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ABSTRACT

Thi s paper preseris a specibcation-based teding approach
that compares software specibcations debned at di! erent
levels of abstraction, e.g. architecture and implementation,
against speciped system goals. We believe that a goal-driven
approach that connectsseveral development arti facts through
veribcati on of specibedgoals providesuseful traceability links
between those artifacts as well as an €" cient testing tech-
nique. Our approach begins with a system goal graph in
which high-level goals are step-wise rePned into low-level
functi onal goals that can be realized as code componerts.
Each of the architectural components is assaiated with a
plan that describes the component@® functional behavior.
Source code is annotated with goals from plans and events
that achieve the goals; code is then precompiled to emit
those goals and events at run time. Plans are automat-
ically translated into a rule-based recognizer. An oracle
is produced from the pre- and post-conditions associated
with the plan® goals. When the program executes, the
goals and events emitt ed are automatically tested against
the plansand expected results. As components achieve their
componernt-l evel plans, a higher-level plan recognizer, con-
cernedwith theintegration of components, can verify correct
system behavior over the interacti on trace of a collection of
lower-level plans. A small example illustrates the concept.

Categoriesand Subject Descriptors

D.2.1 [Soft ware Engi neering ]: Requirements/Sp ecibcat-
ion; D.2.4[Soft ware Engineering ]: Software/Program Ve-
ribcation; D.2.5 [Soft ware Engineering ]: Testing and De-
bugging
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1. INTRODUCTION

Software testing is an es®ntial but di" cult activity whose
principal task is to conbrm the extent to which a system
under development meets its stated requirements. We fol-
low a specibcation-based testing approach that supports €" -
cient use of teding resourcesby focusing on the most impor-
tant behavior, i.e. that which the stakeholders specibed. In
previous work [16, 17], our approach centered on code-level
testing against speciPed goals and plans, and proved to be
parti cularly useful for identifying falsepositi vesand domain
knowledgeerrors. This paper proposesan extension to that
framework by connecting goals to other software arti facts,
i.e. software architectures, to verify that these too adhere
to speciped system goals.

We start with a goal graph for a system and the plans as-
sociated with its functional goals. Each componert in the
architecture is as®ciated with a plan that describesits func-
tionality in terms of the subgoals it is supposedto achieve
and the order in which they together achieve the overall
goal of the functional unit. The implementati on of each code
componernt isannotated with goalsfrom corregponding plans
and with events whoseintention is to transform the system
state to satisfy a goal® set of pre- and postconditions. The
goal- and event-annotated version of the implementati on is
precompiled into source code that emits those annotations
at the appropriate time. The plans are automatically trans-
lated from GoalML, a markup languagefor expressing goals
created by the brgt author, into a JESS (Java Expert Sys-
tem Shel [1]) rule-basedrecognizer. We manually produce
an oracle from the pre-and post-conditi ons asciated with
the goalsin the plan. Whenthe program isrun with the plan
recognizer and the oracle, the goals and events emitt ed from
the program are automatically tested against the plans and
expected results. Higher-level sysem goals are expresed
as plans that describe how componerts interact to provide
system-wide functi onality. As the system runs, component-
level behavior is veribped against the functional plans, and
the sequenceof achieved functi onal plans is veribed against
high-level plans concernedwith the overall sysem behavior.

We believe there are several benebtsto this approach. First,
di! erent software arti facts such as requirements, architec-
ture, specibcations, and implementation are represertations
of the same system at di! erent levels of abstraction, they
can also present di! erent views of the sysem by focusing
on certain agpects [8]. By connecting the software architec-
ture to the requirements and implementati on through goal



notations and testing, we provide a sem-automated strat-
egy for identifying mismatches between them. Second, by
linking development arti facts we provide a better meansfor
traceability between these di! erent development activiti es.
Third, webelieve that goals and plansare parti cularly useful
asthe connective media becaus they are an intui tive way to
describe the system@ intenti ons at any level of abstracti on.

