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. INTRODUCTION

Moden processors are comp!ex eptities of difﬁgult
tanding and evaluation. Tbenr design and pr.oductloon
e ve and time consuming. Therefore, simulation
i expenfs real processors are created to assist hardware
mOQels O (0 estimate how their decisions will affect the
eng'mﬁte;)sefore it is implemented on an integrated circuit.
pr,(g,ei,h jargely used by the industry, simulation also
:rov(e)sgto be of great interest as an instrument for helping
esearchers at universities 10 develop new processor
nodels, as well as helping students to learn about processor
organizations by inspecting the internal processor behavior.
Currently, several simulation tools can l?e found, but most
of them require, from the user, a detailed knowledge of

computer organization and design. |
This work is part of the T&D-Bench (Teaching and

Design Workbench) project under development at UFRGS.
This project aims at the development of a processor
simulation environment exploring the concept of object-
oriented modeling to create a very flexible support for
nvestigating and learning computer organization models,
siving freedom for users (designers or students) to evaluate
different architectural alternatives and their impact on the
system performance.

f T]']l]ls Paper presents CSDSim, a client/server simulator
or the DLX processor introduced by Patterson and
Hem}essy [PAT95]. The main objective of CSDSim is to
provide a flexible, didactic simulation environment for the
DLX' processor, capable of being useful not only by

bhegmpers, but also by advanced students. The adoption of
the client/server architecture makes CSDSim adequate to a

c!ass environment, where instructors and students play
different roles.

. This paper is organized as follows. Section 2 briefly
filscussgs object-oriented hardware modeling and visual
Inferactive simulation. Section 3 introduces the SIMOO
simulation environment, upon which CSDSim is built. The
software architecture of CSDSim is detailed in Section 4.
Resources for performance evaluation are presented 1n

Section .5, and Section 6 concludes with final remarks and
future directions.

II. FUNDAMENTAL CONCEPTS

As part of the T&D-Bench project, CSDSim inherits the
SIMOO [COP97] approach for system modeling. The idea
1s to stress the concepts of object-orientation as a support
for a flexible modeling of processor organizations, in order
to give the user maximum freedom in exploring various
alternatives and analyzing their impact on performance.
Although required to implement the core of CSDSim, this
approach also proves to be of great use due to inherent
benefits of the object-oriented methodology. Some of these
benefits are:

e Decreasing of model complexity, since each entity on
of the target architecture 1s mapped to a class in the
model.

Increasing of model reusability. After modeling and
validating an entity, it can be included as part of a
library of models, thus being usable as a component by
other future systems.

Easier maintainability of models, due to data and code
encapsulation and to the fact that the model is broken

into several small entities.
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e use of simulation In different argas o;'
he increase in the complexntx 0
he data analysis of simulation

results a complex and time-consuming -task. SASSte nif‘
consequence, new mechanisms 10 facﬂnateovﬁyuser
modeling and data presentation and to lmgr
interaction have been investigated and developed.

' ' ' ' concept
Visual Interactive Simulation (VIS) 1s 2
introduced by Hurrion [HUR76] and Bell and OKeefe

[BEL87] and proposed as a series'of gui.delines to §morc]>tt?
the process of conducting §1mulatlor} experime nd,
providing intermediate data tracking, user interaction, a

model parametrization.

According to Wagner [WAG96], there are some aspects
that need to be carefully analyzed be.fore the developmenst
of a simulation environment that is meant to be VI

compliant, such as:

e execution mode selection — step-by-step, time slice and
continuous execution;

Lately, the larg
application, in addition to
simulated systems, makes t

e selective variable tracking;

e modification and query of parameter and attribute
values;

o different graphical presentations of results in
accordance to the type of the monitored object,

e statistical analysis,
e graphical visualization of the simulated model;

e saving of intermediate results; and
e simulation time advance and backtracking.

CSDSim attempts to incorporate all these features, in
order to enhance user interaction and enable total steering
of the simulation execution.

[11. THE SIMOO ENVIRONMENT

SIMOO [COP 97] is a general-purpose, object-oriented
platform for multiparadigm, discrete simulation.

Simulation entities in  SIMOO are mapped to
autonomous elements, which are objects with their own
execution threads, so that they may be easily distributed.

Each object in a given system may be modeled by a
different and most adequate simulation paradigm — event-
or process-oriented behavior, communication by ports or
messages, active or passive reaction to messages, client or
SCIVEr perspective, etc.

Visual interaction facilities are Implemented as objects
from a domain that is completely independent
from the model logic domain. These facilities may be
associated to entities and their attributes  through
mappings between the domains, and these mappings may

be  dynamically changed during the experiments
themselves.

