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Abstract 
This paper reports experience with the formal description language SOL (Specification 
and Description Language) in the top-down development process of an OSI communica
tion protocol. From formal specification to implementation on a microcontroller system 
all phases of development including simulation and evaluation have been processed by 
using SOL and the SOL Design Tool SDT, an SOL hascd CASE tool. This paper describes 
the experience from using SOL in development as well as advantages and limitations of 
SDLISDT usage which came up during the project and draws a comparison to the conven
tional development method. 
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1 INTRODUCTION 

Engineering telecommunication systems requires precise system specifications. Thus 
Formal Description Tecllllhjttes ( FDT) are of an increasing importance in engineering dis-
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tributed and complex systems. The formal description language SDL (Specification and 
Description Language) is recommended by the International Telecommunication Union 
(/TV) (Z.lOO) for the use in specification and description of telecommunication systems 
and is already widely used in the field of telecommunications. 

1.1 Motivation 

So far formal description languages are primarily used in the field of specification to get 
precise and unambiguous documentation. On the other hand a number of software tools 
support system development with formal description techniques from specification to im
plementation. 

There is a lack of experience in using formal description techniques for the complete 
top- down design process from system specification to implementation on a target hard

ware platform. For this reason the firm Rohde & Schwarz,started completely FDT based 
development for a communication protocol on a stand alone hardware platform using 
SDL. Because this was the first approach towards FDT this project was carried out with 
the aim to get practice with applicating FDT based development. 

CASE tools for software engineering get an increasing widespread acceptance. They 
mostly offer graphical design frontends for design entry and simulation. The Specifica
tion and Description Language SDL was chosen for this industrial project because SDL 
is especially recommended for telecommunication systems by the ITU. In addition to that 
there is the very powerful SDL Design Tool (SDT) available from the swedish company 
Telelogic AB, Malmo, that supports editing, simulation and implementation of systems 

based on SDL. 
This paper describes the development of a data link protocol including the implementa

tion and testing on an embedded microcontroller system. Beneath a summary of the 
phases of development and a short overview of the use of the software tool set SDT the 
results, especially the advantages of the use of SDL, are posted. 

1.2 A brief introduction to SDL 

The formal description language SDL is a standard language for specifying and describing 
systems. It has been developed and standardized by ITU in the recommendation Z.lOO. 

The basic model of SDL is an extended finite state machine (FSM). SDL systems consist 
of a set of extended FSMs that run in parallel. All states and state transitions can be de
scribed in SDL processes (See Figure l(c) ). The SDL processes are independent of each 

other and communicate using signals. New processes can be created by existing processes. 

But each process can only terminate itself. More than one instance of a process can exist. 

Each instance has a unique process identifier, which makes it possible to address each indi
vidual process. The connection between processes is established by communication paths, 
e.g. signal routes (See Figure l(b) ). 

The static characteristic of a system is described by its hierarchical structure in SDL. It 
is possible to divide the system into blocks and subblocks on multiple levels and form a 
hierarchy of blocks. The last block level contains one or more processes, which describe 
the system behavior (See Figure !(a)). 
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Figure 1 Examples for the SDL model. 
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(d) Abstract data types 

Besides that SDL includes an own abstract data type concept (See Figure (d)). Instead 
of data types with a specified structure SDL abstract data types specify a set of values, 
operators and equations. 

For further information on SOL see literature list posted at the end of this paper e.g. 
(Olsen, 1994 ), (Braek, 1993 ). 

2 APPLICATION 

As already mentioned this paper reports about a first application developed using SDL. 
Beneath a short description ofthe application it might therefore be interesting to point out 
why this application was chosen. 

An advanced Open System Interconnection (OS I) data-link protocol for data transfer 
over high-frequency (HF) media had to be implemented on an embedded microcontroller 
system. The choice of the application was motivated by the following aspects: 

• The function of data-link protocols is well known and its structure is easy to under
stand. 

Abstract data 
Abstract data 
Abstract data Abstract data 

Abstract data Abstract data 
Abstract data 
Abstract data 
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• Data-link protocols directly interact with hardware. 

• The advanced protocol incorporates complex features, so data processing with SOL 
could be tested. 

