyright(c) 2005 by Chul KIM, All right reserved

* Author; Chul KIM (ckim@student.ceu.cdu.an)

* File name: cxceule.cpp

¥ Revision history: Versionl

* Dale: 4/5/2005

*

#include "exccute.h”
void execute::do_ctlSigGen() {

se_uinted>  toprodeTmp;
sc_uint<2> topA, topB;

bool laluOEn, tshifOEn, tmulQEn, twhEn, tiAregCtl, idAregCtl, tdlnCu, tdOutCtl;

baool whEnTmp;
se_uint<ds instld Tmp;
instIdTmp = instld.read();

I/ s¢_uint<S> tshiltAmt;

i UnsildTmp ==0) | #INST_ALUIS
topcodeTmp = ppcode.read()y;
taluDEn =1;
tshiltOEn =t
tmulQEn =0;
topA =ARI);
fopB = BIM;
iwbEn =1;
tiArepCil =0;
tdAregCil =1{;
tdInCt ={;
t30uiCa ={;

} else il (instldTep == 1) { INST_ALVIL
tapeadeTip = opeode.rean();
taluOEn =1
tshifDEn =i
tml0En =0
topA =ARIDy;
fopB = BIM;
iwbEn =13
tAregCll =0;
idArepCtl =,
tdinCtt =0;
tdOutCil =0;

} else if (instId Tenp == 2) { HMINST_ALUR
topcodeTmp = apcode.read{);
taluEn =1;
tshiftOEn =i
tmulOEn =0
topA =ARSI;
fopB = BRS2;
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twbEn
tiAregCtl
tdAregCil
1éInCtl
tdOutCil

}else if (instIdTmp == 3 {
topcodeTmp
taluQEn
tshifiOEn
tmulOEn
topA
topB
twhEn
tiAregCul
tdAregCtl
tdInCtl
tdOuiCtl

}else if (instldTmp == 4) {
topeodeTmp
taluOEn
tshiltQEn
ImulGEn
topA
lopB
tshiftAmt
twhEn
HAregCtl
tdAregCol
tdinCit
tdOutCil

} else if (instIdTmp == 5} {
topeodeTimp
taluOEn
tshitDEn
troulQEn
topA
topB
twbEn
tidregCll
tdAregCil
tdInCtl
tdOuCtl

} else if (instldTmp == 6) {
topcodeTmp
1alu(}En
tshiftOEn
tmulOEn
topA
topB
twhEn
tiAregCu
tdAregCitl
td1aCtl
1d0ultl

| else If {instIdTmp == ) {
topcodeTmp
1alu0QEn
shiftQEn
tmulOEn
topA
topB
twbEn
tiAregCll
tdAregCil
tdInCtl
tdOuCit

} else if (instIdTmp == 10} §
topeodeTmp
1aluOQEn
tshiftOEn

=

= 0;

=0k

= 0;

=0
#INST_ALULB
= apcode.read();
= l;

=0

=0

=A RSl;
=DBRSZ;

= l;

=1

= 0;

={;

=0;
HINST_SHRO
= 0;

={;

=1;

=

=ARSE;

= BRS?;
=BRS2; #/BRSZ = ShiftAmt
= ];

=0

= 0;

=0

=0
{INST_LOAD
=OP_MOVA:
=0

= 0;

=0

= ARSI}
=BRSZ;

=L

=0;
HINST_STORE
= OP_MOVA;
={;

= 0;

=0k

.—.ARS];
=BRI;

=0

=0

=13

=0

=1;
HINST_BRANCH
= OP_ADD;
= l;

=0

=0;

=AFG;

= Blh‘;

=0;

= ];

=0;

=0

=0;
HINST_MUL
=0;

={;

=0;
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H

tmulOEn =1;
topA = ARSI
topB = BRS2;
twhbEn =1
ticregCul =0
tdAregCtl =0
tdInCi) =
tdOutCtl =0;

} cise if (instldTmp == 8) { HINST _PECON--Should be modifled
topcodeTmy = oprode.read();
taluOEn =1
tshiftOEn =0;
tolQEn =0
topA = ARS1;
topB = BRS2;
twbEn =1
tiAregCel =0;
tdAregCll =0
tdInCtl =0;
td0utCtl =0;

