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Managing software products during software development is essential. A model is 

needed to model products and facilitates product management. Important product man-
agement functions include: 1) version control, 2) configuration management, 3) product 
consistency management, 4) reference completeness management, and 5) product reuse 
support. This paper proposes a product model to facilitate the functions above. Since 
product relationships play important roles in product management, the proposed model 
especially emphasizes them. 
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1. INTRODUCTION 
 

During software development, various products (software products, including 
documents and program code) will be produced. Product management is thus essential. 
In managing products, a model is needed. In addition to products, product relationships 
should also be modeled. Perhaps the most general relationship to model is the version 
relationship, with which product versions can be controlled and product configuration 
can be managed. 

Version relationship, however, is not the only relationship to model. Various inter- 
and intra-product dependency relationships should also be modeled. Inter-product de-
pendency relationships (inter-DEP relationships) exist among products or sub-products 
of different products. For example, if a design document is developed based on (i.e., re-
ferring to) a specification, an inter-DEP relationship exists between the two products. On 
the other hand, intra-product dependency relationships (intra-DEP relationships) exist 
among sub-products of the same product. For example, if a module of a program invokes 
another one, an invocation relationship (which is an intra-DEP relationship) exists be-
tween the two modules. Generally, inter- and intra-DEP relationships are established 
according to change effects. For example, if a specification is changed, the design docu-
ment(s) inter-depending on the specification will be affected and should be changed ac-
cordingly. 

The use of version relationship such as version control and configuration manage-
ment is well-known. Below we describe what can be benefited from intra- and inter-DEP 
relationships. 
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1) Intra-DEP relationships. Intra-DEP relationships link sub-products within a product. 
To construct intra-DEP relationships within a product, the product should first be de-
composed into sub-products. Intra-DEP relationships are then established among the 
sub-products according to change effects. When a sub-product of a product is 
changed, other sub-products affected by the change can be identified by tracing in-
tra-DEP relationships. We use an example to explain in more details what can be 
benefited from intra-DEP relationships. Suppose we have a program of 10K lines and 
the program is stored in a repository as a single product (i.e., the program is not de-
composed and no intra-DEP relationship is established). Then, when a portion of the 
program is changed, the whole program should be checked to identify the parts that 
are affected by the change. Since the size of the program (i.e., 10K lines) is large, 
identifying the parts affected by a change within the program would be 
time-consuming and error-prone. On the other hand, suppose the 10K-lined program 
is decomposed into 20 sub-products and intra-DEP relationships are established 
among the sub-products. Then, when a sub-product is changed, intra-DEP relation-
ships can be traced to identify the affected sub-products. The affected sub-products 
can then be checked to identify the affected parts. Since the size of a sub-product (i.e., 
0.5K lines in average) is mush smaller than that of the whole product, identifying af-
fected parts from sub-products should be much easier than identifying affected parts 
from the whole product. Since product change is unavoidable during software devel-
opment and maintenance, intra-DEP relationships contribute much in both software 
development and maintenance. 

2) Inter-DEP relationships. Inter-DEP relationships are actually the “developed based 
on” relationships. For example, if a design document is developed based on a specifi-
cation, the former product inter-depends on the latter one. Since changing a product 
will affect the ones inter-depending on the changed product, inter-DEP relationships 
facilitate identifying the affected products when a product is change. Combining 
product decomposition and inter-DEP relationships contribute more in identifying the 
exact parts within the affected products. That is, if inter-DEP relationships are estab-
lished between sub-products of different products, identifying the affected parts 
within an affected product will be much easier. We use an example to explain this. 
Suppose a design document is developed based on a specification and both the prod-
ucts are not decomposed. In this case, an inter-DEP relationship exists between the 
products. When a portion of the specification is changed, the whole design document 
should be checked to identify the affected parts. On the other hand, suppose the speci-
fication and the design document are decomposed and inter-DEP relationships are es-
tablished between the sub-specifications and sub-design documents. Then, when a 
sub-specification is changed, only the sub-design document(s) inter-depending on the 
changed sub-specification should be checked to identify the affected parts. Since the 
size of a sub-product is smaller than that of the whole product, identifying affected 
parts from a sub-product will be easier than from the whole product. 

 
By now we only describe the use of product relationships in change management. In 

our research, we also identified that product relationships facilitate identifying correlated 
products for reuse, as described below: 
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1) Products developed based on the reused one may be reusable. For example, when a 
specification is reused, the design document developed based on it may be reusable. 
Here the design document is correlated to the specification. 

2) When a sub-product is reused, other sub-products of the same product may be reusable. 
For example, when the book management subsystem of a library system is reused, the 
borrower management subsystem may be reusable. Here the sub-systems are mutually 
correlated. 

3) When a product is a candidate for reuse, revisions of the product can be considered 
alternative selections for reuse. Here revisions are mutually correlated. 

 
As a summary, product relationships play an important role in product management. 

We thus propose that product relationships should be emphasized in a product model. 
Important product management functions and the use of product relationships in the 
functions are described below: 

 
1) Controlling and merging product versions. Version control is essential in product 

management. Version merge prevents keeping too many versions. This function 
needs the support of version relationships. 

