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Abstract—Nowadays, customer products like vehicles do not only. A similar approach about measuring object-oriented sys-
only contain mechanical parts but also a highly complex soft- tems is presented in [4]. In that contribution the metrics base
ware and their manufacturers have to offer many variants o4 5 concept calledervice utilization which includes public

of technically very similar systems with sometimes only small - . .
differences in their behavior. The proper reuse of software method signatures and directly accessible data structures.

artifacts which realize this behavior using a software product [5] outlines metrics for a core asset which is divided
line is discussed in recent literature and appropriate methods into a product line architecture, a component model, and a
and techniques for their management are proposed. However, decision model which has a wider scope and does not consider
establishing a software product line for integrating already components in detail.

existing legacy software to reuse valuable resources for future . L . .
similar products is very company-specific. In this paper, a method ~ ~An0ther approach using metrics is provided by [6] which

is outlined for evaluating objectively a legacy software’s potential €an be used to evaluate the quality of a product line by using a
to create a software product line. This method is applied to given variability model which does not exist in our evaluation.

several development projects at Volkswagen AG Business Unit [7] yse function nets combined with feature models to provide
Braunschweig to evaluate the software product line potential for arics for determining the necessary effort to integrate further
steerlng systems. . . . .. .
features and functionality into an existing product line and,
thus, considerations about existing similar components are not
I. INTRODUCTION AND MOTIVATION necessary.

In recent literature [1], concepts for creating a software M(;da: trand5|t||on systen;st ('\g S) [SL hlavi_ahs!mllar ;ne;}th—
product line are outlined which discuss either top-dow matica ml\/cleg corgﬁa{ﬁ boh € mofe w I(t: IS utsr? tﬁre'
methodologies in developing new products according to pWever, : mode! the behavior of a system rather than
product line which is created from scratch, or bottom-u e system’s architecture and thus, evaluating compositional

methodologies to refactor an existing software architectu gpects for existing legacy software artifacts to form a software

towards a product line to serve similar products. Howeverf,rOdUCt line are not possible.

guidelines are miSSing on hOW tO eVaante and SeleCt Suitable ||| RELAT|ONSH|P-BASED METRlCSMODEL
parts ofexisting legacy software in a practical and economic — . -
To carry out an objective evaluation of already existing

way to create a software product line. ) o
I%gacy software, a formal representation of its internal struc-

The_r efore, in [2] seyeral metrics are elaborated to evglua%ure is required. This representation is necessary to have both a
objectively a set of existing software products to gather mfor'rogramming language-independent and a common represen-
mation about their existing potential for creating a software . ) . :
roduct line. In this paper, these metrics are applied at Vollgg—tlon to apply metrics. Thus, these metrics can be applied to
P D paper, . PpRie . . various existing legacy software even in heterogeneous project
wagen AG Business Unit Braunschweig for evaluating existin ntexts

steering systems which are implemented in the Volkswagenm the following, a formal relationship model is defined

Tiguan and Passat to estimate the benefit of creating a software . . T -
WHICh is used to discover similarities in already existing

product line. Because these steering systems are safety-critica . . N
a proper reuse of existing artifacts is highly desirable WhO%@;ﬁlzo%?gztaﬁfichsl;\;:z)hn;isiperggtjoe?igrsgsgmbm:irflfteyrent
elements have to be selected by relying on an Objecti\r/neetrics t;) calculéte varioUeterseth)ion sets for the cor)(sidered
evaluation which is outlined in the following.

set of products.

Il. RELATED WORK A. Formal Representation of Internal Structure

Metrics to evaluate an architecture’s capabilities to form To identify the relationship between considered software
a product line are outlined by [3] which base on interfaggroducts each produch; with 1 < ¢ < n,n > 2 is
specifications and which are limited to object-oriented systerdecomposed into a sét,, of m so-calledatomic piecesc;
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with 1 < j < m,m > 1 which are calledcomponents
according to [9]. These components gather functionality of
user visible features. Two componenis and ¢, are called
extrinsically equal nonetheless to which prodygtthey belong

to as denoted by; = ¢, iff they have the same name.

Next, the syntactical interface s&t, is defined for the
componentc;. This set consists of- concrete signatures
sp = id x P({N, R, [TYPE],...}) with 1 < k < r,r > 1
whereid denotes a unique identifier for a concrete signature.
Two signaturess, and s, are calledequal as denoted by
sp = 54 iff they exhibit the same signature.

