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Abstract

In this paper, we propose a architecture-level perfor-
mance estimation method for 1P-based embedded systems
using system-level profiling. Our method enables the perfor-
mance estimation by the following procedures; 1) System-
level profiling. 2) Automatic construction of the execution
dependency graph (EDG) from the profile information. 3)
Estimation of the system performance based on the EDG
analysis. Our method enables fast performance estimation
because it can estimate the performance of various archi-
tectures from the same system-level profile information. Ex-
perimental results show that our estimation method is about
10,000 times faster than the architecture-level simulations.

1. Introduction

In recent years, |P-based design methodology that aims
to reduce the design time by reusing modules designed in
past, called | P (Intellectual Property), has been proposed[2].

Embedded systems operating multimedia or telecommu-
nication applications have strict design constraints relating
to performance and hardware area, and there is the relation
in the trade-off between the performance and the area.

Because the architecture of an embedded system affects
the design quality of the system, designers should evaluate
the performance of architectures consisting of different IPs
and different bus protocols, in order to find out which archi-
tectures satisfy the design constraints. Problems arise when
using architecture-level simulationg[1, 4] because they take
along time.

Some modelg3, 6, 7] are proposed to estimate system
performance much faster, but it is difficult to evaluate many
architectures with different bus topologies and module im-
plementations in the limited design term, because each tar-
get system must be modeled on these models. Therefore,
it takes a very long time to compare the estimated perfor-
mance of the architectures and to select best architectures
that satisfy demand.

This paper proposes an architecture-level performance
estimation method using system-level profiling for archi-
tectures consisting of different bus topologies and module
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implementations. Our method mainly targets the multime-
dia or telecommunication systems that are data flow ori-
ented and communication centric and periodic systems. Be-
cause execution dependencies in system-level between the
data processings and transfers do not depend on the target
architectures, the system performance on a range of archi-
tectures can be estimated from the same system-level profile
information. The key issues of our method are as follows;
1) Focusing on the system-level profiling that obtain execu-
tion dependencies between data processings and transfers.
2) Estimation of the performance of various architectures
from the only one time profile information. 3) Fast evalua-
tion of the performance based on the analysis of the execu-
tion dependency graph.

The rest of this paper is organized as follows. Section
2 surveys the related work of the performance estimation.
Section 3 describes the concept of our method and section
4 describes its detail. The experimental results in section 5
show the advantages of our method. Finally we draw our
conclusion and outline our plans for future research.

2. Related work

Because the performance of the system varies accord-
ing to the architecture, the designers need the system per-
formance evaluation of a number of architectures in order
to find out an optimum one that satisfies design constraints
and has smaller area and higher performance.

Architecture-level simulation[1, 4] of the target system
is mostly used to estimate system performance. Because it
simulates complete behavior of the target system, one time
simulation takes very long time. Hence, some models such
as the simulation model for bus transfers and the model
of real-time operating systems are proposed[3, 6, 7]. These
models need the data transfer timing information extracted
from a simulation result or designer’s guess and each tar-
get system must be modeled on these models. Therefore,
it takes a very long time to compare the estimated per-
formance of the architectures with different bus topologies
and modul e implementations and to select best architectures
that satisfy demand in the limited design term.

Our method supposes IP database [5] storing the exe-
cution time of each data processing of modules, and esti-



mates the performance on the target bus topology and mod-
ule implementation. We focus on the dependencies between
the data processings and transfers that are independent of
the architecture. In our estimation method, the timing of the
data processings and transfers are obtained from system-
level profiling, and then, the system-level execution depen-
dency graph (SL-EDG) representing dependencies at the
system-level between the data processings and transfers is
constructed. Subsequently, the architecture-level execution
dependency graph (AL-EDG) is constructed and analyzed
to estimate the performance of the system at the target ar-
chitecture. We use SystemC language[8] for system-level
profiling because SystemC allows designers to implement
original channels. The next section outlines the concept of
our method.

3. System-level profiling for performance esti-
mation

Our method has the following estimation flow;

1. System-level profiling. The profile information con-
tains the timing of the data processings and transfers.
We use SystemC language and implement the moni-
toring channel for system-level profiling.

2. Construction of the system-level execution depen-
dency graph (SL-EDG) from the profile information.
Each vertex of the SL-EDG represents a data process-
ing of the process or adata transfer through a channel.
The data transfer vertex contains a data size equal to
the data size of the channel. Edges of the SL-EDG rep-
resent dependencies on system-level.

