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n the early 1970s, research- I ers began thinking about 
how to solicit, collect, analyze, 
and formally specify system 
and software requirements. 
Twenty years later, although 
we have improved our under- 
standing of how to write rela- 
tively unambiguous, complete, 
and consistent requirements, 
we generally don’t. 

For the most part, the state 
of the practice is that require- 
ments engineering produces 
one large document, written in 
a natural language, that few 
people bother to read. Projects 
that do read and follow the 
document often build systems 
that do not satisfy needs. What 
are we doing wrong? Why is 
there such a wide gap between 
the state of the art and the state 
of the practice? 

CRUCIAL PROCESS STEP 

The quality of a software 
product is only as good as the 
process that creates it. Re- 
quirements engineering is one 
of the most crucial steps in thls 
creation process. Without a 
well-written requirements 
specification, developers do 
not know what to  build, 
customers do not know what 
to expect, and there is no way 

to validate that the system as 
built satisfies the require- 
ments. 

Requirements engineering 
is the disciplined application of 
proven principles, methods, 
tools, and notations to de- 
scribe a proposed system’s in- 
tended behavior and its associ- 
ated constraints. It includes all 
activities relating to the 

+ identification and docu- 
mentation of customer and 
user needs, 

+ creation of a document 
that describes the external be- 
havior and the associated con- 
straints that will satisfy those 
needs, 

+ analysis and validation of 
the requirements document to 
ensure consistency, complete- 
ness, and feasibility, and 

+ evolution of needs. 
The primary output of re- 

quirements engineering is a 
requirements specification. If 
it describes both hardware and 
software, it is a system require- 
ments specification. If it de- 
scribes only software, it is a 
software requirements specifi- 
cation. In either case, a re- 
quirements specification must 
weat the system as a black box. 
It must delineate inputs, out- 
puts, the functional require- 
ments that show external be- 
havior in terms of input, 
output, and their relationships, 
and nonfunctional require- 

REQUIREMENTS 

ments and their constraints, 
including performance, porta- 
bility, and reliability. 

The software requirements 
specification should be inter- 
nally consistent; consistent 
with existing documents; cor- 
rect and complete with respect 
to satisfymg needs; under- 
standable to users, customers, 
designers, and testers; and ca- 
pable of serving as a basis for 
both design and test. 

STATE OF THE PRACTICE 

Most software-develop- 
ment organizations agree 
there should be a set of activi- 
ties called requirements engi- 
neering and that their success 
is vital to the success of the en- 
tire project. 

So why is the state of the 
practice no better than it is? 
There are several reasons, not 
all of them obvious: 

+ Reguimnents alp dzficult 
to u~zcoue~: Today we are auto- 
mating virtually every kmd of 
task - some that were for- 
merly done manually and 
some that have never been 
done before. In either kind of 
application, it is difficult if not 
impossible to uncover require- 
ments, regardless of the tech- 
niques you use. No one can 
“see” a brand new system in its 
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entirety. Even if someone 
could, the description is always 
incomplete at the start. Users 
and developers must resort to 
trial and error to identify prob- 
lems and solutions. 

+ Require- 

1980s, many requirements en- 
gineers embraced structured 
analysis. But this technique, 
whch describes interactions 
that occur in the real world or 
among software components, 

does not let you 
ments change. 
Because no user 
can come up  
with a complete 
list of require- 
ments a t  the 
outset, the re- 
quirements get 
added and 
changed as the 

visualize the 
overall system’s 
behavior dy- 

R W J M M S  namicallv and 

BECAUSE 

ARE FLUID, IT tends to fead to 
IS HARD TO Premature de- 

sign. 
Now many 

projects are em- 
bracing object- 

ESTABLISH 

user begins to 
understand the system and his 
or her real needs. That is why 
we always have requirements 
changes. But, the project 
schedule is seldom adjusted to 
reflect these modifications. 
Fluid requirements make it 
difficult to establish a baseline 
from which to design and test. 
Finally, it is hard to justify 
spending resources to make a 
requirements specification 
“perfect,”because it will soon 
change anyway. T h s  is the 
biggest problem facing re- 
quirements engineering, and 
there is as yet no technology to 
overcome it. T h s  characteris- 
tic is often used as an excuse to 
either eliminate or scale back 
requirements-engineering ef- 
fort. 

