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Abstract to include non-functional properties such as real-time and
security issues. When DRE systems are constructed, QoS
Component-based software engineering offers the op-plays a critical role in determining the quality of the sys-
portunity to assemble entire systems from componentsiem. Along with functional specifications and models of
When applied to Distributed Real-Time and Embedded the components, QoS attributes must also be specified and
(DRE) systems, which components to assemble and how t@alidated. The vision of the UniFrame project [9] is the de-
assemble them are determined not only from functional cor-yelopment of techniques and tools that will enable software
rectness criteria but also assurance of the system’s qualityengineers to construct a DRE system by locating software
of service (QoS). This paper presents a grammatical Q0S-components scattered about an organization or from third
driven approach to optimize component assembly by reducparties, evaluating the compatibility of heterogeneous com-
ing the search space of assembly alternatives by eliminatingponents, generating connectors for the dissimilar pieces and
infeasible components, with feasible components selecteqalidating a system composed from them.
based on reasoning about non-functional requirements. The  This paper presents a grammatical QoS-driven approach
reasoning is realized by a rule engine with a knowledge {5 solve the challenges of black box component compo-
base derived from the requirements phase of the softwaresition based on QoS. This approach expresses the system
lifecycle. In addition, the grammatical approach introduces yequirements in terms of QoS parameters and manipulates
well-defined semantics among the components being coMye QoS requirements using grammar rules which assure the
posed. The semantics assist in precisely and efficiently evalzorrectness of the composition with respect to QoS and pre-
uating the individual component QoS, as well as system-conditions and post-conditions of each composition. This
wide QoS in a programmable fashion. The result is to facil- yerification assists in eliminating the infeasible alternatives
itate straightforward and manageable component cOmposi-for any pre-condition or post-condition that does not satisfy
tion analyses from the perspective of Q0S requirements.  the corresponding QoS constraints (i.e., facts) stored in the
) knowledge base. The knowledge base consists of specific
1 Introduction composition rules for inferring the applicability of compo-
Distributed Real-Time and Embedded (DRE) software Nént composition. If all conditions are verified, the compo-
systems are becoming increasingly complex. Such com-Sition is assured. The systematic optimal solution of all QoS
plexity can only be managed by Component-Based Soft-Parameters can be evaluated by defining a specific QoS util-
ware Engineering (CBSE), that is, building such systems ity function of various QoS parameters. The specification
from a collection of standardized and customized compo- Of Q0S requirements using grammar and rules facilitates
nents. The integration of such components into a softwareth€ straightforward and manageable component composi-
system is the major effort in constructing such systems. An-tion analyses from the perspective of QoS parameters.
other dimension of such systems is the notion of Quality = The paper is organized as follows: the next section pro-

of Service (QoS), which transcends functional properties Vides background; section 3 proposes the concepts and an
example; section 4 concludes the paper.

1This research is supported in part by U. S. Office of Naval Research

award N0O0014-01-1-0746. 2 Background

2Department of Computer and Information Sciences, University of Al- . .
abama at Birmingham, Birmingham, AL 35294-1170, USAush, caof, The evolution of new teChmqueS for software deveIOp'
bryant, gray @cis.uab.edu ment is driven by the requirements of scalability within

SDepartment of Computer and Information Science, Indiana the growing complexity and size of modern software. To
University-Purdue University-Indianapolis, Indianapolis, IN 46202- avoid developing scalable complex systems from scratch
5132, USA{rraje, alosoh@cs.iupui.edu o . '

4Department of Computer Science, Naval Postgraduate School, Mon- CBSE enables the composition of commercial off-the-shelf

terey, CA 93943-5193, USAmaugustd @nps.navy.mil (COTS) components, thereby benefitting software develop-



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
JUL 2005 2. REPORT TYPE 00-00-2005 to 00-00-2005
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Quiality of Service-Driven Requirements Analysesfor Component
Composition: A Two-Level Grammar++ Approach

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Postgraduate School ,Department of Computer REPORT NUMBER
Science,Monterey,CA,93943

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES
to appear in the 17th International Conference on Softwar e Engineering and K nowledge Engineering
(SEKE’05), July 14-16, 2005, Taipei, Taiwan