The extension to our previous work includes verifying that
an architecture satisbesthe overall system goals. This is
done by assciating each component in the architecture with
aplan that describesits functi onal behavior. The implemen-
tation of these components are tested against these plansto
verify low-level functional behavior. Overall system behav-
ior, i.e. how componerts in the architecture together achieve
a goal, is given by a system level plan. Goals that compo-
nents achieve at the lower level are combined to determine
whether higher-level plans have been satisbed.

The remainder of the paper is organized as follows: In Sec-
tion 2 we describe the basic idea of our approach and in Sec-
tion 3 we illustrat e the approach an example. In Section 4
we discuss some of the related work in this area. Finally in
Section 5 we condude the paper by proposing future work.

2. THE BASIC IDEA

Our approach compares actual system behavior to expected
system behavior expressed as goals that the system should
satisfy. We determine expected system behavior from the
higher-level goals, the lower-level goals they are rebnd into,
and the relationships between those goals. Figure 1 shows
an overview of our testing approach. At the upper levels of
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Figure 1. Process diagram

the goal rebnement graph, the relationships are AND/OR

rePnenments. At the lower levels, functi onal goals are rePned
by plans that describe how eadc goal is satisbel by a se-
guence of lowest-level goals. At the lowest goal level, we use
oracles to determine whether each goal has been sati sped.
The oracles are derived from the pre- and postconditions
for each of the lowed-level goals. At higher levels, we use
the plans, or the AND/OR relationships where there are not
plans, to determine whether a higher-level goal has been sat-
isbedthroug h the satisfaction of a group of its subgoals; we
can also use oracles here as an additi onal conbrmation.

There has been extensive research on goal-directed require-
mernts engineering and software engineering. Some e! ort is
directed toward egablishing the relation between goals and
scenarios and how thi s relation can be used for requirements
validation [14]. Scenarios, sequencesof events of appropri-
ate use of a system, are concerned with operational use of
the sysem and goals are concerned with intentional use,i.e.
they are declarati ve statements that complement the oper-
ational nature of scenarios. In terms of validation, goals
present a meaningful description of the system to the sys-
tem@® stakeholders, because they capture the reasonswhy
the system behaves as described in the scenarios. Other
goal-dri ven software methods, such as Tropos [4], have used
goals as the driving force from early requirements, to archi-
tecture design, to detailed desgn. We aim to extend the use
of goals furt her by including them in the implementation,
execution, and teging of the program, so that the opera-
tional use is veribPed against the intenti onal.

An essenti al feature of our approach is annotating the sys-
tem@® code with goals from the plans and everts from the
scenarios. We precompile the code, transforming the an-
notations into additional code that will emit statements of
intenti on to sati sfy each goal and events that the oracle uses
to verify that eat god was in fact satisped, at the appro-
priate points in the execution. The plans are automatically
translated from a markup representation into a rule-based
plan recognizer that runs with the program and matchesits
emitted goals with the goals expected by the plans. Sat-
isfaction of the emitted gods is veriped by an oracle. The
oracle veribesif emitted events in fact changethe state of the
system according to a goal@® set of pre- and postconditions.
The oracleis (at present) rule-basedand combined with the
plan recognizer. When we run the program with the plan
recognizer and oracle, they bnd mismatches between actual
and expected behavior, not just the specibcresults but also
the processby which they are obtained. Aft er successfully
testing implementati on code against functional goal plans,
we want to lift our approach onelevel of abstraction and test
the architectural description against higher-level plans that
describe how components work together to achieve a system
goal. The higher-level plans, similarly to the low-level ones,
describe goal sequences to be met by the system. These
goal sequences unlike the lower-level ones, do not consist
of lowest-level goals and are not concernedwith the internal
workings of the componert. The high-level plansinstead de-
scribe how a sequenceof componerts satisbesa system-level
goal. As the lower-level plans are satisbed,the sequencein
which they are satisbedis veribedby the plan recognizer for
the higher-level plan.