+ Some method being used 
are inappropriate. In their per- 
sistent quest for a silver bullet, 
engineers and managers are 
repeatedly drawn toward pop- 
ular but inappropriate tech- 
niques. In the 1970s and early 

oriented tech- 
niques. Although object-ori- 
ented techniques are practical 
and effective for design and 
codmg, it is not clear what they 
can do for requirements engi- 
neering. Object-oriented anal- 
ysis is an effective way to de- 
scribe entities in the real world 
and their interactions, but it 
has yet to be demonstrated as 
effective for documenting a 
system’s external behavior as a 
black box. 

+ There is over-reliance on 
CASE tools. Computer-aided 
software-engineering tools are 
often sold as panaceas. These 
exaggerated claims have cre- 
ated a false sense of trust, 
which could inflict untold 
damage on the software indus- 
try. CASE tools are as impor- 
tant to developers (including 
requirements writers) as word 
processors are to authors. 
However, you must not rely on 
requirements-engineering 
tools without first understand- 
ing and establishing require- 
ments-engineering principles, 
techniques, and process. 
Futhermore you must have 
realistic expectations of the 
tools. The difference between 

word processors and CASE 
tools is that the former are not 
sold as tools that wdl change 
how well you write. 

+ Training is insuficient. 
Most software engineers know 
only a few requirements-engi- 
neering notations, techniques, 
and tools. Only a fraction of 
them have received the proper 
mining to apply these to real- 
world problems. Additionally, 
very few software engineers 
are trained in the application 
domain. Hence, it is difficult 
for them to perform require- 
ments engineering on a spe- 
cific project. As a result, re- 
quirements-engineering 
notations, techniques, and 
tools are often misused, crest- 
ing the impression that re- 
quirements engineering is nei- 
ther useful nor effective and 
reducing confidence in the re- 
sults of requirements-engi- 
neering research. Effective re- 
quirements engineering 
means that you must know 
many notations and tech- 
niques. Unfortunately, today 
most training emphasizes spe- 
cific ones, and thus communi- 
cates know-how without 
teaching know-when. This is 
like instructing carpenters in 
how to use a drill press and tell- 
ing them they can build any 
piece of furniture with it. 

+ Prpject schedule is always 
unrealktizlly tight. Because of 
either lack of planning or un- 
reasonable customer demand, 
many projects start with insuf- 
ficient time to do a decent job. 
Sometimes, even the allocated 
time is reduced while the proj- 
ect is underway. It is also 

customary to reduce the time 
set apart to analyze require- 
ments, to get started designing 
and codmg, which kequently 
leads to disaster. 

+ Developen lack c m j h e  
in requirements engineering. 
Many large projects have failed 
in spite of using modern re- 
quirements-engineering tech- 
niques. Currently, there is no 
convincing evidence that 
modern requirements engi- 
neering improves productivity 
and quality, although the goal 
of understanding user needs 
early is obviously a worthy 
one. 

+ Communication barriers 
separate helopenandmen. Re- 
quirements engineering is 
communication-intensive. 
Users and developers have dif- 
ferent vocabularies, profes- 
sional backgrounds, and tastes. 
Developers usually want more 
precise specifications; users 
prefer natural language. Se- 
lecting either results in misun- 
derstandmg and confusion. A 
partial solution is to use formal 
models to augment, not re- 
place, natural language. 

STATE OF RESEARCH 

On the basis of our investi- 
gation, we found the following 
research areas to have signifi- 
cant payoff potential. The rel- 
ative time-fi-ame during whch 
we expect them to have major 
effect on practice ranges from 
short to long term. 

Improving natural-language 

all research in requirements 
engineering today deals with 
the introduction of more for- 
mality into the process. There 
is a large gap between the state 
of the practice (informal natu- 
ral language) and the state of 

spedficcllkns (short-tenn). Almost 
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the research (formal models). 
More research must be done 
to provide natural-language 
writers with insight into how 
they can improve their docu- 
ments without formal models. 
Although user needs truly are 
difficult to determine, we still 
need guidmg principles to re- 
duce the ambiguity inherent in 
a natural-language document 
when it is written. 