} else if (instIdTmp = 9 { HINST_DMA--Should be modified
topcodeTmp = opcoderead();
taluQEn =1;
tshiftOEn =0;
tmul3En =0;
topA =ARS1;
topB = BR52;
iwbEn =1
tHAregCtl =0;
tdAregCil =0;
tdInCtl =0;
tdOutCtl =0;

}

opcodeTiup = loprodeTmp;

aluOEn = laluOEn;

shiftQEnR =tshiftQOEn;
mulOEn = nulOEn;

opA =lopA;

oph = loph;

whEnTmp = IwbEn;

iArepCt] = liAregCll;

dAregCtl = tdAregCtl;

ainCtl =dInCt};

dOutCtl = 1dOutCtl;

shiftAmt = IshiftAmt;

rdAQEn = -srQEn;

if {opB !=0) {
rdBOEn=1;

}

if ((cmpFlag==0) && (whEnTmp==1)}{
wbEn=1;

}

if (opB ==0){
immOEn =1;
]

vald execute::do_opScl() {

if (opA == 0}{ HARD
opAldx = rdldx;

}elseifjopA==1){ /ARSI
opAldx = rsildx;

belseif fopA==2){ HAPC
opAldx = I5;

H

if (opB == 0} { /BIM
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opBldx = §;
Jelseif (opB == 1){ #BRS2
opBldx = rs2ldx;
Jelse f (opB==2}{ #BRD
opBldx = rdldx;

whbldx = rdidy;

}
void execute::do_alaCel{} {
opcedeTmp = opcode.read();
switch(opcodeTmp) {
case (GP_MOVA) : aluCtl =0; break;
case (OP_MOVE) H aCu=1; breaks
case {OP_AND) : aluCtl = 2; break;
case (OP_OR) H aluCit = 3; break:
case (OPF_XOR) H aluCtl = 4; break;
case (OP_NOT) : aluCtl = 5; break;
case (OPF_ADD) : aluCtl = 6; break;
case (QP_SUI) H aluCtl =7; break;
case {OP_CMP) H aluCll = §; break;
case (OP_MSR) : aluCil = 0; breals;
case (OP_MRS) H ahCid=0; break;
default : break;
}
}
void execote::do_shiftCtl() {
5¢_uint<3> shift Tmp;
shifiTmp = shift.read();
switch{shiftTmp) {
case SI[_LSL : shiftCul = 0; break;
case SH_LSR : shiftCul = 1; hrealg
case SH_ASR H shifiCl = 2; break;
tase SH_ROT H shifCel = 3; break:
defaukt : break;
}

} .
———  —————— e —————  ——— ——————— —~—— ]
,J‘t
* Control: Centrol Arch for ICS_RISC{header file for control)
* Copyright(c) 2005 by Chul KIM, Allright reserved
* Author: Chul KIM{ckim @student-ccu.edu.au)
* File name: control.h
* Revision history: Yersionl

* Date: §/5/2005
*

ffinclude "systeme.h”
#include "defhy”
#include "leteh.h”
#include “decode.h”
#include “execute.h”
#include "debug.h"

SC_MODULE(contiroh {

s¢_la<hool> clock; fiClock

sc_ln<bhool> resel;

sc_in<sc_uint<edds > din; {fData Input
se_in<honl> zklag; {fZero Flag
sc_out<se_nint<i2> > imm; {MTmmediate Data
s¢_out<bool> cmpFlag; /#Compare Flag

sc_out<bool> srOEn; /SR Outpul Enable
s¢_oul<bool> srWhEn; HSR Wrlichack Enable
sc_out<sc_uint<ds » aluCt; #ALU Control
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s¢_out=bool>
s¢_out<se uingei> »
s¢_out<hool>
sc_out<hool»
5e_outesc_uint<S> >
S¢_outase_uint<S> >
se_out<hool>
sc_out<hool»
sc_out<se_uinl<S» >
s¢_vut<bool>
s¢_out<hool>
s¢_out<hogl>
s¢_out<hoob>
se_out<bool>
st_out<hool»
HExtended Quiput
st_out<se_ulnl<Ss> >
s¢_out<hoal>
sc_oul<hools
se_owdese_ulnt<ds> »
se_oul<sc_uint<2> >
S¢_oul<sc_ulnt<?s> >
sc_oul<sc_uinted> >
s¢_out«<sc_uint<d> =
s¢_out<bool>
SC_out<st_uint<d> >
se_out<se_uint<bs >
s¢_out<bools
sC_pubese_uint<S»> >
sc_out<hool>