We believe that goals, goal graphs, plans, and scenarios are



an especially advantageous foundation on which this ap-
proach can connect sewral development artifacts through
veribcation of specibedgoals and provide useful traceability
links between those artifacts. A single form, goals, can be
used at all levels of abstraction, providing a smooth tran-
sition from upper to lower levels that can be validated by
stakeholders, both in terms of specibc goals and in terms of
the relationsbetweenthem. Goal graphs with plansallow us
to infer satisfaction from the lowest levels up to the higheg.
Finally, plans and scenarios support a substanti al degree of
automation.

3. ILLUSTRATING EXAMPLE

We now illustrate our testing approach using a basic chat
program that consists of one chat server, one time sener,
and two chat clients. In parti cular, we will shov how a mis-
match between an architecture and a system-level plan de-
rived from the required system behavior could be detected.
We constructed two alternative architectures for our chat
program shown in Fig. 2. The architecture on the left (LA)
accurately reBectsthe system-level plan while the architec-
ture on the right (RA) doesnot. We implemented both RA
and LA. Our method showed that the implementati on of LA
correctly followed the system-level plan while the implemen-
tation of RA did not.

Chat server Chat server

I I
I

Client 1 Client 2 Client 1 Client 2 Time server

T

Time server

Figure 2: Left: correct, rig ht: incorrect

The overall sysem behavior of our chat program can be
summarized by a client typing and sending a messge to
the server, the server broadcasting that messge to both
clients, and ead client requeging the time from the time
saver when they got the message. This system behavior is
represented by the system-level plan shown in Fig. 3 and
relBected in the architecture LA. The architecture RA, on
the other hand, reBects a di! erent overall system behavior:
after a client has sert a messageto the server the sever
requests the time from the ti me server and then broadcasts
the messageto the two clients with the time that the sever
got the message.

The sysem-level plan in Fig. 3 consists of a seaquence of
goals where each goal represerts the successful completion
of the exeaution plan for one of the componerts in the ar-
chitecture (referred to asa component-level plan). The goal
sgquenceindicatesthe order these components are expected
to interact. The component-level plans describe the actual
behavior of the componerts. For example, Fig. 4 shows the
Client componert-l evel plan. The sysem-level plan and the
componernt-l evel plans are translated into a set of JESSrules
that make up the plan recognizer. A fragment of the plan
recognizer corresponding to the system-level plan is shown

in Fig. 5. The rulesin the plan recognizer corresponding to
the Client component plan are shown in Fig. 6.

<?xml version="1.0" encoding="UTF-8"?>
<plan goal="System strategy for one message">
<iteration>
<sequence>
<goal name="Client plan matched"/>
<goal name="Server plan matched"/>
<goal name="Client plan matched"/>
<goal name="Client plan matched"/>
<goal name="Time server plan matched"/>
<goal name="Client plan matched"/>
<goal name="Client plan matched"/>
<goal name="Time server plan matched"/>
<goal name="Client plan matched"/>
<goal name="Client plan matched"/>
</sequence>
<literation>
</plan>

Figure 3: System plan for chat prog ram

<?xml version="1.0" encoding="UTF-8"?>
<plan goal="Provide chat client services">
<iteration>
<alternation>
<sequence>
<goal name="Get message from user"/>
<goal name="Send message to server"/>
</sequence>
<sequence>
<goal name="Get message from server"/>
<goal name="Send request to time server"/>
</sequence>
<sequence>
<goal name="Get time from time server"/>
<goal name="Display message"/>
</sequence>
</alternation>
</iteration>
</plan>

Figur e 4: Correct client comp onent plan

The implementation of each componert is annotated with
GoalML statemerts that represent the goals from their re-
spective plans. This annotated version of the implementa-
tion is precompiled by translating the GoalML statements
into Java code that asserts JESSfacts representi ng the goals
into the JESS working memory at the appropriate point in
the execution. Fig 7 shows annotated code of the Client
component in the upper box and the precompiled version
in the bottom box. As the program executes, goals are
emitted from the program into the rule engine and com-
pared to the componert-l evel plan. The actual monitoring
of goals by the plan recognizer is a! ected by the JESS pat-
tern matching facility that matches as<rtions to condition
patterns in the left hand sides of the rules representing the
componernt-l evel plans. Onceall the rul es correspondingto a
component@ plan have been matched, the fact represerting
the plan® completion is added to the rule engine® working
memory. The facts about componert plan completion are
in turn matched against rulesthat monitor the system-level
plan.