The static structure of the mode]
by hierarchical class and ;
are enriched with specific features
the dynamic behavior of tha
by using calls to a specialized library. Fp,
diagrams and entities' behavior 3:
editor generates an executable mode]
contains default resources for ’
interaction. n an&

IV. THE CSDSmv ARCH]

the past recent years. Examples of these n:];)ped o 2
WinDLX [GRUO0], ESCAPE [VERog) o WS

[AUS00] and DLXView [ADA00]. As » MpleScajy,
study, features that are common t ] % Tesult of this
been identified: Ments hay,

* Single platform — All considereq Simulat
specific platform. WinDLX and ESCAPE
for Windows, and SimpleScalar
Unix.

* User interactivity — Even though all the
have some flexibility on choosing the
parameters,. none of them ajlow archite
reconfiguration after starting an experiment =

* Construction of the simulation model |

0 all envirgp

and DLXViey for

Simulators
Slmulation

the source code.

be. gsed by a single user. They do not provide the
apxllty to have multiple users following the same
simulation session.

| Based on this analysis, we Propose an environment that
'mproves some of these characteristics, but targets a

different audience: computer science or computer engineer
stugients enrolled in a computer organization course. The
main goal is improve user interaction, allowing the user to
modify simulation parameters on the fly and providing a
graphical interface for intermediate data analysis.
Furthermore, the user shall be able to define its own
performance evaluation experiments and to visualize their
results in different ways.

Since CSDSim is an instrument to be used in class, I
has been designed as a client/server architecture. This
approach was chosen since it permits multiple users 10
connect to one existing model and interact with it In

e e S R e e T e A T M ) T oo 0 i S v it



the same time. At the same time,‘\.vc
 wBYS at e problem of platform availability
of SIMOO on the server side, making

1 application on the client side.
tecture has the DLX model on the

e uSer interface on the client side. The
3 nd “twecﬂ server and client 1s performed
ot ation bcCP/IP protocol. There are two kinds of

i master client, which may control the
dttl;; lave client that may only follow it.
09 ety A (s can be described as follows.

L emenDsim-SC“’er): it was developed using

rhese gerver (CS Jvironment. It contains an object that

e SIM %lee for the communication and another
s respons! onts the model of the DLX processor.

lem ¢ (CSDSim-Client): it is responsible

: ol of the simulation. Its functionality

for the €07 connection  management,  model

mCleeiatiOH user interface, and data analysis and
con 1gU : :

presenéaltig:’(csDSim-Viewer): it 1s only used on a
Slave

" or mode. Its functionality 1s a subset of the
mu]tl-u(sjients one. hence being totally dedicated to
maSth

s and presentation. ey
data analys hetween them are shown in Figure .
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Fig.1 - The CSDSim architecture

The server was developed using the SIMOO framework.

i that manner we have the advantages pf using an o.bject-
orented model. As a drawback, we restrict the execution of
ihe server to a Windows 95/PC platform. .

On the other hand, the client is implemented in Java.
Since the performance of the application itself 1s not a
major concern, we take advantage of benefits that the
language offers: .
~va powerful library for visual interface programming
- lowing);

It provides natyra] Support for the VIS paradigm,

ation  of  simulation results is
- Irom the simulation process 1tself,
g from the user only the client

processor architectures;

th . .
€ user can make modification on the processor

organization without previous knowledge of
‘ h
has been pPreviously modeled: g

the application can be used in class, since the

lcrlﬁmctor controls the simulation using CSDSim-
lent. and.students visualize the process using
CSDSlm-Vlewer; and

* the client can be easily adapted to be used within a
brovi/ser., therefore allowing the user to run the
application through the network . This is possible by
trgnsfonping both CSDSim-Client and CSDSim-
Vu?wer Into Java applets that are downloaded and
activated when the user accesses a specific URL.

A detailed explanation of the communication protocol,

as well as an in-depth description of the three elements of
the system, is presented in the remaining of this section.

A. Communication Protocol

The communication protocol is based on a message
exchange methodology and implemented upon TCP/IP, as
shown in Figure 2. Its messages are divided in two parts:
the header, which contains one byte that holds the message
identification; and the parameter array, which has zero or
more parameters that are particular to that message.