se_outese_uint<l0> > startAddrifregDaMens;

sc_stgnalesc_uint<d2> >
sc_signal<iool»
se_slgnal<bool>
sc_signnlase_uinteds >
sc_signalese_uint<d>>
sc_signalaic_ulntad> >
sc_signal<se_uint<d> >
se_sipnalese_uint<Ss »
sc_signal<se_ulnt<S> »
sc_signalese_uint<Ss >
sc_signal<ic_uint<3l> >
se_signal<bool>
sc_sighal<bool>
s¢_signal<bonl>
sc_signal<hool>
s¢_signal<bool>
se_signal<bool>
sc_signal<se_ulnt<ds >
s¢_signalese_uintels »
sc_signalesc_uint<2> >
sc_signalese_uinteds >
sc_signalese ulnt<d> >
sc_signalebool>
sc_signal<se_uint<ds >
sc_signalese_uint<bs >
sc_signal<hool>
s¢_signalese_uint<Ss »
sc_signal<bool>
sc_signalese_uiont<li> >

sc_signal<se_uint<d> >
se_signal<baal=
sc_signalese_uint<ds >
s¢_signal<bool>
se_signal<bool=>
sc_signalese_uint<S> >
se_signalese_uint<S»> >
s¢_signal<bool=

alnQin; H#ALU Qutput Enable
shiftCd;  #Shifter Control
shiftQGEn; /Shifter Quiput Enahle

molOEn; /#Multiptier Output Enable
opAldx; #Operand A Index

opBldx; H#Operand B Index
rdAOEn; {Head A OQutput Enable
rdBOEN; #Head B Output Enable
whidx: HWritehack Index

whEn; {MWritebuck Enuble
ImmEn; HMmmediate Qutput Enable

fAregCul; #Instruction Address Register Control
dAregCe);, #Muta Address Register Control
dInCtl; /Data loput Control
dQutCtl;  /¥Ata Output Control

shiftAmt; #Shift Amount

IhEn; {1.oop Buffer Enable

IhRWER; /{L.oop BulTer Read/Vrile Enable
PECGp; #PE, Execution Operation
PEGpmode; #PE Opcration Mode Sclection
PEConfig; #PE Corfipuration

PESel; #PE Sclectlon

MIAORD; #IMA Operation Selection

DFBSel; Hhata Franw Buffer Sclection
dataAmi: HAmount of Data to Transfer

startAddrD¥FB; HStart Address of DFB(Source/Tiest.)
SRAMRcgSel; #Select belween SRAMTCS_RISC Rep(SM)

startAddrSRAMReg; #5tart Addeess of SRAMICS_RISC Reg(S/MD)
mernSel: {Memory Selection{ProgranyData)
Hstart Address of Program/Data Memory(5/I)}

finst; HFetehed Instruction Data

fush; {fPipeline Flush

refill; HPipeline Refill

dinstld;  HMosteuction 1D

dCond;  /Condition

opeode;  HOpeode

shilt; {#8hift Coptrol

rslldx;  //Rs] Index

rs2ldx; #Rs2 Index

rdldx; fRd [ndex

dimam; #mmuediste Data

immFlag; #Immediate Opcrand Flag
dCmpFlag,#/Compare Flag
dBranch¥lagy/Branch Flag

dExiiFlag; /End of Slmulation Flug
dSrQEn, dSrWhEn; #5R Read/\Y¥rite Enable
dLbEn, dLbRWEn; /LB Enable Read/Write Enable

dPEOp; /PE Execution Qperation
dPEOpmodr; JME Operation Mode Selection
dPECanfig; #PE Configuration