It will be helpful at this point to get a feel for how the
plan recognizer works by considering an example. Suppose
that the user tri esto send a message. When the user enters



(deffacts initialize-arch-plan
(goal (name "Client plan matched") (status expected))

)

(defrule arch-plan-1
291 <- (goal (name "Client plan matched")(status matched))
=>
(assert (goal (name "Server plan matched") (status expected)
(condition ignore)))
(assert (goal (name "arch-plan-1")))
(retract ?g1)
(printout t “arch-plan-1" crlf)

)
Figure 5: Part of System plan expressed in JESS

(defrule client-plan-4
(goal (name "Send message to server")(status matched))
=>
(assert (goal (name "Client plan matched") (status matched)
(condition ignore)))
(printout t “"Client plan was matched " crlf))

Figure 6: Part of Cli ent plan expressed in JESS

a messageand pressesthe send butt on, the brst method
called is getMessageFromUser(). There is a goal annota-
tion in this method that will causea Get messagefrom user
goal to be as®rted into the JESS working memory when
the method is called. This goal matches the condition of
the prst rule of the client plan. The action of this rule is
to assert a fact that says to expect a goal Send messa@e to
server The next method called is sendMessage() (see the
sendMessage() method in Fig. 7 for the precompiled version
of the Java code that actually creates and asserts the JESS
fact representi ng the goal). That method has a goal annota-
tion that will cause a Sendmessagegoal to be assrted into
the working memory. This goal will be approved and ac-
cepted since it is expected. It then matches the conditi on of
ruleclient-plan-4  (seeFig 6). The action of that ruleisto
asert the fact representi ng the goal Client plan was matched.
This new fact will match the condition of the system-level
recognizer rule arch-plan-1 (seeFig. 5). The result of this
rule bring will be to asert that the next expected goal is
Serverplan matched

The signibcane of the example in the previous paragraph
isthat it shows how expectation basedgoal monitori ng and
matching seamessly moves from detailed componert-level
plans to architectural system-level plans.

Now that we have concretely demonstrated our basic tech-
nique, it only remains to show how it is used to actually
bnd a problem. Fig 8 shows part of the trace resulti ng from
running the implementation of architecture RA and com-
paring the emitt ed goals against the system-level plan that
is based on the architecture LA as we de<cribed at the be-
ginning of this section. As Fig. 8 demonstrates the Client
plan matched and Serve plan matched goals were achieved
but a Time serverplan matched goal was asseat ed instead of
Client plan which was the next expected system-level goal
accading to the plan (see Fig. 3).

4. RELATED WORK

Work on rebnement of goals into operationalizable require-
mernts, requirements that can be operationalized into code

public void sendMessage(String text){
</code>
<goal name="Send message to server"/>
<code>
server.getMessage(alias +": " + text);
entryField.setText("");
}

public void sendMessage(String text){
try{
engine.executeCommand("(assert
(goal (name \"Send message to server\")
(status received)))”, context);
engine.executeCommand("(run)");
Jcatch(JessException je){
System.out.printin(je);}

server.getMessage(alias +": " + text);
entryField.setText("");

Figure 7: Top: annotated code, bottom:
piled code

pr ecom-

Goal: "Get message from user" was received when expected.
Goal: "Send message to server" was received when expected.
Client plan was matched

Goal: "Client plan matched" was received when expected.

Goal: "Get message from client" was received when expected.
Goal: "Send request to timeserver" was received when expected.
Server plan was matched

Goal: "Server plan matched" was received when expected.
Goal: "Get request” was received when expected.

Goal: "Send time" was received when expected.

