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A goal of this project is reproducing human design process by accumulating knowl-
edge and experience of human designers. Particularly, this paper presents an SDL-based
software design tool, the experimental expert system CREATOR2, featuring: 1) inte-
gration of SDL-based CASE tools with knowledge-based reasoning techniques; 2) object-
oriented (O-O) representation of the design process knowledge, composed of design rules
for detailing, and tacit knowledge; 3) O-O representation of the SDL/GR symbols in the
knowledge-base; 4) using multiple strategies in applying the design process knowledge;
and 5) O-O implementation of the system. This leads to having a uniform modeling and
advanced reasoning environment for software design. Experiments on designing switching
software are reported. Presently, the CREATOR2 system together with an SDL CASE
tool offers 60-100 times code expansion rate.

1. INTRODUCTION

In this paper we report on an expert system for supporting knowledge intensive tasks
of software design. The focus is on implementing a system that can support the design
process knowledge, in order to capture and reason with the sort of knowledge that human
experts use in design.

(1) Conventional CASE tools generally facilitate requirement analysis, detailed design
and code generation. Their ultimate goal is to improve the productivity of design by
assisting the designer. Such CASE tools cannot support the higher level knowledge-
intensive activities of design unless incorporated with the knowledge representation and
sophisticated reasoning methods [14]. Presently, higher level design activities, such as
those related to selecting proper pieces of knowledge, decision making and evaluation, are
to be handled by human designers. The software design knowledge can be captured and
implemented in the CASE tools using Artificial Intelligence (AI) techniques. This paper
introduces an approach towards developing a Knowledge Based Software Engineering
(KBSE) tool using SDL-based CASE tool and object-oriented (O-O) techniques.

(2) There are two knowledge categories involved in design, addressing design product and
design process. The design product knowledge, consists of the domain-specific concepts
and constraints of the task. During intermediate design steps, human experts rely on their

*Authors thank Information and Telecommunications Division, Hitachi, Ltd., for supporting the switching
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design process knowledge that is accumulated over years of developing similar software
products. The design process knowledge includes certain design rules (transformation
patterns) for detailing and tacit knowledge for applying the rules. The design process
knowledge is hardly documented, maintained and reused.

(3) Human software designers decompose the goal in a top-down manner until reaching
a point that a portion of the decomposed structure can be converted to the code [7].
However, in designing complex systems, it becomes increasingly difficult to keep track of
all sub-goals. Even expert designers show rather poor performance in keeping track of all
intermediate pieces of information and subgoals simultaneously. This is called tunneling
effect of the cognitive overload [6]. Efficient encoding the design process knowledge and
applying it can remove the tunneling effect.

(4) In Software Creation project [1, 9-13, 17] we study automatic software design by
simulating human designers. Figure 1 depicts the idea and key concepts. The main idea
is to follow design steps of human designers. Human designers’ knowledge is extracted
from an actual design and is reused by an expert system. Hierarchical nature of design
process is assumed. The design rules are extracted by comparing the design documents in
successive design phases, as shown in Figure 1. The tacit knowledge is used for selecting
and applying design rules. The research starts from the lowest and the most detailed
design and goes upward hierarchically to more knowledge intensive areas. Specification
and Description Language (SDL) [3] has been applied successfully in this project.

Design progress

o) GO0 ) 1)
‘Oa]% ‘ cause ‘CaUSS ‘cause
_ P [Task .. Tesk...
\Elq £ [ =2 Key concepts _
Desian -8Rl e 22 Desian and assumptions in
)eSg g [t | § 9 Software Creation Project :
Input | = o output
N S-s o [Tesc. ] 1. Simulating human design;
(Fgor)  (FHor) ) (FErox
Phase#1  Phase #2 Phase #3 2. Reuse of design process

Acquiring design rules
| { {

| Design Rules UJ | Control Knowledge LIJ

Design Input
CCITT-SDL

Design process knowledge

Inference Engine

Design knowledge Base

= "%

Design Output
CCITT-SDL

Experimental Expert System

knowledge;

3. Hierarchical decomposition
of design;

4. Bottom-up extraction of
design rules;

5. Top-down application of
design rules;

Figure 1. Overview of the Software Creation project.