• This protocol was previously implemented traditionally using C-programming on the 
same hardware platform. Thus an effective comparison to the method using SOL can 
be done. 

Advanced OS/ data -link protocol 
The protocol is an extended company confidential high frequency Open Systems Inter

connection data-link protocol based on the standard X.25. It provides OSI data-link ser
vice, and incorporates a lot of extra features for efficient and robust packet communica

tion over HF media. 
Data communication using this HF OS! data-link protocol is based on the exchange of 

data packets on a point-to-point connection over a single radio channel. The protocol pro
vides connection-oriented data-link service and supports up to 20 data-link connections 

simultaneously over one channel. At Its lower layer boundary. the protocol interfaces to 

a multi-rate single-tone modem representing the physical layer. Data is transferred in a 

half-duplex way. 
Some of the important features which adapt the protocol to the characteristics of the HF 

media are summarized below: 

• adaptive modem speed control; 

• selective automatic repeat request (ARQ); 

• data segmentation and reassembly of higher layer packets; 

• connection reference numbers instead of the complete addresses; 

• collision avoidance by calculating the end-of-transmission interval of the partner sta
tion; 

• collision recovery: 

• repetition of acknowledgement frames. 
Describing all features in detail would exceed the scope of this paper. They can be read 

in the diploma thesis (Kellerer. 1995) and (Hagele. 1995), that also were carried out in this 

project. 

Protocol implementation using conventional C-programming 
Right before the implementation of the protocol using SOL the protocol described above 

was implemented traditionally. This means that the development based on the direct use 

of a common programming language in combination with a compiler and a debugger tool. 

The traditional development was divided in the phases design, coding, simulation and im

plementation. Coding and implementation on the microcontroller were done in ANSI C 

using the Borland C-compiler/turbo debugger. The simulation was done separately using 

special C simulation libraries. 
The hardware platform for the traditional implementation was the same as the one for 

the implementation using SOL: An embedded microcontroller system. This target plat

form is described in chapter 3.1. 
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SDL protocol specification 
The protocol was divided in separate blocks using the hierarchical structuring methods 

provided by SOL. Figure 2 shows an overview. 
The two main blocks Data-Link-Service-lnteiface DLS- 1 and Physical-Layer-Inter

face PL-1 separate the protocol in two sublayers. DLS-1 provides the data-link service 

for the upper layer user with standard PDUs. PL-1 communicates with the layer one of 
the OSI model, which is the modem in this case. 

The DLS-1 block is further divided in the two subblocks Connection Management CM 
and Packet Management PM. CM copes with the signaling tasks for connection setup, ter

mination, and administration. For this purpose the powerful CREATE PROCESS mecha

nism of SOL was used to create a new process for every new DL-connection . This pro

cess, representing the connection status state machine, remains in the system until the 

connection is terminated. Then the state machine terminates the process itself. PM man-
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Figure 2 SOL specification overview. 
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ages the data path communication with layer 3. It realizes segmentation and reassembly 

of layer 3 PDUs. 
The PL-1 block is built of two blocks for the sending and receiving functionality. The 

subblock Transmit processes the sending of data or control frames to the modem. It further 

realizes the ARQ mechanism that forces the repetition of missing or corrupted data 

frames. The subblock RECEIVE represents the receiving functionality. It assembles serial 

data bytes to frames and distributes them to either CM or PM depending on the frame 

header. 
The blocks and subblocks communicate with each other and with the upper and lower 

layers through SDL channels. Dedicated channels are provided for transmitting and re

ceiving data paths. In addition to the data path channels there are Control channels pro

vided for the interaction of sending and receiving sub blocks and for the overall system 

management. 

3 DEVELOPMENT TOOLS AND TARGET PLATFORM 

Figure 3 gives an overview of the tools used within the top-down design environment 

Generally most of the tools reside within the SDL Design Tool SDT. For compilation and 

debugging purposes Borland tools were added. 

Figure 3 Toolset overview. 

SDL Design Tool SDT 

Simulationlib. 
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L------.:..,...-------1 ~a terlib. 