With each signatures;, the behaviorbs, : s — Outy

IS aSS.OCIated WIthOUtk - P({N’.R’ [[TYPE]]’. y }) The Fig. 1. Evaluation of three producis, p2, andps: The circles denote the
behavior bs, defines for a given input vectan from the set of components for each produg denotes the complementary set of
input setin = P({N,R,[TYPE],...}) passed through the components for produgt; without the setsB, A, and C. A indicates the

; ; set of components which are shared among all three prodittgespect to
signatureid the output vectoout from the output SeOLt. the selected relationship mod&lz. B contains all components which are

Two behaviorsb,, and b, are calledequal as denoted by shared only by, andps; C and D are calculated in an analog manné
bs, = bs, Iff ¥in e In: b, (in) = by, (in). and Ry denote different relationships.

B. Relationship Model to Discover Smilarity

A Relationship Model Ay is required to evaluate thec Metrics for Evaluating Legacy Software Artifacts
relationship between two considered componentsind c;

from two products, andp;. This model defines the operator BY defining a relationship modefAz which should be
A:CxC — [0...1] to describe the relationship. USing|mmutable during the analysis of a given set of products to ge

the specification for the relationship model two variants afomparable results, legacy software artifacts can be zedly

defined: A— and A~. The former is calleddentity and is Therefore, metrics as outlined in [2] are required to ev@ua
defined by: - their potential to create a product line.

The main idea behind these metrics is to correlate various
intersection sets as shown in Figure 1. These intersection
sets are determined by the aforementioned relationshipmod

Productp, Productps

1 & cr=cy A
Vs €S, Tt €S, :
s=t /\bs:bt/\

A=(cgycy) = . . (1) Obviously, the size of each intersection set depends #irect
Yw € Siy ve Ecz; ) on the selected relationship model.
0 dse W=0 Abw =0y In the following, the metrics which are required in Section

IV are described briefly; for a comprehensive elaboration
A= can be used to identify components which aygtac- please refer to [2].

tically and semantically identical. Therefore, two considered  gjze of Commonality.
components must be at leasttrinsically equal and exhibit

the same signature set to be evaluated. SOCary = |Nije1. nics Pi (N)}
The secondRelationship Model is calledgradual similarity iy Pij(N) = {c€C,[3c €Cp, : Ar(c,d) > N}.
and is defined by (3)
A ) = W] In Equation (3), theSze of Commonality is defined which
~\Cx, Cy |S us | . . . -
ith 7 — cx Scy eSS, - out. — ot (2) is calculated from setd in Figure 1 containing the num-
w = {s€S.[Ftes,, :out, = out}. ber of components which are shared among all considered

Contrary to the aforementioned relationship mod&k.  products. Therefore, the calculated relationship mafied
does not require that two considered componentand y must be greater than a predefined similarity thresiéldrhe

must exhibit the same name. Instead, the main idea behg¥hponents from this set are used in each product and, thus,
this model is to analyze the components’ behavior by tryingave the greatest reusability.

to identify the same behavior from componenin the other  product-related Reusability.
componenty which might be exported by a slightly different
signature. For example, imagine two signatures which pievi PrRAR n.i
the behavior of a sorting algorithm for an array of numbers. with |C,,| > 0

H H Pi .
Componentz implements a bubble sort algorithm export-
ing the signaturesort (bool ascendi ng, List<int> The ratio in Equation (4) calculates the reusability of all
list); and componeny implements a quicksort algorithm commonly available components related to a specific product
exporting the signaturesortList(List<int> list, p;: The greater the ratio the better is the reusability of all
bool ascendi ng) ;. Both methods exhibit the same becommonly shareable components. This ratio is described by
havior but they are called in a different way. classR, in Figure 1.

(4)



Individualization Ratio. consists of 49% of all components, and the last steeringsyst

[Wan xil p3 contains 51% of all components. In the table the residual

IRAR vi = T sets for each product's component which are only product-

With War vi = {c€Cp |V € Cp, : Ag(c,d) <N specific are depicted in the first three columns; for example,
for k=1...nAk#i}, the residual set fgs;’'s components is denoted by. Next, the

|C,,| > 0. size of A which represents the size of commonality as defined

(5) by Equation (3) is shown. The last three columns represent
Equation (5) calculates the product-relatadividualization the pairwisely calculated intersection sets as shown inr€ig
Ratio to describe the product’s specific individualization rel.

lated to the amount of components which are shared with
TABLE I

pther products. Obviqusly, the smaller this ratio the great APPLYING THE METRICS FORAL .
is the product’s benefit to reuse other components.