Time server plan was matched

Goal:"Time server plan matched" was received but not expected

Figur e 8: Goal-t race with an error

components, has been carried out for at leas a decade,
including goals reduced into both functional requirements
(e.g., use cases[5]) as well as non-functional ones Of par-
ticular signibcance is the work on goal rebnement and map-
ping goals to requirements scenarios by van Lamsweede et
al. [7, 9, 15], and Myl opoulos et al. [12].

Coppit and Haddox-Schatz have used specibcation-based as-
sations as a meansfor teding [6]. Their method translates
formal specibcationsto program assertionsto beinsertedin
the implementation. During program execution these asser-
tions are cheded for violationsand RBagsraised if such occur.
Our method di! ers in that the specibcations are expresed
as plans for achieving requirements goals, and are separate
from the code. We verify the implementation against these
plans at the same time as we are testing intermediate and
Pnal results against specibcation-based oracles. Since plans
and oraclesare separate from the implementati on, we avoid
the risk of impacti ng the program@ state at all times. One
benebt of our use of asertions is that we can make use of
the run-ti me state of the program while at the same time
we maintain the separation of speciPcation and implemen-
tation. This separation is also benebdal for debugging and
understanding the errors, since plan structures are usually
more readable than program assetions.

Higher level goals should correspond to higher level testing
activiti essuch asintegrati on and regresson teging. Weplan
to explore ways in which our approach complements or re-
latesto other researd in thisarea, in parti cular architecture-



based testing. Architecture-based testing typically means
testing that source code matches a specibed architecture.
This is often called conformance testing, i.e. cheding that

an implementation fulPlls its specibcation [11]. Several sys-
tematic approaches exist, taking as input an architecture
speciped using some architectural style such as C2, UML,

or CHAM. Often, another formal representation is derived
from the specibcation (using, for example, Labeled Transi-
tion Systems (LTS), Finite State Machines (FSM), or Mes-
sage Sequence Charts (MSC)). The relevant test artifacts
(t est scenarios, test suites, test plans, or test cases) are then
generated from this formal representation. For example,
Muccini et al. follow an approach from specibcations in
the C2 architectural style through Abstract Labeled Tran-
sition Sysgems (ALTS) down to code-level execution of the
architecture-based teds [3, 11]. Thisis part of a larger re-
search project in architecture-based regression testing [10].

5. CONCLUSIONS AND FUTURE WORK

We have preserted a specibcation-based testing approach
that allows testing of lifecycle arti facts of di! erent abstrac-
tion levels to be veribed against system goals. This is a
conti nuation of previous work in which we showed how our
approach is successful in Pnding false positives and domain
knowledge errors in code with regard to the specibed goals
and plans. The new extension allows integration testing of
architectural components with regard to system-level plans
that realize system-level goals. We demonstrated this ap-
proach on a small concrete and implemented example with
arti facts of manageable size to show in thi s paper.

We plan to implement tool support for our approach and

evaluate it on a more signibcant case study, such as an
adaptive ecommerce site. Testing the complex nature of
asynchronous computat ion between server and client is not

entirely straightforward neither is testing adaptive strate-

gies. Our approach would allow veribcation of the pro-

gram against the specibedadaptati on strategiesif these were
represented as plans. We will also perform a cos-benebt
analysis of our approach with regard to current testing ap-
proaches Future work also includes architectural simula-
tion so that the high-level integrati on plans can be veribed
prior to code implementation. We have previously veribed
low-level plans by expressng and simulating componentsO
behaviors in goal-annotated scenarios. This could become
an important feature of our approach since early lifecycle
testing of design arti facts allows errors to be resolved before
they become too expendve. We also believe that extending

our testing approach to additional artifacts, such as soft-

ware architectures and requirements, and with traceability

among those arti facts, more €" cient, purp oseful testing can
be acconplished [2, 13]. Our ultimate goal is to provide
forward mapping of requirements to other software artifacts
and to provide automated traceability from those artifacts
back to requirements.
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