EJ 

The SDL Design Tool SDT was used to specify, analyze and simulate the protocol and 

made it possible to generate C--<:ode from the specification. This tool is commercially 

available from Telelogic AB, Malmo, in Sweden (Telelogic, 1995). 
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SDT is a set of integrated software tools based on SDL and Message Sequence Charts 
(MSC)(Z.l20). The main tools are: 

• Editor for editing SDL diagrams. 

• Analyzer for a complete syntactic and semantic check to verify the specification. 

• C-Code-Generator to translate the SDL description to C. 

• Simulator interface to comfortably simulate the generated application. 

• Hierarchy browser to manage the design hierarchy graphically. 

Besides that SDT includes: 

• MSC Editor for tracing simulations. 

• Validator for validating the system. 

All tools are integrated in a convenient user interface and communicate over an integrated 
communication mechanism, the SDT Postmaster. 

In addition to that SDT provides a number of libraries for simulation, abstract data types 
and building applications. The main part of the library consists of the Master Library, the 
basic SDT library. The library, that can be obtained in C--code from the tool provider, is 
necessary when the application has to be executed on a different platform than the plat
form of the SDL tool. Changes of environment functions such as VO routines or system 
routines have to be included in this code. 

The items shaded in grey in Figure 3 had to be added to the standard Telelogic package. 
The Master Library has been adapted to the given hardware environment introduced in 
3.1. Since no operating system has been installed on the target hardware, some basic func
tionality had to be provided (memory management, VO routines, timer). These functions 
have been linked to the Master Library. 

3.1 Target platform: microcontroller board with i80C188 processor 

The target hardware platform is mainly based on an i80C 188 microcontroller. This micro
controller is arranged on an PC plug-in card together with some peripheral components, 
namely an EPROM for the program code, a RAM for user data, a boot ROM for startup 
code, a dual ported RAM for communication with the host PC, a clock generator as well 
as ports and controllers for input and output. 

The i80C 188 microcontroller has been chosen, because of its code compatibility to the 
standard INTEL x86 PC processors. An available development environment based on the 
Borland C Compiler and Debugger allows remote debugging of C-code on the target 
hardware (see Figure 4). 

The microcontroller board resides in an ISA slot of a standard PC. A dual ported RAM 
(DP-RAM) enables communication with the host PC. A fast and efficient way of asynch
ronous data transfer between the microcontroller board and the host PC is achieved by an 
interrupt concept in combination with the DP-RAM. In this way write accesses to dedi
cated RAM cells generate interrupts on the processors. In the application the data-link 
layer protocol running on the card can exchange messages with upper layer applications 
running on the host. 
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For communication with the lower layer entities three serial communication controllers 
(SCC) are provided. They allow connection to the HF-modem and the remote debugging 
host. 

As already remarked there is no operating system running on the processor. So the basic 
hardware dependent functionalities had to be provided. Code for dynamic memory man
agement has been developed based on the suggestions in (Kernighan, 1990). For commu
nication over the dual ported RAM some code and interrupt routines had to be provided, 
too. Communication over the serial channels using the SCC also required some basic rou
tines, that allow easy access from within the SDL generated system. Finally a timer rou
tine has been developed, based on the i80C 188 built-in timer. All these routines have been 
programmed using C. In an advanced environment, using a standard real time kernel the 
development of this rather complicated hardware dependent code could be easily substi
tuted by some calls to OS routines provided by the kernel. 

3.2 Test environment 

The tools and the hardware platform, which is described above, form the development and 
test environment. An overview of this environment for the implementation of the data
link protocol is shown in Figure 4. 

PC with 

Remote debugging link 

RS 232 

Borland C- Compiler 
Borland D bugger 

Figure 4 Development and test environment. 
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tc !protocol) 
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i 
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The engineering platform is aS UN workstation with the SDL Design Tool SDT. Specifi
cation and simulation of the protocol are done on this platform. For the implementation 
on the target platform C-code is generated by the SDT C-Code- Generator. This code is 
transferred via ftp connection to a PC running the Borland C-Compiler. The SDT Master 
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Library is also transferred to the PC platform. Additional system functions and I/O-func
tions have to be edited and linked to the generated C-code (Hardwarelib.). The Borland 
Turbo Debugger transfers the linked code to the microcontroller board. With the remote 
debug option of the Borland Turbo Debugger it is possible to debug the code running on 
the target platform on C or assembler level, with all known debug functions, e.g. code 
viewing, variable watching or breakpoints. 