A set of pre-defined ports is used to facilitate the

communication between the elements of the system. They
are:

Client Master

JAVA
Communication
Prolocol

il

Client Slave

JAVA
Communication
Protocol

Vall

Communication
Protocol

i

TCP/IP

Fig.2 — Communication protocol
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e 5000: port used for bi-directional ‘comm.unication
between CSDSim-Server and CSDSim-Client.

e  5001-5020: set of ports used fo.r unidircctionzg
communication between CSDSim-Server an

CSDSim-Viewers.
e 6000: port used for bi-directional comm
between CSDSim-Client and CSDSim-Vxeyers.
Each part of the system — DLX-Server, DLX-Client, and

DLX Viewer — has its behavior described by 2 Finite State
Machine (FSM).

unication

B. CSDSim-Server

CSDSim-Server is the entity responsible for.executing
the simulation model. It contains the classes that implement

the DLX model and the communication protocol on the
server side.

B.1. Protocol

The functionality of the server is based on a finite state
machine (FSM), which was divided mto three sub-FSMs 1n

order to make its understanding more straightforward.

CONNECT __MEM_CONFIG
O=ox=¢

PIPE_CONFICG

0s=0

MEM_IMAGE " SIM_CONFIG

RUN_STEP

Fig.3 — Server FSM, common part

Figure 3 shows the first part of the FSM. It contains the
set of states that is common to two execution modes
supported by the simulator (step-by-step and run/stop).

Initially, the server initializes a socket on the port 5000
and waits for connection requests (state 1). When the
connection between server and master client 1s established,
the server waits for the arrival of configuration messages
(states 2 to 5). Once all configuration messages have
arrived, the server waits for a message containing the initial
memory image. Then it broadcasts the initial state to all
registered CSDSim-Viewers. The server is then ready to
start the simulation (state 6) in either of two modes: step-
by-step (state 7) or run/stop (state 30).

When the user chooses the step-by-step execution mode
(Figure 4), the simulator runs one simulation step and
pauses. After that, it broadcasts the variable values that
were modified on this step to all clients (state 7). One of

2Cedro . gp

four situations can then occur: a) the user chan

configuration of the processor and this change ;i brges the
to all registered clients (state 9); b) the yser ChanoadcaSt
value of a variable and the new value is datedg?s the
whole system (state 10); c) the simulation COhis: N the
one more step is executed (state 7); and d) the Sin:les ang
ends (states 8 and 2). Ulatiop,

END_OF _SIm
STOP 8
b 22

CHANGE_VAR

oo

Fig.4 — Server FSM, step-by-step mode

SHANGE_CONFIG

Once the run/stop mode is chosen (Figyre 5)
simulator executes until the end of the simulatiop i ot the
(state 34), unless it is stopped (state 32) or sy ached
31) by the user. In case of a pause, the user cap re(State
execution (state 30), stop execution (state 32), or irltro;Ume
changes in the configuration (state 35)- o valye uce
variables (state 36). In either case, the chap eSS of
broadcast to the whole system. After the yser regUe are
stop or the end of the execution is reached, the Valu(is S;s a
variables are updated on the clients (state 33) and the of al]
returns to state 2. Server

CHANGE_CONFIG

PAUSE

RESUME STOP

° STOP.@\

ACK

X
‘@_ACK__@ ,@

Fig.5 - Server FSM, run/stop mode

B.2. Model

The DLX processor was modeled at 4 different

aggregation levels, according to the hierarchical approach
enforced by the SIMOO framework.
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nts the server as a unique entity in
ntity that will be executed by the
d its description into its sub-

vel prCSC
The firs! | is 18 the €
Ch \Vin cxpan

level implements two entities:  the
the 7 rotocol (the whole prptocol 1S gk:scn’bed at
mmumcatlog Ithe pLX model, which contains all sub-
¢0 1N

{ organization.
ribe the DLA © ~
desCe troduces the functional blocks of the

““CS b v l ] . : .
™ he thir . a5 shown in Figure 6. Five of these
here: clock, memory, pipeline, register

-k

0 model for the DLX organization

- responsible for distributing the clock signal
&g pf the system and ensuring their

| elements O _
0 a e memory implements the memory

. nization. Th . ER
5)“°hro management mechanisms. The pipeline

archy and SmS.
glesrciibez the various Stages of the pnpe!nng, as well as
ecchamisms for forwarding, branch predlc.tlon, and data
5 on. The register file contains all general-

dency detect! : ; :
o isters (floating-point registers were

d system regl
purpose anc 5Y ly read/write requests. The

| dling on
not implemented), han . .
monitor is the entity responsible for keeping track of values

of variables that are being visualized. It observes all the
messages exchanged between the entities of the .model and
of monitored variables to the clients when

send the values 0 th .
tese variables are updated. It also contains information on

the system configuration. .
The lowest level of the model hierarchy presents a more

detailed description of the memory and the. pipeline. As
shown in Figure 7, the memory entity contains four sub-

entities that model the memory hierarchy: the main
memory, the cache, the instruction cache, and the data
cache. Here, cache is a specialization of main memory, and

data cache and instruction cache are specializations of

I
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cache. The pinel;i :
describin ,c ap /2 elmve cntity contains six classes, the first one
e s& SENETIC stage of the pipe, while the remaining

peciahizations of the generic class that correspond

to each one of th
¢ stages: fetch. d
access, and write back , decode, execution, memory

n —
| = mem_to_cache:1
TMainM emor e Y°

n =
L ?DdaCache ?
|

Fig.7 — SIMOO model for the memory

C. CSDSim-Client

CSDSim-Client is the element of the system responsible
for controlling the simulation and implementing the user
interface for system configuration and data visualization.