3. Construction of the architecture-level execution de-
pendency graph (AL-EDG) from the architecture-level
model and the SL-EDG. The AL-EDG consists of all
vertices and edges of the SL-EDG and the edges rep-
resenting dependencies on architecture-level.

4. Estimation of the architecture performance based on
the AL-EDG analysis.

Even if the designer estimates the performance of vari-
ous architectures, system-level profiling and SL-EDG con-
struction need not be undertaken for each target architec-
ture. Therefore, it is possible to estimate the performance
of various architectures from one profile information. In the
following section, we briefly explain how to estimate the
performance of various architectures from the architecture-
level execution dependency graph (AL-EDG). The algo-
rithm detail of our method is described in section 4.

3.1. System-level model

The system-level model SLM) comprises the processes
performing data processingsin parallel and the channelsun-
dertaking data transfers between two processes or between
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Figure 1. An example of an SLM.

a process and the outside of the system. The process re-
celves data through receiving channels, executes a data pro-
cessing and sends data through sending channels. At the
system-level model, each process contains no information
of the execution time.

There are two dependencies, R/E Dependency and E/S
Dependency, between a data processing of the process and
adatatransfer of the channel. The R/E Dependency means
that after data has been received, the execution of the data
processing starts, and the E/S Dependency meansthat after
the execution of the data processing, data sending starts.

Figure 1 shows an example of a system-level model. Pi
stands for a process, and Ci stands for a channel and a di-
rection of the data transfer.

3.2. Architecture-level model

An architecture-level model ALM) comprises the mod-
ules performing data processings and the buses undertaking
datatransfers. In this paper, modules and buses are assumed
to have the following characteristics;

e |P modules undertake data processings of the pro-
cesses of the system-level model that are mapped to
the module.

e Buses undertake data transfers at the channels of the
system-level model that are mapped to the bus.

e All modules and buses can execute the data processing
or transfer in parallel.

e Each port of amodule and each port of the system have
buffers. The buffers that the module is reading can-
not be overwritten by the data transfer, and the mod-
ule cannot write operated data to the buffers contain-
ing untransfered data.

e The IP modules are aready designed and the IP
database stores the module information. The mod-
ule information includes the area and the execution
time of each data processing.

e The modules choose the data processing that has the
highest priority from the data processings mapped to
the module and executable at the same time.

e The bus chooses the data transfer that has the highest
priority from the data transfers requesting to use the
bus at the sametime.

From these characteristics, there are two dependencies,
E/R Dependency and S/E Dependency, between a data
processing of the process and a data transfer of the chan-
nel. If al buffers for receiving data are occupied by data



Figure 2. An example of an ALM.

that has not been processed, subsequent data cannot be re-
ceived until a buffer becomes available by the completion
of the data processing execution. This dependency between
data processing execution and adatareception iscalled the
E/R Dependency. In asimilar way, if al buffers for send-
ing are occupied by data that has not been sent to destina-
tion modules, the execution of the data processing for next
data waits until a buffer becomes available after data send-
ing. This dependency between a data sending and process-
ing execution is called the S/E Dependency.

Figure 2 shows an example of an architecture-level
model. Ri stands for a module and Bi stands for a bus. Bus
B2 connects module R2, module R3, module R4 and the
outside of the system.

3.3. Performance estimation using execution de-
pendency graph

This section explains how to estimate system perfor-
mance using architecture-level execution dependency graph
(AL-EDG).

In this section, we explain the AL-EDG analysis flow
with two examples of the architecture-level model of sys-
tem S1 that has process P1 and channel C1 and C2. Pro-
cess P1 receives datafrom channel C1, operatesthe received
data, and sends the operated data through channel C2.

e Architecture A1l consists of module R1 to which pro-
cess P1 ismapped and bus B1 to which channel C1 and
channel C2 are mapped. Channel C1 has higher prior-
ity than channel C2. Each port of architecture A1 has
one buffer.

e Architecture A2 consists of module R2, bus B21 and
bus B22 to which process P1, channel C1 and channel
C2 are mapped, respectively. Each port of architecture
A2 has one buffer.

Figure 3 shows the AL-EDG of system S1. The vertex
standsfor the datatransfer and processing, and the edge rep-
resents a dependency between them.