(5) The experimental expert system, CREATOR2, is built to demonstrate the results
and verify the ideas. It is developed based on the idea of integrating different expert units
to achieve a common goal. In CREATORZ2, object description is central. Each expert
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unit is composed of a number of objects. Objects can store information, communicate
with the other objects, process information and take part in reasoning using dedicated
methods. Domain concepts, such as design rules, organization of design input/output,
etc., are represented by the frame structure. Frames are special objects that can only
store information and communicate with the other objects. Hierarchical representation of
domain concepts are described in terms of class and instance objects. The frame structure
in CREATOR2 system corresponds to the hierarchical structure of concepts in SDL.

(6) This paper is structured as follows: Section 2 presents the design knowledge repre-
sentation in the CREATOR2 system. Section 3 describes the CREATOR2 system in detail
and Section 4 gives some experimental results. Finally, Section 5 compares CREATOR2
with the other systems and concludes with a summary of achievements and suggests some
future research directions.

2. SOFTWARE DESIGN KNOWLEDGE

Here we concentrate on representation and support of software design knowledge, i.e.
design product knowledge and the design process knowledge, in reusable form, particularly
by introducing a structure for integrating these two knowledge categories.

2.1. Design product knowledge

The design product knowledge relies on the perspective that the design system is viewed.
It includes domain-specific concepts, constraints and models of the system. We have used
the Specification and Description Language (SDL) [3] for representing the design product
knowledge. SDL has both graphic (SDL/GR) and text-based (SDL/PR) versions. In
SDL the system is viewed as a collection of ‘blocks’ embodying concurrent ‘processes’. A
process is represented by an Extended Finite State Machines (EFSM) [3]. Processes com-
municate by discrete signals. The capability of SDL to model and design sequential /non-
sequential software, and to give a formal description of the design at any level of interest
are found very useful in this project. We are also interested in a particular feature of
SDL that is the ability to concentrate on the ‘process’ as the basic module of design and
exchange messages between processes that corresponds with our O-O view of the system.

frame name
SDL-GR symbol : STATE 1AME 1 (romens._state_s3 dotval
ot @super_class {#ps} ot value
G connection_up CI& |~ @symbol_type STATE
@symbol_name ABC
classtype S|O'[ name @connect_up F
@connect_downl s
8 8 @connect_down2 R
TEL1 24 RBT. “ e e
XTEL2 dots @TEL2 on hook
S @RBTI : : : naing
Comments it s o o Cringing
: @PA'_I‘Hl co_nnect_, TELl_,RBTl :
connection_down2  connection_down1 C@PATHZ - Feserve;, TELL, TELI -
)

Figure 2. Frame representation of a typical SDL/GR symbol.

In CREATORZ2, the design product knowledge is represented by a structure of class and
instance objects (frames). Each SDL/GR symbol is associated with an instance object
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that embodies all the information related to that symbol, such as its class, function,
name, connections, etc. Figure 2 shows frame representation for the STATE symbol that
includes pictorial elements in the comment. A frame has a number of slots to record the
data. A slot is identified by its name, value and data type. A frame also has a ‘class’ that
corresponds to the SDL/GR symbols, such as STATE, TASK and DECISION. Frames of
the same class have common representation templates defined by class objects.

A design input file, in SDL, is represented by a structure of frames in CREATOR2.
The frame structure for a simple input file is shown in Figure 3. The upper left part of
this figure shows the SDL representation, the lower left part shows the frame structure in
CREATOR2 system, and the right part shows the content of each frame corresponding
to the SDL/GR symbols.