14. ABSTRACT

Component-based softwar e engineering offer s the opportunity to assemble entire systems from
components. When applied to Distributed Real-Time and Embedded (DRE) systems, which componentsto
assemble and how to assemblethem are determined not only from functional correctnesscriteria but also
assurance of the system?s quality of service (QoS). This paper presentsa grammatical QoSdriven

appr oach to optimize component assembly by reducing the sear ch space of assembly alter natives by
eiminating infeasible components, with feasible components selected based on reasoning about
non-functional requirements. Thereasoningisrealized by arule engine with a knowledge base derived
from the requirements phase of the software lifecycle. In addition, the grammatical approach introduces
well-defined semantics among the components being composed. The semantics assist in precisely and
efficiently evaluating the individual component QaS, aswell as systemwide QoSin a programmable
fashion. Theresult isto facilitate straightforward and manageable component composition analyses from
the per spective of QoS requirements.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 4
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



ment by reusing and replacing components as needed. Softfor TLG++. In our approach, every QoS parameter is repre-
ware product lines [4] enrich the merits of CBSE by ana- sented by a class of TLG++: the first CFG shows the com-
lyzing and constructing a set of software systems that shareponents of alternatives and the necessary parameters used
commonality and variability under specific considerations. for the function definitions. The second CFG describes the
The integration of CBSE and software product lines expe- function definitions, which include the reasoning operations
dites the pace of software development, and proliferates theand computational operations (i.e., compaosition semantics)
productivity of software products. The integration poses the regarding QoS parameters. The reasoning operations are
following challenges for QoS-sensitive systems: used for analyzing and verifying pre-conditions and post-
conditions of each composition. For the pre-conditions, pre-

The Component Perspective Problem o ; )
liminary queries verify that the components own the appro-

Functional requirements define the functionality that sys- " ; : ; .
tems should perform, and non-functional requirements priate functions operating the QoS. Analytic queries then re-

specify constraints on system resources. Most systematic,queSt the _Q_OS information O_f SDECIfIF: components. For the
requirements analyses are component-driven [8], i.e., thePost-conditions, the conclusive queries send back the com-

analyses are based on the perspective of components ang2Sed pattert (i.e., the selected components and the QoS
their functional requirements rather than non-functional re- dgtaflow among these components) to a\{qld any conflict
quirements. The primary insufficiency of the component- with r.e.spect to the.co.nstramts; namely, venﬂcayon of p_ost—
driven analyses for QoS-sensitive system is that non- conditions. If preliminary, analytic or conclusive queries

functional requirements are often tangled with functional "€tun false, the alternative is infeasible and discarded.
ones. As numerous QoS characteristics require evaluation, e use Jess [5] as the underlying rule inference engine

separation of requirements concerns assists in manageabltpr reasoning about alternatives’ feasibility regarding QoS
evaluating functional and non-functional requirements. requirements. Jess is a forward and backward chaining rule
engine for the Java platform, which bridges Java and the

The Abundant Alternatives Problem _ rule-based language. Jess includes a Java library for defin-
Hundreds of alternatives are generated based on the requirgng ryles, facts and queries, and for invoking the rule en-
ments of different composition decisions and permutations ) ;

) r\?eine' The knowledge base accumulates the facts and rules
of selected components. The evaluation and managemenieyarding the components and QoS parameters. Queries re-
of abundant alternatives result in intensive workloads in the

! guest answers inferred from the facts and rules stored in the
requirements phase. knowledge base. The querying results obtained from the
The Composition Semantics Problem rule engine are converted into interpretable Java objects for
Because component-driven analyses concentrate on théurther processing tasks written in Java.
component units, the correlative composition semantics are  The primary concepts and motivations of applying
not rich enough to state the composition influences on theTLG++ to a QoS requirements analyses approach in the
QoS parameters. For example, the description of degradacontext of CBSE and software product lines assume the fol-
tion and upgrade of certain QoS parameters is difficult by lowing: (a) the components, having functions computing a
the component-driven composition semantics. Therefore,QoS parameter, are like the operands of an expression; (b)
the evaluation of QoS parameters may not be performed incomposition semantics are treated as the operator of two
isolation, especially for some QoS parameters which mutu- (sets of) components; (c) production ril@se the counter-