According to the R/E Dependency, it is possible to ex-
ecute the data processing of process P1 after the data trans-
fer of channel C1, thus, edge RE;, representing the i-th R/E
Dependency described in section 3.1, exists between vertex
C1; and vertex P1;. Asthe same manner, edge E'S; repre-
senting the E/S Dependency exists.

ER{.. E. @ i-th data transfer
'''''''''' through channel C1

RE2 ES,
............ i-th execution of
SEz.
...... @ i-th data transfer
hi h ch: |
REs ESs through channel C2
...... P,

Figure 3. The AL-EDG of system S1.

Considering the target architecture, the E/R Depen-
dency and S'/E Dependency described in section 3.2 ex-
ist between the data processing of the process to which
is mapped a module and the data transfer of the chan-
nel to which is mapped a bus. Edge FR; and edge SE; in
Figure 3 represent the E/R Dependency and S/E Depen-
dency, respectively.

System S1 performs as follows in architecture A1. At
first, system S1 initiates the data transfer of vertex C'1; that
has no dependency from other vertices, then operates the
data processing of vertex P1; that has a dependency from
vertex C'1; starts. After the completion of the data process-
ing of vertex P1,, the datatransfers of vertex C'1, and ver-
tex C'2, are ableto be executed, and the datatransfer of ver-
tex C'1, starts because channel C1 has higher priority than
channel C2. Because vertex P14 has dependencies not only
from vertex C'1; but also vertex C24, the data transfer of
vertex C2; starts after the completion of the data transfer of
vertex C'l,, and the data processing of vertex P1, starts af-
ter the completion of the data transfer of vertex C2;.

In the same way, system S1 performance in architecture
A2 can be analyzed. Channel C1 and channel C2 is mapped
to the different buses, then the data transfers at channel C1
and channel C2 can operatein parallel.

If the execution time of all AL-EDG vertices are given,
the finish time of each vertex operation can be estimated by
adding the execution time to the starting time of the data
processing or transfer. Thus, the finish time of the opera-
tion of the vertex that is analyzed at the end represents the
execution time of the system.

To construct the AL-EDG for the target architecture, the
same SL-EDG can be used because the SL-EDG has no
edges related to the target architecture. Therefore, the SL-
EDG isconstructed only once. Section 4.2 describesthe SL-
EDG construction method in detail.

3.4. Process execution time and data transfer time

It is necessary to obtain the execution time of each ver-
tex for the performance estimation based on the AL-EDG
analysis. The execution time of a process vertex is equal
to the execution time of the module to which the process
is mapped. This is stored in the IP database. The execu-



tion time of the channel vertex changes with the bus proto-
col. Our method can estimate any bus protocol because the
execution time of the channel vertex is assumed to be cal-
culated from such variables as the data size, the bit-width
and the rate of the bus that the channel is mapped to for tar-
get bus protocol.

Thedatatransfer sizeisequal to the channel datasize ob-
tained from system-level profiling. Moreover, they areinde-
pendent of the architecture, therefore, a profile information
of onetime system-level simulation can be used for the per-
formance estimation of various architectures.

4. System performance estimation method
4.1. System-level profiling using SystemC

This section proposes the method of the system-level
profiling using SystemC.

SystemC, a system-level description languages, consists
of libraries of the software programming language C++, and
can describe some concepts of hardware, for example, par-
alel executiong8]. In SystemC version 2.0, the designers
can implement the data transfers as channels and can de-
fine new channels.

We use the monitoring channel class for system-level
profiling. The data transfer of the monitoring channel con-
sistsof awrite accessfrom adata sending processand aread
access from a data receiving process. The monitoring chan-
nel performs as follows;

Wait for read access and write access.

Read the written data.

Report the current time.

Wait for one unit of time.

Notify the completion of the write access.

Notify the completion of the read access, sending the
written data.

After the accessto the monitoring channel, the data send-
ing process and the data receiving process wait until notifi-
cation from the monitoring channel.

The data transfer timing of each channel can be profiled
by compiling SystemC codes with the monitoring channels
and executing the binary code generated from compiling.
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4.2. Construction of system-level execution depen-
dency graph

This section denotes the method to construct the System-
level Execution Dependency Graph (SL-EDG).