Another debugging option not shown in Figure 4 is remote debugging on SOL level. For 
this method a serial RS232 link between the sun workstation running the simulator GUI 
and the target platform is necessary. It must be remarked, that simulating on the hardware 
platform costs a lot of resources (ram, cpu time) and gives a very limited gain in under
standing system behavior. In general systems should be designed and tested intensively 
on the SDT platform. So debugging on the target platform should only be necessary for 
hardware dependent routines added inC-code. For this debugging the Borland Debugger 
remote debugging option is very helpful. 

A test program representing a simple layer 3 running on the host PC, made it possible 
to evaluate the OP-RAM communication and test the implemented protocol. 

4 BUILDING THE APPLICATION- PHASES OF DEVELOPMENT 

The implementation of the data link protocol on the stand alone microcontroller board was 
done in several steps. These are described in this chapter whereas special emphasis is put 
on demonstrating the new method of using formal description techniques for develop
ment. 

4.1 Specification and design 

The HF OSI data-link protocol was specified and designed in SOL graphically using the 
SDL-GR Editor of SDT. Working with SOL the two phases of development specification 
and design are often summarized in the word specification, since all is done in one docu
ment (see chapter 5). 

The protocol was described in a top--down design and divided into modules using the 
structural methods of SOL (see chapter 2). Since SOL provides signal interfaces between 
the modules, connections within processes and from the processes to the environment 
could easily be done. 

Problems only came up when implementing complex data processing procedures (e.g. 
management of ring buffers). These can only be specified in a quite complicated way, be
cause abstract syntax notations like ASN.l (Abstract Syntax Notation One- ISO/IEC 
8824) are missing in the used version of SOT. The combination of ASN.l with SOL is 
described in the ITU-T recommendation Z.l05. Tool support for ASN.l is expected in 
the end of 1996. 

It must be remarked that SOL allows to integrate C routines an C operations in SOL 
constructs. This solution was not chosen for the realisation of the data link protocol in re
spect to a development fully using SOL where possible. But it may be considered for fur
ther projects. 
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4.2 Simulation 

A SDT Simulator consists of two main parts: the simulation code which is an automatical
ly generated C--<:ode from the SDL specification linked with the SDT simulation library 
and a simulation user interface for comfortable debugging. 

The simulation of the protocol is traced in the graphical document of the SDL specifica
tion. The application can be traced symbol by symbol. In addition to that the SDT Simula
tor generates a Message Sequence Chart (MSC)- trace which shows the sequence of all 

SDL signals and timers. Thus run time errors could easily be detected. 
SDTallows to run multiple simulators in parallel and to exchange signals between them. 

The SDT Postmaster is the interface that connects the simulators and performs the signal 
broadcast. In this way it was possible to start two simulations of the data link protocol. 
The two simulators were connected automatically by the SDT Postmaster in the sample 
protocol. Test signals from the upper layer have been inserted manually, but in principle 
one may think of generating a test bench in SDL, too. 

Since the automatically generated C--<:ode is complex and hard to follow up, the simula
tion using the SDL diagrams for tracing is a very comfortable method of simulating a sys
tem. Debugging the generated C--<:ode would be difficult and complicated. 

For simulating the protocol in the real environment a target simulation could be per
formed as already described. The workstation running SDT is connected via RS232 cable 
with the target system, the microcontroller board. On the board an extended program code 
is running including generated C--<:ode from the protocol and the simulator code, whereas 
on the workstation only the graphical simulator interface and a special PC-RS232 gate

way is in progress. The availability of target simulation by SDT makes graphical debug
ging on target system possible. The simulation speed is of course limited to transmission 
over the serial connection and to the computing resources of the target processor and is 
therefore not very fast. 

In fact the generated code for the SDT simulator, that should be loaded on the target, 
exeeded the memory of the microcontroller board. A special library to reduce the target 
(simulator) code is distributed by the tool provider (SDT Cmicro), but was not available 
for the development of the data-link protocol in this project. 