C.l. Protocol

As CSDSim-Server, CSDSim-Client also has 1ts
functionality based on a finite state machine (FSM). It was
also divided into three sub-FSMs in order to make 1ts

understanding more straightforward.
Figure 8 shows the set of states that are common to both

types of execution supported by the simulator.

ACK

Fig.8 — Client FSM, common part

Initially, the master client initializes a socket on port

6000 to be used for communication with slaves. It waits for
requests of connection until a time-out occurs. For each




it returns a message confirming the

‘ slave,
registered P address (state ).

- r
connection request plus the serve i
Then. it creates a socket on port 5000 for communic g

‘ a
with the server and sends a message r;quc&t;::fcen
connection to it (state 2). When the connection e
server and master client is established, the chent v

| nds
the user to configure the simulation model and scthe
rver containing these data as soon as

configuration process is completed (states 3 to 6). Onf:,:a?tl;
configuration messages have chn sent, the chcgt‘ s
(state 7) the user to input the dcsxrgg)cxccuuon mode: step
by-step (state 8) or run/stop (state '

) W}‘:e(n nmn)ing on step-by-step mode (Enggre ~9), the
client imtially sends a message to the server indicating that
a simulation step can be executed (state 8). .A‘ftcr that, 1t
waits for an action from the user. Actually, this is when the
user can visualize the intermediate data resulting from' the
simulation process (state 9). Then, one of four situations
can occur, depending on the input from the user: a) the user
changes the configuration of the processor and a message
communicating this change is sent to the server (state 13),
b) the user changes the value of a variable and the new
value is sent by a message to the server (state 14); c) the
simulation continues and one more step 1s executed (state
8), or d) the simulation stops (state 10) or ends (states 11

and 2)

messages to the se

<RUN |STEP>

/'/ 8
<RUN STEP o i
foy ACK

| 7 A
VAR_UPDATE .
"/ <CHANGE_VAR>
\

G
e ————ACK

/
o A
l <CHANGE_CONFIG>
\-__—’/
<STOP>
SIM_END
10 — |

Fig. 9 - Client FSM, step-by-step mode

When running in run/stop mode (Figure 10), the client
initially sends a message to the server indicating that a
simulation can be started (state 20). After that, it waits for
an action from the user or the end of the simulation (state
21). Then, one of three situations can occur: a) the user
pauses the execution (state 22) and receives from the server
a message with all the updated variables (state 23),
returning to state 9; b) the user stops the execution (state
29) and receives a message from the server with the values

e ——

of all variables on the last executed clock ¢y,
or ¢) the simulation ends (states 25, 28 and ). Th
introduce any modifications on the procegsor conf;

and variable values at any time during states 7 an Buratiop,

d 23,

\ L )

A
7

S _BTATE

Fig.10 - Client FSM, run/stop mode

C.2. User Interface

The user interface of CSDSim-Client iImplements 4
of tools that help the user define the methods used tq cre -
follow and evaluate results of an experiment. This interfate’
consists of exclusive features implemented to su =
CSDSim  basic  functionality (system conﬁguraﬁ?ort
performance  evaluation and Intermediate dg? ’
visualization), in addition to resources mtroduced in oth :
tools, like WinDLX, that are used for Intermediate daet:r
visualization. Figure 11 shows the user interface use fo?

visualization of the instruction flow op a ti :
1 time dia
chart gram
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Fig.11 < Displaying the pipeline stages
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The output data provided by the system are divided into