dPES«l; MPE Sclection

dDMAOH; HDMA Operation Sclection

dDFBSel; #DFR Sclection

dDataAmi; ¥Amount of Data to Transfer
dStartaddrDFD;

dSRAMRegScl;

dStartAddrSRAMReg;

dMemSel;

dStartAddrProgDaMem;

dAluCu;  #ALU Control

dAluOEn; #ALU Outpul Enable
dShiftCul; #Shifi Contryl
dShiftOEn;#/Shilt (tutput Enable
dMulDEn; /Muldplier Qutput Enable
dOpAldx; #Operund A Index
dOpBldx; /Operand B Index
dRAAOEn; /Read A Output Enable
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sc_signal<ing» aluText;  #ALU Debug Information
/{Pipeline Registers
s¢_ulnt<d> 1astid; Jnstruction ID
sc_uint<i> cond; HExecution Condilion
i bool cmpFlag; {{Compare Flag
bool branchFiap; {Branch Flag
hool eExliFlag; #Exit Flag
U bool srOEn; /SR OQutput Enable
hool cSrWbEn; /SR Writcback Enable
i s¢_uint<d> aluCtl; HALUY Control
i hool aluOEn; #1ALU Output Enable
i sc_uint<d> shintCtl; #Shifter Output Control
i bool shiftOEn; JiShifter Output Enable
” bool mulOEn; {Multiplier Output Enable
i se_uinl<S> opAldx; HOperand A Index
i sc_ uinl<5> opBidx; #Operand B Index
i bool rdAQEn; /Read A Ouiput Enable
i bool rdBOEn; /MRead B Output Enahle
i se_uint<S> whldx; HWrileback Index
bool ¢WhEn; /fWriteback Enable
I se_ulnt<i2s imum; Hmmediate Data
# boot immOEn; Hmmediate Output Enable
hool elAregCtl; fnstruction Address Register Contrat
i bool dAregCtl; /Data Address Register Control
i bool dInCtl; #Drata Input Control
bool eDOutlCtl; /Datz Quiput Contro]
void do_pipeReg();
void do_condExe(};
fetch* [fetch;
decode* idecode;
exccote®  jexecule;
dehug* idebup;
SC_CTOR(control) {
ifetch=new fetch( 'fetch™);
ifetch-»clock(clock);  ifetch->din(dIn); fetch->TInst(fInst);
idecode=new decodef "' decode’);
idecode-»clack(clock); idecode-srescl(reset); idecode->IInst{fInst);
idecode->MushiMush); |decode->refill(refill); idecode->instId{dInsild);
{decode->cond(dCaond); idecode->oprode(upcode); idecode->shifi(shift);
tdecode->rs1Idx(rsi[dx); idecode->rs2ldx{rs2Idx); idecede->rdIdx(rdIdx);
jidecode->imm(dInun}; idecode->immFlag(lmmFlag); idecode-
>empFlag(dCmpFlag);
idecode->hranchFlagtdBranchFlag); idccode-»exitFlag(dExilFlag); idecode->srOEn{dSr0En);
idecode->srVWYBEn(dSrWhEn); idecode->1bEa{dLbEn}; jdecode-
>IbRWEn{dLbRWEn);
idecode->PEGPdPEOR); idecode>PEOpmode(dPEOpmode}; idecode-
>PEConfig{idPEConfig);
idecode->PESel{dPES]); idecode->DMAOpP(dDMAOp); 1decode-
»DFBSel{dDFBSel);

sc_slgnal<boal>
sc_signalese_uinl<S» >
se_signal<bool>
sc_signal<bool>
sc_signal<hool>
s¢_signat<bool>
s¢_signal<hool>
s¢_sipnal<bool>
se_signalesc_uinl<S> >

dRdBOEn; //Read B Ouiput Ennble

dWhldx; /" Writeback Index

dWbEn; HWriteback Enable

dlmmQEn; /Immediate Qutput Enable

dIAregCtl; //Instruction Address Register Control
dDAregCtl; fData Address Register Control
dDInCtl; /Dala Input Control