The SL-EDG contains vertices representing data trans-
fers and processings, and edges representing dependencies
of the system-level model. Each data transfer vertex con-
tains the data size of the translated data.

The SL-EDG construction flow is as follows;

1. Make vertices representing each of the data process-
ings, and make an edge from the n-th data processing
vertex to the n+1-th data processing vertex.

2. Make vertices with the data size representing each of
the data transfers, and make an edge from the n-th data
transfer vertex to the n+1-th data transfer vertex.

3. Make an edge representing the R/E Dependency from
the data transfer vertex representing data receiving for
the n-th data processing to the n-th data processing.

4. Make an edge representing the E/S Dependency from
the n-th data processing to the data transfer vertex rep-
resenting the data sending of the n-th data processing.

It is possible to construct the AL-EDGs for various tar-
get architectures from the same SL-EDG, therefore, the SL-
EDG should only be constructed once.

4.3. Construction of architecture-level execution
dependency graph

Congtruction of the AL-EDG is adding edges represent-
ing dependencies of the architecture-level model to the SL-
EDG. This phase needs the constructed SL-EDG and the
architecture-level model consisting of the mapping infor-
mation representing mappings between modules and pro-
cesses and between busses and channels.

The AL-EDG construction flow is as follows;

1. Make an edge representing the E/R Dependency from
the n-th data processing vertex to the data transfer ver-
tex of the data receiving for the n+b-th data process-
ing, where b is the number of the buffer on the port to
which the channel of the data transfer is mapped.

2. Make an edge representing the S'E Dependency from
the data transfer vertex of the data sending of the n-th
data processing to the n+b-th data processing, where
b is the number of the buffer on the port to which the
channel of the data transfer is mapped.

4.4. Analysisof execution dependency graph

The AL-EDG anaysis implements the system perfor-
mance estimation of the target architecture. The inputs of
the analysis program are the constructed AL-EDG and the
architecture-level model information consisting of variables
such as the bus rate and its output is the execution time of
the system on the target architecture.

Before starting the analysis, the program calculates the
execution time of each AL-EDG vertex. The execution time
of achannel vertex is calculated from the data size and the
bit-width and the rate of the bus that the channel is mapped
to, and the execution time of the data processing vertex of
the process is set to the execution time of the module to
which the process is mapped. The execution time of the
module is stored in the |P database.



The analysis flow of the AL-EDG is asfollows;

1. Initializetime variable T'.

2. Search executable vertices that have no edge from
other vertices.

3. Divide executable vertices into groups for each mod-
ule or each bus that they are mapped to.

4. Select one vertex with the highest priority from each
group. (Priorities of the vertices change, if the module
or bus need to change priorities of the data transfers or
processings.)

5. Analyze the execution of the selected vertices by the
following procedure.

(a) Lettimevariable Ty, otc5¢ bEthe shortest execu-
tion time of selected vertices.

(b) Addthevaueof Tsporest tOT.

(c) Subtract the value of Tspor1es¢ from the execu-
tion time of all selected vertices.

(d) Remove the vertices whose execution times be-
come zero and the edges from these removed
vertices. The vertices whose execution times are
zero represent the data processings or transfers
that already finished, therefore, the value of 7" at
that time is the finish time of the data process-
ing or transfer of these vertices.

6. Continue 2. to 5. until all vertices have been removed.

Thevalue of T at the time when al vertices are removed
means the finish time of the system execution. Thus, the fi-
nal value of T represents the estimated execution time of
the system.

5. Experiment

This section shows experimental resultsto present the ef-
fectiveness of our method. We implemented 3 programs, the
SL-EDG construction program, the AL-EDG construction
program and the AL-EDG analysis program, and compared
the amount of the time for the estimation of our method and
the architecture-level simulation.

5.1. Target system

We applied our method to an audio/video encod-
ing system. Figure 4 shows the system-level model of the
audio/video encoding system. The system-level model con-
sists of ten processes, three RAMs (RAM_A, RAM_V
and RAM_AV), an Audio Interface (Al), an MP3 En-
coder (MP3), aCCD, an LCD, a JPEG Encoder (JPEG), an
AV Multiplier(AV_MUL) and a Storage Device (STRG),
and nine channels, c1 to c9.

