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Abstract

The goal of this project is to create a simulation environment for hardware-software codesign. It is
important to perform simulation of the hardware/software system at various stages of the codesign
process. In the environment, the hardware and software are viewed as two separate components
communicating through an interface. The modeling of the communication between the hardware
and software is done at a high level of abstraction so that a large class of systems can be simulated.
The hardware (described in the Verilog hardware description language) and software (written in C
language) run as two concurrent processes which communicate through BSD (Berkeley Software
Distribution) sockets. The processes can be placed on different machines and run in parallel. Anal-
ysis of the environment has shown that significant simulation speedups can be achieved if a high
degree of parallelism exists between the hardware and software and if there is a sufficient amount
of computational CPU time in the C process. In our experiments, .0032 CPU seconds of C code

execution per transfer were required to offset the communication overhead.
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Section 1
Introduction

1.1 Motivation and Goals

Many current digital applications contain both hardware and software components working
together to form a complete system. Hardware/software applications range from simple hand held
devices to complex computer systems. The design of the hardware and software components of a
system is referred to as hardware-software codesign. The codesign problem is not new; designers
have been developing hardware/software systems for years [8][20]. What is new is the methodolo-

gies associated with the concurrent development of the hardware and software components.

In our hardware-software codesign methodology, the goal is to design a system with a given set of
performance constraints at the lowest possible cost. The best mixed hardware/software system
arises by recognizing which portions of the system are better executed in software and which are
better implemented in hardware. The entire hardware/software system can be broken down into a
set of communicating sequential processes [6] which operate concurrently and interact with each
other. Our codesign methodology involves deciding which of these processes should be parti-

tioned into hardware and which should be partitioned into software.

The simulation of the hardware and software is an important part of codesign methodologies. The
hardware/software cosimulation provides the functional verification of the hardware and software
working together. Figure 1 shows how cosimulation fits into the codesign methodology [16] devel-
oped at Carnegie Mellon University. In our codesign methodology, the high level specification of
the system is a mixed hardware/software description. This initial description is partitioned with a

given set of constraints and optimization criteria to produce better hardware/software partitions.



The new hardware partition is run through high level [17] and logic synthesis tools and a technol-

ogy mapping stage to produce a hardware implementation. The software partition is compiled into

a software executable.

There are two main issues in cosimulation environments: 1) level of communication abstraction
and 2) level of hardware abstraction. For the cosimulation, the designer must specify the interface
between the hardware and software descriptions. The level of abstraction of modeling the interac-
tion between the hardware and software is referred to as the communication abstraction. In our
cosimulation environment the communication takes place at a high level of abstraction. The level

of communication abstraction will be discussed further in Section 2.

Figure 1. Codesign Methodology
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The level of hardware abstraction includes the behavioral, register transfer level (RTL), and gate
levels. As shown by Figure 1, the cosimulation can take place at different points in the codesign
process with these varying hardware descriptions. The initial specifications, the partitioned
descriptions, and the synthesized descriptions can all be simulated in this environment. This

allows the designer to verify the hardware and software subsystems throughout the design process.



The work described in this report focuses on the cosimulation environment which can be used to

verify the hardware/software system at all three places in the codesign methodology.

1.2 Previous Work

Most of the previous work done in hardware/software cosimulation differs from our approach by
the way in which the hardware and software subsystems are described and the level of abstraction

at which the communication between the hardware and software is modeled.

Peng’s [11] codesign environment starts with a single high level specification for the entire hard-
ware/software system which is compiled into an intermediate form. The simulation is performed
on this intermediate representation before the system is partitioned into the hardware and software
subsystems. Srivastava [14][15] starts from a single VHDL specification composed of many
sequential processes which communicate using queues. He has defined a set of VHDL packages to
handle the interprocess communication. The processes are partitioned into either hardware or soft-
ware and synthesized into a specific target architecture. The implemented hardware/software sys-

tem 1s then tested.

There are two limitations with the approaches described above. First, these cosimulation environ-
ments cannot handle descriptions in which the hardware and software are written in different lan-
guages. Second, the environments can only simulate the initial hardware/software specification.

They cannot simulate the hardware and software together at later points in the codesign process.