dDOutCul; /fData Ouiput Control

dShiftAmt; /#/Shift Amount

s¢_signal<int>

idecode-»dataA mi{dDataAmt);

idecode->SRAMRegScdSRAMRegSel); idecode->startAddrSRAMReg(dStartAddrSRAMReg);

ldecode->memSel{dMemSel);
jcxecute=new excoute{"execute”);
Iexecute->clock({clock);
iexecute->oprodefopcode);

instId Texi; #Instruction 10 Debug Information

idecode->startAddrDFBidStartAddrDFB);
idecode->startAddrProg Daliem{dStartAddrProgDaMem);

jexecute-»instIdidInstId); {execute->cond{(dCond);
iexcente->shift(shifty; lexecute-»rsildx(eslIdx);
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fexecute->rs2Idx(rs2ldx);

iexecule-=immFlag(immFlag);

fexecute.>5r WhEn{dSrWhEn);

fexecute-s>shiftCHdShinCd);

iexecute->opAldx{dOpAldx);
»>rdAOEn{dRJAQEn);

iexecute->rdBOEn{dRdBOERD);

fexccule->immOEn{dImmOEn);
>dAregCuU(dDAregCil);

fexecule->dInCthi(dDInCl);
>shiftAmt{dShiftAn);

idebug=new debup(''debug");

tdebug-»Instld{dInstid);
=instld Texi(inst[dText);

idebug->aluText(aluText);

SC_METHOD(do_pipeReg);
sensitive << clock.pos(} << reset;
SC_METHODNdo_condExe);
sensitive << clock.pos();

#ifdef SIM
imnvinitializeid);
cmpFlag.initialize(d};
srOEn.initialize{0);
srWhEn.initialize{d);
aluCul.initialize{0);
aluOEn.initialize(D);
shiftCtl.initialize(0);
shiftOEn.initiakize{0);
mulQEn.initialize{d);
opAldx.initialize(0);
opBldx.initiatize(0);
rdAOEn.initialize(();
rdBOEn.initialize{0);
whidx.Initinlize();
whEn.initialize({};
immOEn.initialize(0);
IAregCtlLinitialize(0);
dAregCtlinitiatize{0);
dInCtlinjtialize{0);
AOuiCuLinitialize(®);

#endil

b
f!

texecole->rdldx(rdldy);

lexecute->lmm(dImmy);

texecute->crpklag(dCmpFlagl; iexecute->srOEn{(dSrOEn);

lexecute->aluCil{dAluCt);

lexecute-=alnOEn{dAluQEn);

lexecute->shiflOEn(dShiffQEn); lexecute->mulOEn{dMulOEn);

texecute->opBIdx{dOpBidx);

{execute->whidx{d WbIdx);
lexecule->iAreg Ctl{dIATeg Ctl);

fexecote->dOutCtI(dDOuCH);

ldebug->aluCt(dAluCtl);

* Control: Contrat Arch. for ICS_RISC{source file far control)

* Copyright(c) 2005 by Chul KIM, All right reserved
* Auther: Chul KIM(ckim@student.ecu.cdu.au)

* Flle namme: conicol.cpp

* Hevision history: Yersionl

* Dale; 5/5/2005

*

#include "' control.h"

void control::do_pipeReg() (
ir {reset) {

cond = 0;
eSrWbEn = 0;
¢WhEn = 0;
elAregCUl=0;
branchFlag = 0;
eExitFtag = 0;

) else {
instld = dlnsild;
cand = dCond;
cmpFlag = dCmpFlag;

branch¥Flag= dBranchFlag;
eExliFlag = dExitFlag;

iexecule-

icxecule->whEn{d WbEn);
iexecule-

Hfiexecute-

idebug-
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srOEn =dSr0En;
eSrWhEn =d5rWbEn;
aluCd = dAluCtl;
gluQOEn =dAluOEn:
shifiCtl = dShiftCtl;
shiflDEn =dShiftOEn;
mulDEn = dMulOEnD;
opAldx  =dOpAildx;
opBldx  =dO0pBIdx;
rdAOEn = dJdRJAOEn;
rdBOEn =dR4dBOEn;
whidx = dWhbldx;
eWhEn =dWhEn;
ImmOEn = dImmOEn;
imm =dlmm;
elArcgCuU = dlAregCil;
dAregCtl = dDAregCll;

dinCll = dDMnCil;
et Ctl = dDOutCHl;
IbEn = dLbEn;
IbEWEn =dLbRWEn;
PECp =dPEOp;