! 1
! 1
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: 1 (array * string) (array * string) c )
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I ' s
| |Block Blockl :‘ (array * string)
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| —j (Pé'm(xf; P3 STATE_S3 TELZ :‘ | II (;}sender TEL1 @connect_downl INPUT I3
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e T ——————————= _',/ l | (array * string)
___Input Frame //,/ ’ - —-"| eTEL2 {on_hook,
Representation Structure STATE_S1 J- /,'/ . . ringing}
of aninput file b STATE 82" | ./ (array * string)
in CCITT-SDL H @ STATE_S3— I (INPUT I2 @RBT1 {generated}
n B S 1| w|pECISION | [ | @class (array * string)
S 8 / 1 c ass NORMAL_PRO @PATH1 {connect
: % 2 & | | | @symbol_type INPUT
Repre@ntan_on o o /1| esymbol name dial over . TEL1,RBT1}
of an input file /, \ @cxcmect w GTaTE o5 (array * string)
in CREATOR2 INPUT_I1 — | | @connect_down STATE S3 GPATHZ {resexve
- ' - - TEL1, TEL2
system INPUT_I2 —-— < @sender TEL1 ; ’
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| »> )

Class Objects Instance Objects

Figure 3. Example of frame representation of an input file.

2.2. Design process knowledge

Design process is viewed as a progression towards a goal by applying detailing patterns.
The design process knowledge involves ‘design rules’ (transformation patterns) acquired
from human design, and ‘tacit knowledge’ to make such patterns operational.

2.2.1. Design rules

Design rules are used for replacing given symbols with a number of other symbols in
detailing the function, generating a task from successive states, splitting an SDL process,
and adding events, etc. Several patterns for design rules are shown in Figure 4 and a
method for deriving design rules has already been introduced [1, 9-11].
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In CREATORZ2, the detailing design rules are classified in 4 groups defined by TASK-
RULE, DECISION-RULE, OUTPUT-RULE and INPUT-RULE. Figure 5 shows an ex-
ample of such design rules. Each design rule is composed of a parent frame for the
pre-transformation symbol and a number of child frames for post-transformation ones.

BLOCK b BLOCK b
N . D
CONNECT C1 AND RL: CONNECT C1AND R1,R3;

R2 R3

AX-— RBT § X/—RB =
%o N gy

(b) Filling gap between STATE symbols (d) Adding events

Figure 4. Four patterns for design rules.

There are other design rules that embody certain procedures, and can be coded using
objects’ methods. Such rules are represented by a single object that has some dedicated
methods. A method is a short program embodying the procedure for creating objects,
slots, and assigning value of the slots, etc.

2.2.2. Tacit knowledge

A main activity in human design involves selection and application of design rules
using the tacit knowledge. It is believed that tacit knowledge is neither declarative as
in the design rules, nor sequential as in the design product knowledge. Here each step
may be triggered based on a certain symptom. Some recent empirical studies show that
this knowledge may be applied in an opportunistic way that deviates from the stepwise
refinement of design [21]. The need for a scheme that can integrate the pure top-down
approach with the data driven strategy has already been mentioned [4].

Opposite to the design rules, tacit knowledge does not depend on a particular design
and can be implemented independently. In the CREATOR2, the CREATION expert unit
embodies this knowledge (see Section 3.3 for details).

3. EXPERIMENTAL EXPERT SYSTEM CREATOR2

3.1. Overview

The CREATOR2 system is composed of 6 experts (plus a dedicated #RO0T program).
The system is shown in Figure 6. The human designer prepares an initial design sketch
using graphic symbols by the CASE tools (in this project the SDL/GR symbols). This is
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Framesfor design rule R1
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DOWNWARDS
dial_ accepted
other
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Figure 5. Example of frame representation of a design rule.

converted to SDL/PR by a CASE tool, SDT [19], and fed to the CREATOR2 system.

The

SDL/PR is converted to frame structure, suitable for processing by the expert system.
The CREATOR2 checks if this frame structure can be detailed by already recorded design
rules that can be customized to exhibit the required function. The results detailing and
customization are recorded in the created frame structure which is finally converted to
SDL/PR. This can be converted to C code by the SDT CASE tool. The designer can
check and modify the results, if it is necessary. This ensures high flexibility of the design

while maintaining its rationale.

subsections.
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Figure 6. Experimental expert system CREATOR2.