In this experiment, we estimated the execution time for
encoding a 30 second piece of audio and video data at eight
architecture-level models consisting of different modules,
bus topologies, and bus data transfer rates. Figure 5 shows

Audio @ MP3 o3
nterface/ | e \Encoder,

JPEG

3 B4
(a) Bus topology BT1

[ Al J[RAMA][ MP3 |[AV.MUL][ LCD ]

I 1 1 1 ]

I T T T 1B1
[ ccb |[RAM V | [ JPEG | [RAM AV] [ STRG ]

(b) Bus topology BT2
Al '— RAM_A
cco i MP3
I

LCD -~ {AV_MUL
STRG JPEG
(c) Bus topology BT3

Al | [RAM_A MP3

RAM_V B2
[ ccD H |Rram Av AV MUL
LCD | L o3
STRG Bl JPEG

(d) Bus topology BT4

Figure 5. Bus topologies of the target system.

the four topologies. The bit-width of the buses is 24 bits.
Each process except RAMs is mapped to a module one-on-
one. Topology BT1 and BT2 have three RAMs to which
each RAM process is mapped, and topology BT3 and BT4
have one RAM to which al RAM processes are mapped.
The execution time of the MP3 Encoder, the JPEG Encoder,
the RAMs, the AV Multiplier and other modules are 9021
[pes], 6908 [us], 4 [ps], 1000 [ws] and 1 [us], respectively
that are obtained from the I P database. Furthermore, Table
1 showsthe target architecture information consisting of the
bus topology and the bus data transfer rates.

[ Arch.name [ Bustopology | Busrate [ns/data] |

ARCH1 BT1 All 1 66
ARCH2 BT2 All 1 66
ARCH3 BT3 All 1 66
ARCH4 BT4 All 1 66
ARCH5 BT1 All 1 100
B1,B2,B4,B5 :200
ARCH6 BT1 B3 66
ARCH7 BT4 All : 100
Bl :66
ARCH8 BT4 B2 B3 :200

Table 1. Target architectures’ information.




5.2. Comparing results of estimation time

In this experiment, we assume the data transfer
time, transTime[sec] by the following equation where
size[bits] is the data size, bw[bits] is the bit-width of the
bus, and the rate[sec/data] is the time to send bw bits
data.

transTime = ﬁm—‘ x rate @
bw

We made SystemC description for system-level profiling
and for architecture-level simulation that data transfer time
isbased on equation (1). They have same description of pro-
cess behavior, but are different in fineness of data transfer.
The description for only profiling has channel description,
while that for architecture-level simulation has bus descrip-
tion that simulates data transfers and arbitration. This ex-
periment was undertaken in a Pentium 4 (2 GHz), 512 MB
memory and GNU compiler gcc-2.96 environment.

Table 2 shows the estimation time per architec-
ture obtained by our method and those obtained by the
architecture-level simulation. The estimation time per ar-
chitecture meansthe average of the time to estimate the per-
formance of the eight architectures shown in Table 1. Table
2 shows that our method can estimate the architecture per-
formance about two times faster than the architecture-level
simulation. In this experiment, the SL-EDG contains 17696
vertices and 23070 edges.

In our method, the compilation and simulation of Sys-
temC descriptions for the profiling need not be executed for
each architecture. Thus, we shows the estimation time for n
architecturesin Table 2. If many architectures' performance
are evaluated, our method is about 10,000 times faster than
the architecture-level simulation.

The architecture-level simulation is performed by moni-
toring all processes and channelseven if these areidling, but
our method monitors only processes and channels that are
operating. Therefore, our method can estimate the system
performance faster than the architecture-level simulation.
Moreover, in the architecture-level simulation, designers
should write the architecture-level SystemC description for
each target architecture and should repeat the architecture-
level simulation. In contrast, our method needs the system-
level SystemC description and the one time simulation. The
more target architectures there are, the bigger advantages
our method has.

| [[ 1arch[sec] | narch[sec] |
| Architecture-level [ 1123.05 | 1123.05* n_|
our Sim. + SL-EDG const. 687.74
method |_AL-EDG const. + analy. 0.09 | 687.74+0.09* n
Total 687.83

Table 2. Estimation time of two methods.

6. Conclusions

In this paper, we proposed architecture-level estimation
method based on the EDG construction and EDG analysis.
Experimental results show that our method can estimate the
architecture performance faster than the architecture-level
simulation.

In future, we plan to propose a system-level architecture
exploration method.
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