PEOQpmode= dPEOpmode;

PEConfig =dPEConlig;

PES«l dPESel;

DMAOp dDMAOp;

DFBSel =dDFRSel;

dataAmt =dDataAmt;

siariAddrDFB =dStartAddrDFB;
SRAMRegSe)=dSRAMRcgScl;
stariAddrSRAMReg = dStartAddrSRAMReg;
memSel = dMemSel;
startAddrProgDaMernn = dStartAddeProgDaMen;

}

void control::do_condExe() {
bool execFlag; /#Execute Flag
bool exitFlag;

i ((cond==COND_AL) || {{cond==COND_EQ) && (zFlag==1)} || {{tond==COND_NE) && (zFlag==0))) {
execklag=1;

}

flush = branchFlag & excelFlag;

whEn = (execFlag && ~refill) ? eWbEn : 0;

stTWbEn = (execFlag && ~vefill) ? eSrWhEn : O;

iAregCll = {execFlag && ~refill) ? clAregCil : 0;

d0utCtl = (execFlag && ~refill) 7 eDOWtCtl = s

exttFlag = (execFlag && ~reflil) 7 eExitFlag : 0;

,f‘
* Debug: Debug Informatlon for [ICS_RISCiheader fe for dehug)
* Copyrightic) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{cklm@student.ccu.edu.an)
* File nanw: debug.h
* Revisjon history: Yersionl
* Date: 5/5/2005
M

#include *'systemc.h"”
#include del.h”

SC_MODULE(dehug) {
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se_in<sc_uint<d> >  Instld;
s¢_lnesc_vinted>>  aluCtl;
s¢_put<int> inst!dText;
se_oul=lnt> aluText;

void do_dchugi);
SC_CTORidebug) {

SC_METHOIMdo_dehug);
senstlive << instld << aluCtl;

#ifdet SIM
instldText.inidallze{0);
aluText.initialize(D);
#endil
'
ki
f‘

* Debug: Debug Information for [CS_RISC(source file for debug)
* Copyrightic) 2085 by Chul KIM, All right reserved

* Author: Chu! KIMckim@student.ecu.edu.au)

* File name: debug.epp

* Revision history: Versionl

* Date: S/572005

*

#include "debugh”

#define ALUIS 0
#deline ALUIL i
#define ALUR 2
#define ALULB 3
#define SHRO 4;
#dchine LOAD 5
#define STORE 6
#define BRANCII 7
#define MUL 8
#define PECON 9
#define DMA 10;

vold debug::do_debugd {
s¢_uint<d> instidTmp;
sc_uint<d> aluCtlTmp;
InstldTmp = instld.read();
aluCNiTmp = aluCil.read{);

switch (InsiIdTmp) {

case INST_ALUIS rinstldText = ALUIS; printf("ALUIS \n"); break;
case INST_ALUIL : InstldTexi = ALUIL; printf(" ALUIL \n"); break:
casc INST_ALUR instldText = ALUR; printf("ALUR\n"); break;
case INST_ALULSB : inst!dText = ALULB;  print{"ALULB \n"} break;
case INST_SHRO rinstldText = SHRO;  printfl{"SHRO\n""); break;
case INST_LOAD :instldText = LOAILY printi{"LOAD \n"); break;
case INST STORE : instldText = STORE;  printf{"STORE \n"'}y; break;
case INST_BRANCH: insiIdText = BRANCIL; printf{""BRANCI [ \n"'); hreak;
case INST_MUL vinstldText = MUL;  printf("MULWn"'); break;
case INST_PECON : instldText = PECON;  printf("PECON \n'"'); break;
case INST_DMA vinstldText = DMA;  printf("IRNAWn"™); break;
defgult: prinif{”Not Delined Instruction \n"); break;