This procedure is described in detail in the following
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The CREATOR?2 is implemented on Hitachi 3050 Workstation using ES/KERNEL /2
expert system shell [5] that works together with the SDT CASE Tool [19]. SDT is used for
graphical input/output and editing, translation between SDL/PR and SDL/GR, and final
conversion to the C code. The other design tasks, conversion, knowledge based reasoning
and detailing are performed by CREATOR2.

The expert units in CREATOR2 fall within three groups: conversion, detailing, and
other experts. The number of objects and program size for each unit is given in Table 1.
Their function is explained in the following paragraphs.

Table 1. Function and program size of the CREATOR2 expert units.

Expert Function LOC Objects
(#ROOT Controlling and coordinating other units 450 lines 1)

1 PR.TO.FRAME Converting SDL/PR to frame structure 770 lines 7

2 RULE_TOFRAME Converting design rules to frame structure 400 lines 5

3 CREATION Selecting and applying design rules 2090 lines 12

4 ADJUSTMENT Adjusting value of slots of other frames 3100 lines 12

5 LIBRARY Recording new design rules 1200 lines )

6 FRAME_TO.PR Converting frame structure to SDL/PR 840 lines 7

3.2. Conversion expert units

(1) The PR_TO_FRAME expert is used for preprocessing and converting the text based
SDL/PR to the frame structure suitable for processing by the CREATOR2. Figure 7
shows how PR_TO_FRAME creates new frames. In this program, each word from the
SDL/PR file is read and interpreted and in this case three new frames are created.

Csais o R o
- -l
_ - {5mamm o,
open SDL/PR file | ~— --F [INPUT d££_hook

o Read nextwordfrom SDE/PR file o

- _ i
[
I 1
l : | i
! 1 | ENDSTATE;
S s
N
N

‘Create<STATE|> instance object ‘ ceo oo .o L
(STATE_SO

SDL/PR Input file

<

‘ Create slots of the instance object ‘

i @symbol

Assign value to slots of
the instance object

\

@connec ~| (Task_T1
) @symbol _| -

TASK

@symbol_type
@symbol name

) @connection_up
@connection_down

@connect

Initiate call
INPUT Il
STATE_S1

Created
frames

)

Figure 7. Creation of new frames by PR_TO_FRAME program.

(2) The design rules are converted to the frame structure using the RULE_TO_FRAME ex-
pert. Each design rule is composed of a parent frame representing the pre-transformation
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symbol and a number of child frames for post-transformation ones. The RULE_TO_FRAME
expert receives as its input a design rule in the SDL/PR format and converts it to the
frame structure. Figure 5 shows a design rule in SDL/PR form and the generated frames.

(3) After detailing is over, the FRAME_TO_PR expert converts the final frame structure
to text based SDL/PR that can be used by the SDT CASE tool.

3.3. Detailing expert unit

The CREATION expert stays as the core of the CREATOR2. There are already two
set of frames for the input file and design rules. The CREATION expert is responsible for
checking the input frame structure, fetching design rules and inserting the child frames
of the matched rules in the input frame structure.

In implementing tacit knowledge in the CREATOR2, we have distinguished between
two strategies for applying design rules, i.e. intra-process detailing and inter-process de-
tailing. In intra-process detailing, the tacit knowledge is used for applying design rules
within a given SDL process. This is shown in the right side of Figure 8. For instance, a
graphical SDL/GR symbol is replaced by a collection of other symbols that exhibit the
same function in more detail within the SDL process with some elaboration or fine tuning
to fit it into the specific case.

Design Phase #1

Design Phase #2

events, etc.
)#method_end

)

)#method_end
)

Design Phase #3

Design Phase #4

I I
(PHASE_1 (PHASE 2 g ,
#method( #method( = /
method for splitting method for imple- c‘:»
aprocess, adding menting tasks, etc. 8 ]
[a)

i
\

Inter-process detailing
(Creating another process, splitting
a process, inserting events, etc.)