Robert Balzer has suc- 
ceeded in removing some 
shortcomings by experiment- 
ing with partial translation 
kom English into more formal 
models.’ Barry Boehm’ and 
Alan Davis and colleagues3 
have identified the attri- 
butes that a requirements 
writing team should look for 
when they review a natural-Ian- 
page  specification. Pei Hsia 
and colleagues have pioneered 
scenario-based analysis: whch 
can augment both natural- 
and formal-language specifi- 
cations. 

Rapid prototyping and require- 
ments animation (short-term). In 
the context of requirements 
engineering, prototyping is 
the construction of an execut- 
able system model to enhance 
understanding of the problem 
and identify appropriate and 
feasible external behaviors for 
possible solutions. Prototyp- 
ing is an effective tool to re- 
duce risk on software projects 
by early focus on feasibility 
analysis, identification of real 
requirements, and elimination 
of unnecessary requirements. 

The most popular proto- 
typing approaches are the 
throwaway approach and the 
evolutionary approach. 
Throwaway prototypes are 
constructed relatively quickly 

and inexpensively and are dis- 
carded afterward. The advan- 
tage of th~s approach is rapid 
feedback. Evolutionary proto- 
types are constructed in a qual- 
ity manner and are evolved it- 
eratively into a production 
system. The advantage of this 
approach is that nothing is dis- 
carded. 

As Luqi and Winston 
Royce have pointed out,’ the 
highest payoff will come kom 
research improving 

+ languages for rapid pro- 
totype generation, 

+ reuse capability to make 
prototype generation from re- 
usable components more fea- 
sible, and 

+ tools that generate user 
interfaces. 

Rapid prototyping of soft- 
ware systems includes func- 
tional, user-interface, and per- 
formance aspects. Functional 
prototyping is usually ac- 
complished by executable 
specifications, which can be 
automatically translated into 
executable prototypes. User- 
interface prototyping is usually 
accomplished by computer- 
aided tools that capture the in- 
tended human-machme inter- 
action and generate code that 
implements such interactions. 
Performance prototyping is 
often accomplished by ana- 
lytic, probabilistic, and/or sim- 
ulation models that predict a 
design’s performance and its 
implementation alternatives. 

To improve its technology 
transfer, rapid prototyping 
must be assisted by tools for 
requirements analysis, design 
and prototype generation. Al- 
though some experiments 
have shown its feasibility, “a 

I E E E  S O F T W A R E  

great deal of research and de- 
velopment remain before thls 
technology realizes its full po- 
tential.”’ 

Requirements clustering (mid- 
term). Requirements clustering 
for incremental software deliv- 
ery has shown promise? It 
clusters related requirements 
to form the subsystems that ex- 
hibit certain desired proper- 
ties. For example, if you want 
to decompose a system into in- 
dependent subsystems, you 
must identify all the basic and 
essential requirements that are 
vital to all subsystems before 
you can partition the rest of the 
requirements. If the purpose is 
to deliver software systems like 
highways, one segment a t  a 
time, then you must establish 
proper criteria for clustering 
sets ofrequirements to support 
such subsys- 
tems. Require- 
ments clustering 
is used to define 
separately deliv- 
erable incre- 
ments. 

Case studies 
have demon- 
strated the feasi- 
bility of require- 
ments clustering 
in both the 
structured and 
object-oriented 

the ability to generate system- 
test plans from a requirements 
specification. Faced with an 
NP-hard problem, only heu- 
ristic approaches work. Many 
research efforts have at- 
tempted to address h s ,  but 
none have proved viable in 
production environments. 
Perhaps one reason is that 
today’s specifications aren’t 
formal enough. 

The second challenge is 
our inability to monitor how 
well requirements are covered 
during system test. The indus- 
try has many code-coverage 
analyzers but none for require- 
ments coverage. 