4.3 Code Generation and Implementation 

Code generation is done automatically by the SDL Design Tool. All SDL diagrams are 
translated into one C-program which represents the system behavior. This means of 
course that all parallel SDL processes are modelled as C-procedures which are no longer 
parallel in the application but are processed sequentially by the scheduler provided in the 
SDT libraries. 

The automatically generated C--<:ode is suitable for quite a number of platforms. This 
effects its complex structure. The operating system can be chosen by compilation 
switches, which select the appropriate code for the adequate compiler by preprocessor 
commands. 

To establish communication with the environment on the target system, I/O-functions 

have to be added by the system designer. They allow direct access to the SDL signals and 
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Figure 5 System implementation with SDT. 

their parameters. For the data-link protocol the connection to the upper layer via the dual 

ported RAM and the data transfer to and from modem via the SCC was realized in the 110 

routines. Unfortunately interrupts can not directly interact with the SDL system (see also 

(Gajski, 1994)). Interrupt handling had to be implemented in C-{;ode using linked lists. 

Additional functions which cope with the interrupts arisen from the dual ported RAM and 

the sec were programmed for the data-link protocol. 

Figure 5 shows a schematic about building an application using SDL in combination 

with the SDL Design Tool. In this case the development system consists of two parts: the 

SDL Design Tool running on a SUN workstation and the C-Compiler/Turbo Debugger 
system on a PC. 

4.4 Startup 

For testing the data-link protocol running on the microcontroller board a test protocol was 

designed on the host-PC. This test protocol was also implemented using SDT. It operates 

on layer 3 of the OSI model and allows the user of the PC to establish connections over 

the HF channel and to transmit data. 

5 COMPARISON TO CONVENTIONAL DEVELOPMENT 

During the project the data-link protocol was implemented on the microcontroller board 

twice. One implementation was done using SDL, which is described in this paper, the 

other was developed on the traditional way with C-programming. Thus a comparison 

between building an application traditionally and with using Formal Description Tech

niques is reported in this chapter for some subjects. 

development development 
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Figure 6 Comparison of the phases of development. 

5.1 Expense 

System engineering using SDL reduces time of development in several respects: 
SDL is easy to learn and easy to understand. The graphical representation contributes 

to a clear and precise specification. 
An SDL description of a system represents the development phases specification, design 

and coding as Figure 6 shows. Whereas in traditional development for each phase new 
documents have to be elaborated. 

In addition to that using the SDL Design Tool for development supports automatic code 
generation for simulation and for the final system itself. The SDT Validator compares the 
SDL specification with Message Sequence Charts from requirement description. 

The use of SDL in combination with tools contributes to rapid prototyping which gains 
an increasing importance in reducing time to market. 

Comparing with the same protocol implementation, which was designed and developed 
conventionally inC-code, it came out that time of development was shortened about 50%. 
Details about time of development are shown in Figure 7. Time of development is mea
sured in man month (MM). 
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Figure 7 Comparison of time of development. 
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Apart from time which was spent on learning SDL and getting used to SDT the develop
ment of the data-link protocol using SDL/SDT took only half the time of the previous 
conventional development. In following projects which aim to implement different proto
cols on the same target platform time of development will be even more reduced because 
the VO routines adapting the SDL system to the microcontroller board can be reused. 

5.2 Quality of Code 

The relationship between the number of automatically generated lines of code and the 
hand written lines of code is difficult to evaluate, because automatically generated code 
contains parts for multiple target systems and is therefore extremely large (See Figure 8). 
But this is of course an advantage leading to an increased reusability of code. Not only 
SDL systems are composed of functionally isolated, more understandable and manage
able parts (modules), that can be reused and newly combined for further development, but 
automatically generated code supports functions for different hardware systems, too. 

Investigating the C-code one finds out, that the call of SDL processes is managed by 
a scheduler. The actual state of the process is stored in a large linked list as well as all sig
nals within the system. In each of its cycles the scheduler firstly scans if any signal has 
come from the environment by calling an 110 routine. After that internal signals or elapsed 
timers are queried. All events are stored in a list and processes which are going to perform 
a state transition are taken over in the ReadyQueue. After all these state transitions are pro
cessed, signal outputs take place and the cycle is restarted from the beginning. 