Intra-process detailing
(Detailing a single process
using design rules)

! \
Input . Inter- Input @ Inter- st = =
Level #1 | process  Levei#2 | process *** ¢ =) =0
| detailing | detailing [ cer.. /‘ GET . ‘ cer..
> } "o [ras<. ] S
‘ TASK 5
L SEND -2 < oec > g
. ’ TASK 3
TASK ... STATE e 5 -
TASK ... \} ceT..< e £
) S8 | TAK ..
7 8 [T ]
~I } State ( ={—f R < X—BDR> < X-Efon)
i Detailing Detailing Design
‘ step #1 step #2 Output

Figure 8. Intra- and inter-process detailing.

On the other hand, in the inter-process detailing, an instance of a new process is created
and the detailing is performed based on the information obtained from the initial process.
This is shown in the left side of Figure 8.

In intra-process strategy, a local and limited search is sufficient to find the proper design

rule. However, in inter-process strategy a look-ahead (e.g., finding the succeeding state
and finding match for the events) or look-back (e.g., finding the preceding state, matching
the events, add to the block, system, etc.) search strategy are applied.
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Various steps of the creation procedure are coded by the methods of the objects belong-
ing to the CREATION expert. Figure 9 shows an example of a method for intra-process
detailing by the CREATION expert. Here the CREATION expert fetches a frame of the input
frame structure, matches its name and other attributes with a design rule, and replaces
the input frame with those child frames of the matched rules. All design steps are recorded
according to their order of appearance and the system can explain each step if asked to.

design_ruleframes — ]
( CREATION poToTTTTTTTTT e
i (R1 '
e \ @super_class {DEC_RULE}
' ' @rule_name igaliinitiatélprocess |
(#method detail » »
e if symbolname = rule fame—— | | pocccco oo
o then replace the inpt{_frame with 'V (TASK_R1_1 .
= child instances of design_rule; I ! B o
-8 delete input_frames; . | T =
'aj 2 I I -8 O
T 3 #method end) \  @task_name data_acquisition 2
58 | |
85 P T oesoooosssooooooooes IR==
— o input_frame ' (DECISION_R1_1 ' s
. — — 1 1 -
=5 (DEC_1 = : Be
O = . | £3
. " " - 1 @decision_name call_initiate '

g ‘g @symbol_name - call_initiate - process ! @case_1 dial_accepted ! — -GE)
“5 = | @case_2 other . ﬁ <
o ) : =)
=] ) | e ==

Figure 9. Detailing procedure by the CREATION expert.

3.4. Other expert units

(1) The results of creation are delivered to the ADJUSTMENT expert which is responsible
for customizing the candidate frames and adjusting the links. This is the most time
consuming task of automatic design because every single slot of a candidate frame must
be checked and all the newly created frames should be accounted for.

(2) The LIBRARY expert keeps record of the design rules that are already used and
customized. This is necessary for saving time in similar design cases and when a design
rule is applied repetitively. The ADJUSTMENT and LIBRARY experts together realize the
learning function of CREATOR2.

4. EXPERIMENTAL RESULTS

Switching software is considered as the problem domain and studied in three areas:
switching control, operational (administration) and protocol subsystems, to cover the
major spectrum of switching software. The central part of switching control program is
chosen as a typical example.

In the experiment for designing the switching control program for the Plain Ordinary
Telephone Service (POTS), we start with a single SDL process, describing ‘call’ (caller
and called) behavior. The system then splits it to two ‘caller’ and ‘called’ processes [17].
These two processes are further detailed to elemental tasks and decisions. Figure 10/a
and 10/b show a portion of the POTS file in SDL/GR and SDL/PR, respectively. The
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file shown in Figure 10/b is fed to the CREATOR2 system and the file in Figure 10/c
is produced by CREATOR2 as a result of detailing. This latter is further converted to
SDL/GR by the SDT CASE tool, as shown in Figure 10/d. It takes about 12 minutes to

design simplified POTS composed of about 50 SDL/GR symbols.

(@) Input file in SDL-GR

(c) Output file in SDL-PR

(d) Output file in SDL-GR

Conversion by
SDT CASE Tool

1 !