Lee [9] also starts with a single specification for the entire system. His specification is written in a
software language which is partitioned into hardware and software. The hardware and software
components are synthesized into an architectural template and simulated. Lee refers to the simula-
tion of the software with a physical hardware implementation as the cosimulation environment. By
using an actual hardware implementation for the cosimulation, he has limited the modes of com-
munication which can be modeled by the simulator. Additionally, since he cannot simulate the par-
titioned environment before implementation, he must resynthesizing the hardware after each

design change. This results in slower turnaround times.



Kalavade’s [7] codesign environment targets digital signal processing (DSP) applications. She
starts with a single specification, but performs the simulation on the mixed hardware/software
description obtained after partitioning. She uses a DSP simulator in conjunction with a hardware
simulator. The DSP simulator models the low level signals of the DSP chip while executing the
software. Gupta [3] [4] also uses a processor model for the software component of the cosimula-
tion. He models a DLX processor which simulates the software compiled into assembly code.
Using processor models provides a very accurate simulation of the hardware/software system, but
can be costly in simulation time. In addition, these methods require detailed descriptions of the
processors. Therefore, targeting the application towards another processor would require another

complex low level model to be developed.

Becker [2] uses an approach most similar to ours. He treats the hardware and software descriptions
as separate Unix processes which communicate through BSD (Berkeley Software Distribution)
[13][10] sockets. However, his cosimulation environment models the communication between the
hardware and software at a lower level of abstraction. Since he is targeting a specific application,
he uses a fixed communication model between the hardware and software. By working at a higher
level of communication abstraction, our cosimulation environment can be used on a larger group

of hardware/software systems.

1.3 Our Approach

The purpose of our environment is the functional simulation of hardware/software systems. Profil-
ing to determine overall system performance is done during the partitioning phase of the codesign
methodology. As previously shown in Figure 1, the hardware can be described at the behavioral,
RTL, or gate levels. Therefore, timing information is allowed in the hardware description. How-
ever, since the details of the general purpose processor on which the software resides is unknown,
the explicit timing of the interface between the hardware and software cannot be simulated in our

environment.

The target architecture is composed of a general purpose and dedicated subsystems communicat-
ing through a system bus, as shown in Figure 2. The software resides on the general purpose sub-

system and the application specific hardware is the dedicated subsystem. This architecture



encompasses a large class of hardware/software systems because it makes no assumptions about
the underlying subsystems or the protocols with which the hardware and software components
communicate. Our environment can simulate this large class of hardware/software systems
because the communication between the hardware and software is modeled at a high level of

abstraction. At a high level of abstraction the low level details of the bus interface are hidden from

the user at the cost of less accurate timing.

Figure 2. Target Architecture
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In our simulation environment, the hardware is described in the Verilog hardware description lan-
guage [18] and the software is written in the C language. The hardware simulation and software
program are treated as two separate Unix processes communicating through BSD sockets. For the
remainder of this report, the term process will refer to Unix processes as opposed to the sequential

processes which make up the hardware and software descriptions.

Our cosimulation environment is an extension of work presented in [12]. Section 2 of this report
looks at the modeling of the communication between the hardware and software. Section 3
describes the implementation of the environment. Section 4 analyzes the efficiency of this method

of cosimulation. Finally, Section 5 offers conclusions and future work.



Section 2
Communication

The purpose of our environment is to provide a method for the functional simulation of hardware/
software systems. An important part of the simulation is the way in which the hardware and soft-
ware interact. This section deals with the communication issues between the hardware and soft-
ware. One issue is the level of abstraction at which the communication between the hardware and
software is modeled. The communication can be modeled at low levels of abstraction, where many
details of the system bus must be specified, or at higher levels, where these low level details are
hidden. Once the level of abstraction has been decided, a set of data transfer primitives are needed
on both the hardware and software sides to handle the interaction between the two. Section 2.1
will look at the level of abstraction at which the communication is modeled and Section 2.2 will

describe the set of data transfer primitives defined within our environment.

2.1 Communication Level of Abstraction

The communication between the hardware and software systems can be modeled at different lev-
els of abstraction [1][16], as shown in Figure 3. On the left side of the figure a general purpose
subsystem, such as a processor executing code, is communicating with a dedicated subsystem on
the right side of the figure. With the general purpose subsystem, the software executable resides on
top of an operating system whose I/O drivers, which run on the processor hardware, communicate
with the dedicated subsystem over the system bus. With the dedicated subsystem, data is trans-

ferred between the application specific hardware and the bus interface and across the system bus.