For the comparison of code size generated from the SDL specification to that of the di
rectly programmed C-code the machine code must be regarded; automatically generated 
machine code is about two times longer. In the data-link protocol implementation the gen
erated source code including Master Library and system functions is about 2.14 MByte, 
whereas the machine code is 88 kByte. Figure 8 shows the comparison of code length to 
the conventional development: C-code and machine code. 
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Figure 8 Comparison of code length. 

5.3 Documentation 

Block length is not in correct scale. 

\ I 870 kB Master Library 

\ 
70 kB system routines (hand coded) 

The quality of documentation is another important aspect in a product development and 
life cycle. System documentation is intended for different types of perceptions: abstract 
overview, structural view and detailed description of behavior. SDL based documents al
low different levels of abstraction and are suitable for most documentation purposes. In 
addition to that the clear and unambiguous description makes it easy to understand system 
structure and behavior, even for persons not directly involved in development. This also 
contributes to reusability of code. When using conventional coding methods different pro
grammers must keep on with the same documentation structure to get an ongoing precise 
documentation. This is rarely done in reality. 

The experience gained from this project was, that the documentation allowed an easy 
exchange of ideas of all contributers. In addition to that newly involved collaborators from 
industries managed to quickly work up to the current state of the project. 

6 CONCLUSIONS 

In this chapter the advantages and disadvantages of using SDL and the SDL Design Tool 
are summarized. 

Unambiguous and precise specification is one of the benefits of using SDL for develop
ment. Graphical programming and graphical representation lead to a clear and easily un
derstandable specification. This is especially important when the system has to be re
viewed and modified by other persons than the original developer. 

SDL can be used on the whole way of development. Beginning with specification all 
phases of development can be done with SDL and the use of tools like SDT. The SDL de
scription is the only document necessary for engineering. The SDL Design Tool reduces 
time of development by integrating the documents and by providing a comfortable simu
lator and validator. 
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SDL can specify a structural hierarchy with top-down design. The system can therefore 
be divided into modules. The interfaces between modules are well defined in SDL what 
makes SDL use especially qualified for engineering distributed systems. Moreover SDL 
contains all necessary communication mechanisms within the modules and between mod
ules and the environment- the SDL signals. 

The formal description language SDL exists in two forms of representation. Each can 
be translated unambiguously into the other form. The graphical form SDL-GR (graphical 
representation) is easy to learn and easy to understand. Whereas the text-based form 
SDL-PR (phrase representation) is start point for comfortable and powerful software 
tools. 

On the other hand the use of SDL and SDT has some limitations. The first disadvantage 
is, that SDL does not support complex data processing. The implementation of complex 
algorithms is very complicated and difficultly readable. This problem can be solved by 
integrating C routines in the SDL-code. The translation of the SDL description into one 
C-program reduces all parallel SDL processes to one sequential C-process, which starts 
the SDL processes, that are formed into C-procedures. Thus it is hard to verify if real time 
restrictions can be kept when running the application. Besides that SDL!SDT does not 
support a mechanism for interrupt handling. That makes intermediate interaction of SDL 
with the system platform impossible. Thus the connection to low level code has to be done 
with traditional programming. 

Concerning data processing and hardware dependent routines it is still necessary to use 
traditional coding within development for some respects. Since SDL in combination with 
tools, which generate target code, can not cover all aspects of implementation a hybrid 
solution has to be chosen when the application is directly interacting with hardware or in
cludes complex data structures. 

Drawing a conclusion SDL has to be given increasing importance in engineering tele
communication systems due to its precision and unambiguousity in specification and doc
umentation. Working with tools, especially SDT, the use of SDL allows automatic simula
tion and validation as well as automatic generation of C-code. The SDL signalling 
mechanism contributes to an easy implementation of communication systems. Besides 
that the hierarchical structure and the possibility to divide the system in separate modules 
in combination with well defined interfaces between the modules contributes to develop
ment of distributed systems. 
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