ally influence one another. parts of composition decisions, which imply the dataflow
) ) of the QoS parameters among components. Constructing
3 A Grammatical QoS-Driven Approach a system is actually the same as defining a programming

language with syntax and semantics. Under such a con-

oriented formal specification language, which consists of cept, Extended Backus-Naur Form (EBNF) [1] can repre-
P guage, sent mandatory, alternative (i.e., one of), optional 40&”

two Context-Free Grammarg (CFG_s)_c_ieflnlng the set of pa'(i.e., more of) features of components involved in a soft-
rameters and the set of function definitions over the parame-

ters. respectivelv. Originally. TLG++ was used for defin- V'€ product line, as in Feature-Oriented Domain Analysis

ing 'the spyntax gn d se?nant?gs of programming IanguageS'[6]' The syntax trees generated by applying different sets of

the first level consists of the production rules of the syn- ‘production rules can be treated as the counterparts of the al-
ternatives of a software product line. TLG++, consisting of

tax and the second level interprets the semantics of theseiwo tightly coupled CFGs, is appropriate for the grammati-

rules. TLG++ has been used for both specification of rules . ; .
: cal QoS-driven approach to define customized and compre-
for component assembly [2] and for composing features to . . ",
hensive semantics for component composition.

describe the characteristics of components [10]. In addition,
TLG++ ?Ode can be automatlcally converted 'ntq Java us- 5Production rules may have ambiguity, left recursion and left factoring
ing T-Clipse [7], an Integrated Development Environment problems. Analyzers should avoid these grammatical problems.

Two-Level Grammar++ (TLG++) [3] is an object-




Figure 1 shows the procedures for analyzing systematicstarting point of a QoS dataflow. The consequent compo-
QoS requirements. First, analyzers write all QoS parametements are opted by specific decisions sucAM® andOR
classes in TLG++, which define the involved components AND means the dataflow streams into a set of components,
and the composition semantics among the components reand OR implies the new alternatives of the software prod-
garding the QoS parameter. T-Clipse transforms TLG++ uct line are generated. As a QoS dataflow requires a new
into Java. Second, the strict QoS parameters are evalucomposition decision, a new TLG++ class is written: the
ated, because they are the strict feasibility criteria for the parameters include the new components being selected, and
alternatives. Third, all orthogonal QoS parameters are in-the functions define the composition semantics between its
dividually evaluated, and every set of non-orthogonal QoS ascendant and itself with respect to the QoS dataflow.
is collectively estimated. Orthogonal QoS parameters im-
ply that adaptation will not influence other QoS parameters, The upper box of Figure 3 represents the TLG++ class
yet non-orthogonal QoS parameters substantially influencefor the first production rule in Figure 2, the starting point
other QoS parameters. After all sets of non-orthogonal QoSof the Security QoS dataflow. In the upper box, line 2
are assured, the cumulative goals, the final selection criteriacomprises the first CFG that defines the selected compo-
of alternatives, can be computed by a user-defined algebraitents for the second CFG. Lines 3 to 29 comprise the sec-
function over all assured QoS parameters. All of the fulfill- ond CFG that describes the semantics for composition, in-
ing patterns of the software product lines will be stored in cluding computational and reasoning operations. Lines 3
the knowledge base for the future queries. In the situationsand 4 verify the pre-conditions of Components Cairgnd
that strict, orthogonal or non-orthogonal QoS are not satis-Comp2. In “queryComponeiit(lines 12 to 27), the func-
fied, a new (set of) component(s) will be selected as a newtions of the Java API for the Jess rule engine (e.g., exe-

alternative to be evaluated. cuteCommand) are invoked. Lines 13 to 15 define the query
Query vggfﬂ;;?nfemnﬁign for searching the facts of QoS parameters. Lines 18 to 21
TR O T define where the querying re_sults shoul_d be stored. Lines
5| and convert them into Java by T-Clipse 23 to 25 comprise the semantics that define how to fetch the
- Y elements of the facts of the QoS parameter. After verify-
S —_Evaluate Al S"‘C;Q‘)S Parameters _ | ing the pre-conditions, lines 5 to 6 compute the QoS value
YES . . . . . .
Rule 0 I aluate Al Orinogonal QoS Parameters | based on the composition semantics defined in line 28. Fi-
Engine - nally, line 9 verifies the post-condition of the composition
ngxlgze no_[ Evaluate All Sets of Non-orthogonal QoS by checking if the composed QoS value is out of range. The
—| 5 . X .
Base amfi’; lower box of Figure 3 is the Securiy class for compos-
no [ Evaluate Cumulative Goals of the | ing Securityl using the second production rule based on
A"e’”la‘”f; the cascading scenario. In the lower box, the semicolon
Save the assured pattern back as a new fact in line 2 means there are optional components for the soft-