STATE S0;
INPUT off hook;
DECISION call_initiate_ proc;
(dial_accepted) :
DECISION prepare DR {DR};
(secure) :
TASK mobilize DR {DR};
NEXTSTATE S1;
(insecure) :
TASK end self proc;
STOP;
ENDDECISION;
(other) :
TASK end_self proc;
STOP;
ENDDECISION;
ENDSTATE;
/*
#STATE S1;
TML:caller;
DR: (DR) ;
PATH: (caller,DR,link) ;
#ENDSTATE;
*/

Detailing by CREATOR2 system </ L

(b) Input file in SDL-PR

STATE SO0;
/*
#STATE SO;
#ENDSTATE SO;
*/
INPUT off hook;
TASK data_acqr;
DECISION call_proc;
(dial_accepted) :
TASK count:=0;
(secure) :
DECISION Path_secure
(DR_LL1, SELF_LL,DR_Path_proc) ;
(secure) :
OUTPUT link
TO DR_Path proc;
OUTPUT run (DT, <UNKNOWN>)
TO DR_proc;
NEXTSTATE S1;
(insecure) :
TASK count:=count+l;
OUTPUT release DR (DR _proc)
TO RM;
DECISION count;
(less_than set):
(more_than_set):
TASK end_self proc;
STOP;
ENDDECISION;
ENDDECISION;
(insecure) :
TASK end self proc;
STOP;
ENDDECISION;
(other) :
TASK end_self proc;
STOP;
ENDDECISION;
ENDSTATE SO;
/*
#STATE S1;
TML:Caller
DR: (DR)
PATH: (caller, DR, link)
#ENDSTATE S1;
*/

(DR_LL1,
SELF_LL,
DR_Path_proc)

secure

to DR_Path
_proc

’ DRpm
<se|f X‘El’ DR >

link

less_than_set

more_than_set

end_self_proc

Conversion by
SDT CASE Tool

Figure 10. Detailing an input file by the CREATOR2 system.

Similar experiments are performed for other switching services such as Full-Call-Back-
Transfer (FCBT) [17]. Figure 11 shows the overall progress of detailing for POTS and
FCBT. During the design by the CREATOR2 system, the input file is detailed around
6-10 times. Then the SDT converts it to C codes of 10 times number of lines, resulting
in 60-100 times code expansion.

In CREATOR2 a set of frequently used SDL/GR symbols are accounted for. This is
sufficient for most of the design cases and can be extended if required.

The most important limitation is that as the number of features increase the control
program of the ADJUSTMENT expert becomes increasingly complicated. This also dominates
the total run time of the system. We are presently investigating the guided search method
and the LIBRARY expert to select the best option and minimize the run time.
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160
140
120
100
80
60
40

----- Detailing by
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Phase#1 8 & & Detalingby
8 & ooy
Design steps CASE Tool

Figure 11. Detailing results for POTS and FCBT.

5. RELATED WORKS AND CONCLUSION

This paper presents an implementation of an SDIL-based software design tool in the
experimental expert system, CREATOR2 that follows the design steps of human designers
by extracting and reusing the design process knowledge. Experiments on developing
switching software is reported.

Research in automatic software design is inspired by top-down approach of the generic
task-oriented methodologies, such as [16, 15, 18, 8], in which software design is viewed
as incremental editing and refinement of a text-based generic object. In many systems
the design can only proceed if the user is familiar with the given generic object and the
available library. In this project we have applied graphical symbol based detailing rather
than text-based one. This allows integration of the presently available CASE tools with
the knowledge based reasoning techniques.

In some works the need for distinguishing between the design product knowledge and
design process knowledge is mentioned [2, 20]. We have proposed a unified framework
for representing both the design process and the design product knowledge using O-O
techniques. We have distinguished between the design rules and the tacit knowledge of
the design process. The former is domain oriented and derived from actual design. The
latter is general and can be used in design of software other than switching software.

The CREATOR2 system is still in the state of flux. It is currently a domain-specific
program synthesis system. It serves as an experimental platform for the study of human
design and lessons learned from its configuration and implementation can contribute to
building a more sophisticated Knowledge Based Software Engineering (KBSE) system.
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