1

e
m“
"‘
* RysCtl: YO Bus Control for 1C5_RISCtheader file for busCtl)
* Caopyrightic) 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@student.ccu.edu.au}
* File name: husCtl.h
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* Revision history: Versionl
* Dale: 5/5/2005
./

#include “systemc.h”

SC_MODULE(busCtl) {
se_ln<hool> nRW;
sc_in<sc_uinl<d2> > dalaOut;

sc_out<se uint<i2> > dalaln;
sc_inout_rv<32» data;

void do_busCtl{};

SC_CTOR{busCu) |
SC_METHOD(do_busCtl);
sensitlve << nRW << dataQut;

L

'n't
* BusCtl: /'O Bus Cantrol for ICS_RISC(source {ile for busCtl)
* Copyright{c) 2005 by Chul KINM, All right reserved
* Author; Chul KINM (ckim@student.ecu.edu.au)
* File name: busCtl.cpp
* Revision history: Yersionl
* Date; 5/5/2005
b

#include "busCel.h"

void busCll::do_busCil{) {
dataln = sc_uint<32> (data};
if (nRW}{
dala = sc_ly<32> (dataOut);
} else {
dola = "ZZ2Z T T TTIZZZITIZ T2 LA L LTI LT LTTL";

}
]
e —
il

* [CS_RISC: Top module for 1CS_RISC{hcader file for ICS_RISC})
* Copyright{c) 2005 by Chul KIM, All right reserved

* Author; Chu! KIM(ckim@student.cow.edu.au)

* File name: ICS_RISC.h

* Revision history: Versionl

* Date: 5/57/2005

*f

#include "systemc.h™
#include "datapath.h"”
#include "control.h
#include "busCil.h"

SC_MODULE(ICS_RISC){

se_in<hool> clock;

s¢_in<bool> reset;

s¢_in<se_uint<i2> = iData; {Mnstruction Data
s¢_aut<hool> nRW,;

sc_out<se_uinl<3ls » iAddr; HInsiruction Address
sc_outese_uint<i2> » dAddr;  //Data Address;
sc_inout_rv<32s dData; {Data Bus;

HExtended Quiput

s¢_out<se_uint<ds> > PEOp; #PE Exceutlon Operation
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se_outesc_uini<ls > PECpmode; /PE Operation Mode
sc_out<sc_uinl<?> > PEConfipg; HTE Configuration Mode
sc_oul<sc_nint<d> > PESel; HPE Seleetion

sc_oulese_uintct»> DMAOp; #DMA Operation Selection
s¢_aui<bool> DFBSel; {#DFB Sclection {2 Seis)
sc_gutese_uinteds » dataAmt; #Amouat Data to Transfer

sr_out<se_uint<bs » startAddeDFB; #Start Address of DFB

s¢_out<bool> SRAMRegSel; H#SRARACS_RISC Reg Sel

s¢_outese_uinl<ss »

se_out<bool> memSel;

s¢_oulesc_uint<ll> > startAddrProgDaMem;

sc_signal<sc_uint<d2> > immn;
sc_signal<bool> cmpFlag;
sc_signal<bool> stOEn;
sc_sipnal<boal> stYWhEn;
sc_signalesc_uinted> > aluCul;
se_signal<se _uinte<d> » shiftCul;

- s¢_signal<bool> aluOEn;
sc_signalebool> shiftOEn;
sc_signal<bool> mulQEn;
s¢_slgnalesc_uint<S> > opAldx;
sc_signalese_ulnleSs > opBldx;
sc_stgnal<bool> rdAQEn;
sc_signal<bool> rdBOEn;
s¢_signal<sc_uint<$> > whldx;
se_signal<hool> whEn;
sc_signal<bool> ImmOEn;
s¢_signalcbool> iAregCtl;
sc_signal<bool> dAregCtl;
st_signal<bool> dinCtl;
s¢_signal<boal> douiCil;
sc_signal<sc_uint<d2> » din:
sc_signal«<sc_uint<32» > dQut;
sc_signal<bool> zFlag;
s¢_signal<bool> IbEn;
s¢_signal<bool> IbRWEn;
s¢_signal<bool> mRW;

void do_QutCti};

busCil* ihusCul;
canirol*  icontrol;
datapath* idatapath;