ware product line (i.e., the counterpart‘df in the EBNF).
Therefore, this box contains two composition semantics for
Figure 2 shows the user-defined grammars for each QoScomponents Com@ and Comp4, respectively.Signalis
parameter: the Care the terminals that represent compo- defined in the similar way using its grammar in Figure 2.
nents, and B, E;, and F; are nonterminals that describe the
composition decision and the QoS dataflow. The left box, For non-orthogonal QoS analyses, it is difficult to find
the middle box, and the right box, are the grammars for the optimal balance when one non-orthogonal QoS para-
Security, Signalanda set of non-orthogonal QoS (Time, meter increases and the other one decreases. The coarse-
CPU Usage,and Battery Life) respectively. Please note grained scenario extends the cascading scenario for non-
that some production rules have left factoring, which may orthogonal analyses. All sets of non-orthogonal QoS pa-

Figure 1. The procedures of the approach.

be eliminated as described in [1]. rameters are written in TLG++ classes using the cascading
scenario. A TLG++ class defines a weighted algebra func-
1 Security > C1C2D1 | 1 Signa > C1C2E1 1 CPU->CLlF1|C2F2 i i i
s ces |2 S s aes | 2Fi cochre o eara tion over each set of non-orthogonal QoS parameters (in this
3 D2 C4C5|C5C6 |C5E4 3 F2> C5C6F5|C5|C6F6 paper,Time, CPU UsageandBattery Lifg to discover the
4 D3> C5D4|C5C7 | 3E2>C6C7 4 F3-> C7C6 . . .. .
5 D4 C3C7 4 E35 C3C5E5|C3C6 | 5 FA> C2C5 maximum value. Figure 4 shows the decision trees of five
5 E4-> C4C6C7 6 F5> C3C7 . s ..
6 E5> C7 7 F6> G104 QoS parameters, expressing every composition decision as
a branch of the tree. If any component in a QoS dataflow vi-
Figure 2. Grammars for QoS parameters olates strict QoS (i.e., gray nodes), the following nodes (i.e.,

The cascading scenario is introduced to evaluate orthog-Strlpe nodes) are el.lmlnated. The cumglatwe goal is com-
uted by a user-defined algebraic function over all feasible

onal QoS parameters. A set of components is chosen as th8
QoSp P goals of QoS parameters.



class Security_limplements Serializable

2 Product_Line: Comp_1 Comp_2/ All other parameter declarations ignored = bl 2

3 Query_1= semantics of queryComponent with Comp/vErify pre-cond. of Comp_1 3 % 2 E

4 Query_2= semantics of queryComponent with Comp/\2rify pre-cond. of Comp_2 Z

5 Query_3=if Query_1&& Query_2then semantics of minimum with

6 Comp_1 and Comp, @seFalse end if;

7 [fif both Query_1 and Query_2 are true, coraphé composition semantics of

8 //IComp_1 and Comp_2. Otherwise, stop analytir@lternative

9 Query_4= semantics of queryPattern with QoSVallwerifies post-cond. check range|

10 if Query_4then MyRete semantics of UpdatePattestse“False, end if. [

11 //if Query_4 is true, the composed patterrsg@iged. Update the pattern to KB I © © 50 @