The aforementioned metrics are only a brief selection from PrRa_, [ PrRa_, [ PPRa_; |
[2] which are mainly used to evaluate the considered product 0.27 0.26 025 |
set at Volkswagen AG Business Unit Braunschweig. Ra_, | Ra_, [ Ra_y |

0.45 0.52 046 |

IV. CASE STUDY AT VOLKSWAGEN AG BUSINESSUNIT
BRAUNSCHWEIG As shown in Table Il nearly half of the three products’

We applied the aforementioned relationship models alongemponents are product-specific as shown by the ridio
side the metrics outlined above to three steering systerighwhMoreover, the product-related reusability of componeritity
are realized with MATLAB/Simulink to provide a decisionare shared among all considered products is nearly 25%
support for the software architects to estimate the efftitty  on average. These results reflect the potential of a software
is necessary to establish a software product line from tR&oduct line when all considered products’ components are
existing products. Therefore, we first evaluated the ajfeaglarticipating in an unmodified manner. Thus, a software
existing potential of the considered set of products toteraa product line which consists of syntactically and sematifica
product line for the assumption of avoiding any modificasioncomponents would save resources at least for maintenance
to the existing components i.e. to create a software prdihect reasons of these commonly used components.
without changing any component and to reuse only syntacti-Next, an evaluation is of substantial interest where com-
cally and semantically identical components. This evabmat ponents of the considered set of products can be modified
was carried out using thA— relationship model. to increase their reusability of existing shared companémt

Then, we changed the relationship model to allow gradu@ptimize the benefit of creating a software product line.
comparisons with various similarity thresholds usig. We ) ) ) o
calculated the metrics which are outlined above for the§ Changing the Relationship Model to Increase Smilarity
similarities to evaluate the different potential to crea@e Another relationship model must be chosen to evaluate
software product line. the potential of the considered set of products’ components

The results are the basis for a benefit-cost analysis tto be part of a newly created software product line when
estimate the required effort for establishing a softwadpct these components are allowed to be modified slightly to
line with a desired potential. increase their reusability. Therefore, the relationshipdei

. . - A as defined in Equation (2) is used for different similarity

A. Evaluating the Current Potential of the Existing Products thresholds.

Starting with the analysis of the current potential of the
.eXIStlng set Of prOdUCtS th,e relatlonShlp mOEE—l as defInEd EVALUATING THE SET OF PTRAOBDLLIJECI'I!IS USINGAx FOR DIFFERENT
in Equation (1) was applied to evaluate the products’ com- THRESHOLDS
ponents. Thus, only components which are syntactically and

i i i i N P1 P2 D3 A B C D
sema_mtlcally identical are considered to be shared amdng al 059 go% |740/|0 |500/|0 1|00‘/0 |o%‘) 1‘20‘@ |20A|)
considered products. 0.95 || 50% | 65% | 50% || 14% || 0% | 8% | 2%

0.90 || 45% | 61% | 46% || 17% || 0% | 8% | 2%

TABLE | 085 || 41% | 5/% | 42% || 20% || 0% | 9% | 2%

EVALUATING THE CURRENTLY EXISTING SET OF PRODUCTS USING\=. 0.80 36% | 52% 33% 20% 0% 11% 5%
0.75 || 32% | 48% | 29% || 24% || 0% | 12% | 5%

il | Ip2l | Ipsl || TA] || 1Bl | IC] | ID] 0.70 || 32% | 43% | 29% || 27% || 0% | 10% | 5%

21% | 25% | 23% || 13% || 4% | 9% | 4% 0.65 || 27% | 43% | 29% || 30% || 0% | 10% | 3%

0.60 || 23% | 39% | 25% || 34% || 0% | 11% | 3%

: 0.50 || 18% | 39% | 21% || 35% || 0% | 14% | 3%
In Table I the results for the three steering systems based 57580 309% 1T 179% 1T 209% 1 0% T 11% T 6%

on Figure 1 are shown; for preserving the intellectual priype 0.30 T 14% | 229% | 13% || 42% | 3% | 129 | 9%
only percentage quotations are provided. The steerin@syst 015] 9% | 13% | 8% [ 53% || 3% | 10% | 1%
p1 consists of 47% of all components, steering system 0 S% | 4% | 4% [ 67% || 4% | 7% | 1%




In Table Il an analogous representation as already shown V. CONCLUSION

in Table | is depicted. Here, the first column represents theTpis contribution reports on an examination of three rather
gradu.al relationship between 0%—99%5 the following CO'9mﬁ‘ndividually developed product variants consisting ofesgf
describe the amount of components like the aforementionggical software components from a set of steering systems
table. Contrary to the relationship mod&L, A also allows 4t \plkswagen AG Business Unit Braunschweig and evaluates
to compare signatures which does not need to be equal. Thgir ability to form a product line using a relationshipsba
these ratios are different from Table II. metrics model. The results show that potential for a soféwar

] product line exists from an objective point of view for diffat
ways of creating the software product line. These results
enable the software architects and project managers toadsti
the required effort to the setup a software product line to
achieve a desired reusability effect.