SC_CTOR(ICS_RISC) {
ihusCtl=new busCti(*"busCt");
ibusCil->nRW{lnRW);
ibusCil->dataldData);
icontrol=ncw control("contro!");
icontrol->clock{clock};
jcontrol->zFlagizFlag);
icontrol->srQEn(srO¥n)
icontrol->aluOEn(alu0En);
icontrol->mulOEn(mulOEn);
{control-> dAOEn(rdAQEn);
lcontrol->whEn{whEn);
icontrol->dArcpCti(dAregCil);
iconirol->1bEn{IbEn);
icontrol->PEOQOp(PEQOp),
>PEConfig(PFEConfig);
iconirod->PESe{PESel);
=DFBSel(DFBSel);
icantrol->datnAmt{dataAmi);

icontrol->SRAMRegSel{SRAMRegScl);

jcontrol->memSel (memSel);

Idatapath->clockiclock);
idalspath->copFlagicmpFlagl:
>srWhEn(srWhEn);

startAddrSRAMBReg: #Starl Address of SRAM/ICS _RISC Reg

/Memaory Selection(Program/Data)
HStart Address of Progranvlata Mem

ibusCil-»>3ataOut{d Out):

icontrol->resct{resct);
icontral->imm(lmm);
jcontret->srWhEn{sriYbEn);
icontrol->shift Cti(shifiCil);
icontrol->opAldx{apAldx);
icontrol->rdBOEn{rdBOER);
icontrol->immOEn{immOFEn);
icontrol->dInC1l{dInCily;
icontrol->1hBWEn{[bRWEn);

icontrol->PEGpmode(PEOpmode);

icontrol->DMAOp(DMAOpK

ibusCtl-=dalaln(dIn);

icontrol->dIn{lData);
icontrol->cmp¥Flag(empFlag);
I¢ontrol->aluCt(aluCtly;
tcontrol->shillOEn(shiftQEn);
icontrol->opBldx(opBIdx);
icortrol->wbldx{wbIdx);
icentrol->iAregCtl{iAregCul)y;
icontrol->dOutCtl{dOuiCH);

icontrol-

{cantrol-

icontrol->startAddrDFB(startAddrDFB);

Lcontrol->startAddrSRAMReg(startAddrSRAMReg);

icontrol->stariAddrProgDaMem(startAddrProgDaMem);
idatapath=new datapath{"datapath™}

idatapath-=resci(vesetd;
idatapath-»>srOEn{srOEn);

idatapath->imm{imm);
idatapath-
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»>rdAQEn(rdAOQEn);

>dArepCu(dArcgCul);

k
}'*

idatapatb->aluC{aluCtl);
Idatapath->shiftOEn{shifiOEn);
idatapath->opAldx{opAldx);

idatapath->rdBOEn{rdBOEn);
Idatapath->immOEn{ immQEn);

{datapath->dInC1KdInCil);
idatapath->hEn{lbEn);
idatapath->iAddr{iAddr);

SC_METHOINdo_QutCtl);
sensitive << clock.pos();

idatapath->aluQEn(alu0En);
idatapath->miOEn(mul(Eny;
idatapath->opBldx(opBldx);

tdatapath->whldx(whIdx);
idatapath->iArepCtl(iAregCtl);

Idatapath->dOutCu(dOutCiL);
idatapath->lhRWEn(IhRWEn);
ldatapath->dAddr{dAddr);

* ICS_RISC: Top module for ICS_RISC{source file for IC5_RISC)
* Copyright{c} 2005 by Chul KIM, All right reserved
* Author: Chul KIM{ckim@student.ccu.edu.an)

* Fie name: ICS_RISC.cpp

* Revision history: Versionl

* Date: 5/5/2005
.

#include "{CS_RISC.L"

void 1C5_RISC::do_OuCili) {
taRW = d0uICil;
nRW = tnRW;

idatapath->shiftCtl{shiftCth);
idatapath-

idatapath->wbEn(wbEn};
idatapath-

Idatapath->din(dln);
idatapath-»zFlag{zFlag);
datapath->dQut{dOut);
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