.»FORMANCE EVALUATION ,
V. PERFO l 7 different groups:
veloping a real processor, several e § ~ ,_ ,,
e Proces® of ge effor%nance of the processor: rgstqe:; it Here we find information
In an affect t~e P N o enl st garding the processor being simulated: processor
(pect . 5 functional - OTgaNIZatiot, g en, name and clock frequency
on SCh n. P : ;
structt© and s0 O rogram Information —
S sical echn® 8 ments of the processor arc known, the related to th Rt AR
phyS" ihe requIreit® . S e program that was loaded in the DLX
Once optimize the system organization. It 1s memory. All the inf . . |
qeeds 10 P SR A TORT q ntformation contained 1n this group 1s
esigne" 1 point out that the choice ot the me "}SS udse 10 managed by the DLX-Client. The program name is
_ nt : important 1n this design ' i
‘“’plogfe el mance is extremely 1mp g obtained from the user selection from a list of
syall | programs available in the configuration menu. The
cperience some of th '
phas® e 10 allow students to experic] B program status can have one of the following values:
In OF . the real processor design, mechanisms not initialized, 1
olved in ! ‘ ” , In case the program have not been yet
task5c;n seloped for evaluating the processor pe onna}x:ce. selected; running, if the program is being executed;
or¢ 06 | ers can ¢ ' T
were e all phases of the snmulatlon,nlg s at“ge paused, if the program execution was temporarily
Dunﬁguration of important compone ystem, interrupted; halted, if the program execution was
ihe CO; . ﬁmshe.d by the user; and finished, if the program
quch & _ size of the memory; execution was finished by the system. The number of

S
main Me SLTNE .on and removal of the cache,

tegy (write-through or write-back),
(direct mapping, set associative, or fully

tve)s B by
assoC1d ) mber of stages, activation of the

jities e 2ol g :
' pflpehaﬂrdmg echanism, branch prediction mechanism;

orw

and

. equency.
<em: processor T Y
oo Syt .onal modifications have been already

1zat
These Or&an f the DLX processor model. It was

- the design O . ,
gorcsl;;ne:jnin such a way, that these modifications can be
eve

at run time.
mati: mportant feature that needs to be added to a
: is a mechanism to

| | t
qce analysis environmen
o Based on that, the

: systems.
are two different SYS 3asc |
comp 1 model has embedded in its design some

imulatio |
g ify statistics about the model execution.

variables that quantl . 10¢ .
These variables are shown in the Statistical Analysis

Window (Figure 12).

ISP R P AT VL R Py

Fig.12 - Statistical Analysis Window

Instructions in the program is extracted from the
assembler.

Execution Information — In contrast to the previous
groups, this information is obtained at execution time,
by means of messages sent from the server to the
client. Three parameters are contained in this group
and regard the program execution up to the current
simulation time: number of executed cycles; the
number of executed instructions; and total execution
time. The execution time (tEX) is calculated by
multiplying the number of cycles by the execution time
of each cycle.

Pipeline Configuration — This group is formed by two
static parameters that are related to the pipeline
configuration: number of pipeline stages and status of
the forwarding mechanism. Moreover, there is another
parameter that stores the number of stalls that occurred
in the pipeline. This last variable 1s obtained at
execution time by means of messages sent by the
Server.

Instructions — The parameters supplied in this group
are related to the program instructions that are being
executed. The instruction set of the DLX is divided
into 4 types: load/store, conditional branches,
unconditional branches and logical-arithmetical.
RBesides the total number of instructions executed up
the moment, also the percentage of instructions
executed from each of the groups 1s displayed. In the
case of a conditional branch instruction, the simulator
‘nforms whether the branch was taken or not.

Branch Prediction — If the branch prediction is enabled,
data regarding the chosen algorithm is shown, so that
the user can evaluate its effectiveness. At this moment,
CSDSim provides the number of correctly predicted
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umber
branches and its percentage related t0 the total n

of branch instructions.

e Memory Hierarchy — The co Sy
hierarchy is shown. Data 10 he used for analyzZing

i : are
performance of data and mstrqctxor} caclslgfn o
collected. Memory size, type and hit ratio arc
the values presented in this group.

nfiguration of the memory

VI. CONCLUSIONS

This paper presented a didactic simulator for the DLX

processor, intended for Computer Organization course;. I;
is based on a client-server architecture that is adequate 10T

networked laboratory environment, where the modc?l rur:s
on a single server, the instructor may steer the experiments
on a master client, and the students follow the. experiments
on slave clients intended only for visualization purposes

(although they may optionally also steer experiments on

additional master clients). | i
The simulator is based on SIMOO, an object-oriente

simulation framework that presents seve{al inter.esting
features for high-level modeling and interactive tracking of

experiments. |
In this initial version, the simulator already offers

various configuration items that may be set by the user and
displays a rich set of output data collected from the
experiments. These resources allow for performance

evaluation experiments based on a what-if approach. Future
versions of the simulator will extend the user facilities for
modifying the processor model as well as the output data
oathered for performance evaluation purposes and the
corresponding visualization resources. Object-orientation
will be a very valuable technique for implementing the

desired flexibility.
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