12 semantics of queryComponent with Component O 0 00 00 00 0 0 o ;, PP ,3; ?_1 %’i ,3; § g g g @
13 MyRete semantics of executeCommand with t{defy QoSSearch (declare 5 8 858 8 8 888 88 8 8 82 2 %Q 259595 %
14 (variables ?comp)) (qos (mycomponent ?comgfinc ?func) (qoslow ?low) g eggeg Q Q Q g 3 ’ﬁ ’ﬁ ’ﬁ ’ﬁ g 8 88 5 5 g (’\; g
15 (gosup 2up)))’ 3283882222382 222288 8 28sda7T3
16  //define the Jess query for the QoS parametech has the fields of components, 209U Qe Q2w o S ooboo a @98 E 4 s 8
17  /ffunctions, lower bound and upper bound. 00 So0ooba3ios oo od 0 oo 3N 8RN
18 ValueVector_1= ValueVector semantics of addAll withValue_1 Sho°Tohrescesee s 238880
19  //Store the fields into ValueVector, an Afbvided by Jess’ Java library 2 23 52 & =g £ 3 9 8 3 5 © o 5 honon E
20 MyRete semantics of store with “RESULT" avigiRete semantics of RunQuery EE g5 5672 8 L 8 L 82 8 38 2 3 3 B
21 with “QoSSearch” and ValueVector_1 [l & fF TR SF LF LC - &
22 //Store the result of the query into the RES variable g & PL2oE el 2b 5° 55

23  MyRete semantics of executeCommand wittn“@uery QoSSearch "+ e ® o ° o % o

24 component+")"" //Run the query component is the variable of thergu ®

25 lIterator_1= MyRete semantics of fetch with “RESULT/RESULT saved to Iterator| . L.
26 if lterator_1!=null, then return TRUE elsereturn FALSE end if. Figure 4. Decision trees of QoS parameters
27  llif the first field has no component definghe pre-condition is not verified
28 semantics of minimum with Componentl and Corept#1//...ignored

29 //semantics of queryPattern, and UpdatePadterignored. Specification |anguage_ IProc. of the 331

end clas .. .

class Security_2mplements Serializable// All other parameter declarations ignored Hawaii Intl'_ Contf. On SyStem SC|enceS2002.

2 Product_Line: Comp_3 Comp_4 //Comp_3 OR Comp_4 as alternatives http://WWW.thSS.haW&ll.ed u/HICSSHE/HICSS

3 semantics of ProductLine_1 with Componentsemantics for Comp_3 OR Comp_4

4 Query_1= semantics of queryComponent with Componghtérify pre-cond. papers/PDFdocuments/STDSL01.pdf.

5 /lqueryComponent has same semantics in FRjure

6 if h ti f additi ith St ity_1 and Ci t

iy of sdlion wiih Secury L and Compaten [4] P. Clements and L. M. NorthropSoftware Product

8 Query_2= Rete semantics of queryPattern with QoSValue H . H H _

9 if Query_2then Rete semantics of UpdateFaRete semantics of UpdatePattezise Llnes. Practlces and PatternAddlson WESIey' 2001

10 “Composition Falseend if. //verify the post-condition

11 semantics of addition with Componentl and Camept? : //...ignored i -Hi i

12 //Isemantics of queryPattern, UpDateFact anchtdihttern are ignored here. [5] E. J. Friedman HI”'J_eSS 70’ The Rule En_gme for the

end class Java Platform Sandia National Laboratories, 2005.

son. Feature-Oriented Domain Analysis (FODA) Fea-

4 Conclusions sibility Study. Technical Report CMU/SEI-90-TR-21,

The grammatical QoS-driven approach defines the syn- Soft\_/vare Engineering Institute, Carnegie Mellon Uni-
tax of software product lines, and the semantics of the com- versity, 1990.
ponent composition from the QoS parameter perspective. [7] B.-S. Lee, X. Wu, F. Cao, S.-H. Liu, W. Zhao,
The approach eases the burden of management and evalu- ~ C. vang, B. R. Bryant, and J. G. Gray. T-Clipse: An
ation of QoS that the component-driven approaches suffer  ntegrated development environment for Two-Level

from. It also achieves three goals: reducing the infeasi- Grammar. IriThe OOPSLA'03 Eclipse Technology Ex-
ble alternatives, assuring the feasible ones, and manageably  change Workshqmpages 91-95, 2003.

evaluating orthogonal QoS and mutually-influenced QoS. . . _ _
Finally, a stand-alone inference engine separates the infer- [8] M. Matinlassi. Comparison of software product line

ence concern for component composition. architecture design methods: COPA, FAST, FORM,
KorbA and QADA. InProc. of the 26" Intl. Conf.
References Software Engineeringpages 127-136, 2004.
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