The h r d  challenge is to 
develop tools that automati- 
cally maintain traceability ma- 
trixes that map requirements 
to tests. Numerous commer- 
cially available tools help you 

maintain such 
traces, but none 
can or will be 

WE NEED able to do thls 
GUIDANCE automatically, 

and none of ON HOW TO them are hked  
WRITE AN to programsthat 

UNAMBWS t:yire- 
NATURAL- A recent de- 
LANGUAGE velopment in 

scenario-based 
DOCUMENT. p r o  t o  typ in  g 

paradigms. Fur- 
ther studies in requirements 
clustering should take into 
consideration how to deal with 
requirements change and how 
to incorporate such change 
into already defined incre- 
ments. 

Requirements-based testing 
(mid-term). This  area poses 
many challenges. The first is 

suggests that an 
intermediate 

form may be used to solve 
these problems. Because sce- 
narios are the end user’s per- 
spective of a system: they can 
also serve as a basis for accep- 
tance testing. An intermediate 
form alleviates the traceability 
problem by having the users 
identify links between scenar- 
ios and requirements, and 
solves the test-planning prob- 
lem by using scenarios as test 
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templates for requirements. 
More study needs to be done 
to substantiate these promises. 

Computer-clided requirements 
engineering (mid-term). Many 
graphical editors are now 
available under the CASE um- 
brella, most of which support a 
small set ofrequirements nota- 
tions. Those that do support 
multiple nota- 
tions provide 
little consis- 
tency checking 
or  automatic 
translation be- 
tween nota- 
tions. Also with 
few exceptions, 
CASE tools are 
based primarily 
on dataflow dia- 
grams, one of 
the most infor- 
mal (and thus 
least effective) 
notations avail- 
able. More re- 

what makes them reusable, 
how can we store and retrieve 
them, and how do we write a 
requirements specification 
that gives us the highest prob- 
ability of creating or reusing 
existing requirements compo- 
nents? 

The most significant work 
thus Edl. in requirements reuse 
came out of the 1993 IEEE In- 

t e r n a t i o n a l  
Symposium on 

THE $(OPE Requirements OF FORMAL E n g i n e e r i n g  
(the proceed- 

METHODS ings are avail- 

BROADENED, At the sympo- AND THEY sium, Alister 
Sutcliffe and 

SHOULD BE Neil Maiden 
WE MORE described how 

to retrieve re- PRACML q u i r e  m e n  t s 
ANDUSER- based on do- 

main knowl- 
FRlENDLX edge, and Kevin 

SHOULD BE $k&Fr:L: 

search is needed 
to find CASE 
technology that can support 
multiple sets ofnotations, con- 
sistency checking across multi- 
ple notations, and automatic 
translation between them.’ 

T h e  major advances in 
CASE technology during the 
last few years have been in the 
quality of the user interface 
and the addition of new nota- 
tions with syntax-sensitive edi- 
tors. The May 1990, March 
1992, and May 1992 issues of 
IEEE Sqibare provide excel- 
lent coverage of the state of the 
research in CASE technology. 

Requiements reuse (mid-term). 
Much research is underway in 
design and code reuse. More 
research is needed on the ad- 
vantages and the necessary 
methods for requirements 
reuse. For example, what are 
requirements “components,” .: 

Ryan and Brian 
Mathews de- 

scribed how to use conceptual 
graphs to retrieve similar con- 
cepts. 

Research into methods (mid- 
term). We need controlled ex- 
periments with systematic data 
collection to demonstrate that 
methods work. We believe 
that complex system develop- 
ment probably requires several 
requirements-engineering 
methods. To make this mean- 
ingful, we need a taxonomy of 
requirements notations that 
highlights the similarities and 
differences among them. Spe- 
cifically, we must understand 
precisely how diverse nota- 
tions overlap semantically, 

which will make it easier to do 
consistency checking across, 
and translation among, them.’ 

Knowledge engneerhg (long- 
term). Requirements engineer- 
ing is a knowledge-intensive 
process. Knowledge that is 
useful in requirements engi- 
neering includes general 
knowledge of requirements 
analysis and specification as 
well as application-specific, 
model-specific, and process- 
specific knowledge. 

Knowledge-based require- 
ments engineering is con- 
cerned with applying knowl- 
edge-based techniques to the 
problems of identifjmg, speci- 
fymg, verifjmg, and validating 
software requirements for 
large, complex systems. Re- 
search challenges in h s  area 
include the acquisition, repre- 
sentation, and manipulation of 
knowledge about all of the 
above. 