The different levels of communication abstraction correspond to hiding or making certain details
of the subsystems visible to the designer. At a low level of abstraction, the specific transactions of
the system bus, including address decoding and interrupt capabilities, are modeled. At a higher
level these details are hidden, but modeling involves dealing with operating system register reads
and writes. At the highest level of abstraction, communication is modeled by send and receive
messages. At this level of abstraction the implementation details of the bus interface between the

general purpose and dedicated subsystems are hidden from the user.

Figure 3. Communication Abstraction
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The purpose of our cosimulation tools is to provide an environment for the functional simulation
of the software and hardware. The functional simulation does not require knowledge of which
general purpose processor the software will be compiled on. The processor can be chosen later in
the technology mapping stage of the codesign methodology. Therefore, the details of the underly-
ing interface and the explicit timing of the system bus are not necessary to the simulation and may
not be known. For that reason, in our simulation environment the communication is modeled at the

highest level of abstraction.



There are advantages and disadvantages to modeling the communication at the highest level.
Working at lower levels of abstraction requires complex processor models or specific timing infor-
mation to be provided by either the user or the environment. Part of the goals of this environment
was to make the interface between the hardware and software easy for the user to define. Meeting
this goal and working at a low level of abstraction would require the detailed model to be provided
by the simulation environment. However, using a detailed model of a particular interface forces
the hardware/software systems being developed to adhere to the set of protocols determined by the
chosen interface. Thus, the types of hardware/software systems which could be simulated in the
environment would be restricted. Additionally, the message passing communication of modeling
at a high level of abstraction makes the simulations faster because the low level detailed interac-
tions do not need to be simulated. However, these faster and more flexible simulations are less

accurate temporally than the simulations provided by low level models.

Working at a high level of abstraction requires a set of message passing data transfer primitives to
be defined to handle the communication between the hardware and software. The next section dis-

cusses the communication primitives defined within the environment.

2.2 Data Transfer Primitives

To handle the interaction between the hardware and software, data transfer primitives are used.
These primitives are inserted into the hardware and software descriptions to model the system
communication. As shown by Figure 4, the hardware and software do not communicates directly
with each other but with a hardware/software interface. Therefore, the data primitives at each end

of the system are different.

Figure 4. Hardware/Software Communication Model

application applicaﬁtion
specific
software hardware
[ primitives] | primitives|

Hardware/Software Interface




The communication primitives needed to handle the communication can be classified as synchro-
nized data transfer, unsynchronized (unbuffered) data transfer, and synchronization without data
transfer [1][16]. With synchronized data transfer, the data is transferred between hardware and
software with additional signals to synchronize the two. This synchronization insures that both
sides are ready for the data transfer and guarantees that the data will be received. With the second
type of primitive, unsynchronized (unbuffered) data transfer, there are no additional signals to
guarantee that the transferred data has been received at the other end. Since the data is unbuffered,
each new transfer overwrites the previous data. Therefore, data may be received multiple times
between transfers or not received at all. This type of transfer could be used for status signals or in
conjunction with the third kind of primitive. With the third type of data transfer primitive, a signal
is used to synchronize the hardware and software without transferring any data. This primitive can

be used to coordinate many unsynchronized data transfers.

2.2.1 Software Primitives

The data transfer primitives on the software end consist of simple open, read, and write com-
mands. The read and write commands can be used in two different modes: 1) synchronized or 2)
unsynchronized. In synchronized mode, the data cannot be sent to or received from the interface
unless the previous data has already been received at the other end. The synchronized mode han-
dles the first and third type of primitive described above, synchronized data transfer and synchro-
nization without data transfer. The third type of primitive is handled like the first type with the
exception that the actual value of the data sent is not important. The data is treated as a synchroni-
zation signal. The second type of primitive, unsynchronized (unbuffered) data transfer, is handled
by the unsynchronized mode. In this mode, data is transferred regardless of whether the previous

set of data was received.

2.2.2 Hardware Primitives

On the hardware side a set of ports were defined to handle the data transfers. Each port uses a dif-
ferent protocol to transfer the data between the hardware and the interface. To handle the synchro-
nized data transfer, our environment uses handshaking ports. The synchronized read and write

primitives on the software side are used in conjunction with the hardware handshaking ports.