Further elaboration will be carried out to extend the gattler
results from the relationship models. One aspect which is
currently of substantial interest is to combine the gradual
similarity model with methods to estimate more objectively
the required effort to modify the considered set of products
accordingly to achieve a desired reusability benefit. Tioeee
methods like the function point analysis or the constrectiv
cost model (COCOMO) will be analyzed to combine them
with the results from the relationship models for the applie
99 95 90 85 80 75 70 65 60 50 40 30 15 0 metrics.

0.9

0.8

0.7

- PrR1 =-PrR2 'V PrR3 =&]R] > IR2 =*]IR3 X SoC

Fig. 2. Applying the metrics to the various relationship relsd On the

X-axis the gradual relationship 99%—0% is shown; on the i¢-élxe ratios [1] J. Bosch, Design and Use of Software Architectures: Adopting and

PrR, IR, and SoC for all three considered products are drawn. Evolving a Product-Line Approach. New York, NY, USA: ACM
Press/Addison-Wesley Publishing Co., 2000.

. . . . [2] C. Berger, H. Rendel, and B. Rumpe, “Measuring the Apitid Form a
In Figure 2 the aforementioned metrics are applied to the product Line for a Set of Existing Products,” Rroc. 4th Int. Workshop

products’ components which are compared using the gradual on Variability Modeling of Software-intensive Systems (VAMOS 2010),

: : . . ser. ICB Research Report, D. Benavides, D. Batory, and énl@cher,
relatlonShlp model~. ObVIOUS|y on one hand, all ratios for Eds., no. 37. Institute for Computer Science and Businefsniration

IR are decreasing because the relationship model assumes t@&ystems, University of Duisburg-Essen, 2010.
refactor the existing components to increase their benéfit[8 E. Dincel, N. Medvidovic, and A. v. d. Hoek, “Measuringquiuct line

; . architectures,” InPFE *01: Revised Papers from the 4th International
reusing shared components; on the other hand, the cormspon Workshop on Software Product-Family Engineering.  London, UK:

ing PrRs are increasing analogously. Springer-Verlag, 2002, pp. 346-352.
As already stated in Section IV-A, a software product lingl A. \;a_n dfr Hoek, Et-hDinfel,tand Nf Megvitﬁ_vic, “U.;i_r& ?lrjml\tjltgsltgg
s gl . . . metrics 10 assess the structure of product line arcni m
for the emstmg set_of pI’OdUCtS. '$ valuable. US'”Q Figure 2, '03: Proceedings of the 9th International Symposium on Software Metrics.
further effort in modifying the existing components is dable Washington, DC, USA: IEEE Computer Society, 2003, p. 298.
to increase the benefit for the current products’ components ? S. H?f, ;" H. Klm,sl-_t"'- (?h' S.Y. Rhte}N, a“dds-tDI_- Kim, “A_'f'GWIOTfk
. 0 - ’ Oor evaluating reusabpllity or core asset In proauc |nelaegrmg,” nt.
For exam_ple, if _qnly 15% KN/ __55%) of all components Softw. Technol., vol. 49, no. 7. pp. 740-760, 2007,
behavior is modified the reusability of these components c@ T. zhang, L. Deng, J. Wu, Q. Zhou, and C. Ma, “Some metrios f
i accessing quality of product line architectur€omputer Science and
be increased and th&C can be enlarged by more than e g quality of p ! line ar pl S o
50% related to the relationship modaL. This is also the ~ 500e*° Engineering, International Conference on, vol. 2, pp. 500-503,
ratio where a product’s reusability benefit is greater than {77 s. Mann and G. Rock, “Dealing with variability in
individualization ratio; this point can be achieved by atijug af%hitecttllreciescriﬂt]iogs to ;Uppogig%n;gtivwlrgdgﬁl Specifizcaaggon
0 ) . . and analysis methods,” irProc. wor nference .
only 15% of a com.ponents behavior. Thus, maintenance tasks Nimberg, Deutschland: WEKA Fachmedien, Mar. 3-5. 20@nline].
as well as innovations for commonly shared components can available: hitp:/ivww.embedded-world.de/

be more easily carried out for the existing set of products. [8] D. Fischbein, S. Uchitel, and V. Braberman, “A foundatiior behavioural
conformance in software product line architectures,"RDSATEA ’06:

Cont_rgry to the creation of a software _prOdUCt I!ne for Proceedings of the ISSTA 2006 workshop on Role of software architecture
unmodified components, resources are required to adjust the for testing and analysis. New York, NY, USA: ACM, 2006, pp. 39-48.

existing components. However, these required resources @& K. Pohl, G. Bockle, and F. Linderfoftware Product Line Engineering:
pend from a concrete project's context. Thus, the metrics an Foundations, Principles, and Techniques. - Springer, 2005.
relationship model which are outlined in this paper provide

an objective decision support for the software architeat$ a

project managers to estimate the necessary effort to cofate

software product line with a certain benefit as well as toizeal

a business-specific reusability strategy.
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