In domain modeling, re- 
quirements engineering has 
recently begun dealing with 
the use of domain-specific 
knowledge to derive or vali- 
date requirements specifica- 
tions. Research into automat- 
ing the acquisition of 
customed requirements also 
looks promising.’ Automated 
translation of informal, natu- 
ral-language specifications 
into more rigorous, formal 
specifications’ has made some 
early progress. 

Formal methods (long-term). 
Research in formal methods 
and their associated formal 
reasoning capabilities has po- 
tential for a long-term effect 
on requirements engineering. 
In many engineering fields, 
mathematical models and de- 
clarative languages are used in 
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the requirements and design 
phases. Formal methods have 
a sound mathematical basis, 
often given by a formal specifi- 
cation language. 

The potential advantages 
of using a formal method in- 
clude 

+ promoting a deeper un- 
derstanding of the functional- 
ity and behavior of complex 
systems, 

+ promoting accurate, 
precise, and unambiguous re- 
quirements specifications; 

+ allowing rigorous analy- 
sis of system, specification, and 
implementation properties, 
such as consistency, complete- 
ness, realizability, and correct- 
ness; and 

+ allowing computer- 
aided manipulation. 

The most well-known for- 
mal methods are Spec, Z,  Vi- 
enna Definition Method, and 
Larch. Lke  all formal meth- 
ods, these systems have a 
sound mathematical basis. 
They have been applied to 
specifications of medium- 
sized, nontrivial problems, es- 
pecially the functional behav- 
ior of sequential programs, 
abstract data types, and hard- 
ware? 

Current research on formal 
methods has focused mainly 
on developing formal specifi- 
cation languages for represen- 
tation. Manipulation is often 
neglected. Long-term re- 
search goals in formal methods 
should include developing 
practically applicable reason- 
ing methods, expanding their 
scope and scale of application 
to more complex systems, and 
finding the means to make 
their representations more 
user-friendly. As pointed out 
by Jeanette Wing,” the chal- 
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lenges for formal methods in- 
clude 

+ specifying nonfunctional 
requirements such as reliabil- 
ity, safety, critical timing con- 
straints, performance and 
human factors; 

+ combining different 
methods, such as a domain- 
specific method with a do- 
main-independent method, or 
an informal method with a for- 
mal method; 

+ building more usable 
and more reliable tools to ef- 
fectively and efficientlymanip- 
date and analyze formal spec- 
ifications; 

+ building reusable speci- 
fication libraries to increase 
the productivity and quality of 
formal methods; 

+ integrating formal 
methods with the entire soft- 
ware-development process; 

+ demonstrating that ex- 
isting techtuques scale up to 
handle real-world problems 
and scaling up the techques 
themselves; and 

+ training more people in 
the use of formal methods. 

A unified framework (long- 
term). Currently no formal 
foundation or model for non- 
functional requirements has 
been found. Hence, problems 
in functional requirements and 
nonfunctional requirements 
have to be dealt with sepa- 
rately. However, piecemeal so- 
lutions do not necessarily work 
well overall. Therefore, we 
must establish a unified frame- 
work to integrate require- 
ments-engineering principles 
and concepts and to avoid 
fragmentation. 

esearch in improving Rn atural-language specifi- 
cation, and rapid prototyping 
should provide quick results 
and be readily transferable. 
However, research in knowl- 
edge engineering and formal 
methods requires longer term 
commitments and substantial 
effort to bring about practical 
results - and they may not be 
readily transferable to practice. 

We must learn from experi- 
ence that technology transfer 
in requirements engineering is 
exceptionally slow. Two ave- 
nues may be the best routes to 
successful technology transfer: 
Incvemental changes in tech- 
niques, whch provide gradual 
improvement and radical 
changes in techques, whch 
imply revolution and thus re- 
quire significant evidence of 
worth, utility, and applicability 
because the risk is much 
hgher. The requirements-en- 
gineering community has yet 
to be exposed to the latter case 
,in its short 2 5-year life. + 
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