2) Managing product configurations. According to versions, a product may have multiple 
configurations. When a product is accessed, the right configuration should be re-
trieved. This function needs the support of version relationships. 

3) Managing product consistency (managing product change). Changing a product may 
affect others, which may in turn affect still others. This results in inter-product 
change ripple effects. Moreover, changing a sub-product of a product may affect 
other sub-products of the same product, which may in turn affect still others. This re-
sults in intra-product change ripple effects. Both effects should be handled to manage 
product consistency [1]. Since the products affected by a change can be identified by 
tracing product relationships [2], inter- and intra-DEP relationships respectively fa-
cilitate managing inter- and intra-product change ripple effects. 

4) Managing reference completeness. We use an example to explain reference incom-
pleteness. Suppose that a design document depends on a specification. If a new ver-
sion has been created for the specification, then, ideally, a new version of the design 
document should be developed based on the new specification version. If no such de-
sign document is developed, the new specification version is not referred to. We call 
this situation reference incompleteness. Reference incompleteness indicates that some 
products are undeveloped. This function needs the support of both version and in-
ter-DEP relationships. 

5) Product reuse support. Product reuse (i.e., software reuse) has been recognized as im-
portant [3]. Many product reuse techniques have been developed, such as that for 
classifying and retrieving software components [4], that for developing reusable 
components [5], and so on. We are not proposing a product reuse technique. We, in-
stead, emphasize that product relationships facilitate identifying correlated products 
for reuse. 

 
We surveyed quite a few models for configuration management and version control 

[6-24] (see section 5 for the discussion of related work), and identified that some of them 
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manage configurations and versions within a single product [6, 8, 10, 13-14, 17-21, 24]. 
With these models, product management across products such as inter-product change 
ripple effects management, reference incompleteness management, and identification of 
correlated products for reuse cannot be achieved. Although we have identified models 
that manage inter-DEP relationships [11, 15], they manage poor intra-DEP relationships. 
This causes difficulty in intra-product management such as intra-product change ripple 
effects handling. Since we cannot identify a model that manages product relationships 
well, we developed a new model. This article proposes the model and describes product 
management using the model. 

2. THE MODEL 

The model models products and product relationships. The following subsections 
explain the model using examples and give formal definitions. 
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Legend:
          

Non-leaf node

Leaf node

decomposition relationship

 
                            Fig. 1. Product hierarchy. 
 
2.1 Product 
 

A product can be decomposed into several sub-products, which can be further de-
composed if necessary. Decomposing a product thus results in a product hierarchy as 
shown in Fig. 1. The entire hierarchy in the figure is a product. A leaf node or a 
sub-hierarchy rooted at a non-leaf node other than the root is a sub-product. Only leaves 
in a product hierarchy are real documents. Non-leaves are used to structure their children. 
Fig. 2 depicts a partial product hierarchy for a library management system written in the 
C language. The program template is shown in Fig. 2 (a). The corresponding product 
hierarchy is depicted in Fig. 2 (b), which shows that the system is composed of the mod-
ules “main” and “borrowerMng”, and the subsystem “bookMngSubsyst”. Moreover, the 
subsystem “bookMngSubsyst” is composed of the modules “bookMng”, “borrowBook”, 
and “returnBook”. Fig. 3 depicts a partial product hierarchy of a supermarket system’s 
specification represented in DFDs. Figs. 3 (a), (b), and (c) respectively show the context 
diagram, diagram 0 DFD, and diagram 1 DFD. Fig. 3 (d) is the corresponding product 
hierarchy, which shows that the system is composed of the “order management subsys-
tem” and the following documents: context diagram, diagram 0 DFD, and the mini-spec 
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of “stock management”. Moreover, the order management subsystem is composed of the 
following documents: diagram 1 DFD, and the mini-specs of “in-order management” and 
“out-order management”. 

 

main(){
  . . .
  bookMng(. . .);
  . . .
  borrowerMng(. . .);
  . . .
}

bookMng(. . .){
  . . .
  borrowBook( . . .);
  . . .
  returnBook(. . .);
  . . .
}
. . .

librarySystem

main

bookMng

borrowerMng

borrowBook

bookMngSubsyst

returnBook

(a) The program (b) Product hierarchy

 
Fig. 2. Partial product hierarchy for a C program. 
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Fig. 3. Partial product hierarchy for a specification.  

 
In addition to decomposition relationships, other intra-product relationships may be 

established according to change effects. For example (see Fig. 2), an invocation rela-
tionship exists between the module “main” and “bookMng”, in which the former invokes 
the latter. In this case, changing “bookMng” may affect “main”. As another example (see 
Fig. 3), a dependency relationship exists between the “order management subsystem” 
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and diagram 1 DFD (i.e., changing the latter may affect the former because the later out-
lines the former), between the documents “stock management” and “in-order manage-
ment” (i.e., changing the latter may affect the former because the former accepts data 
from the latter), and so on. We define intra-product relationships other than product de-
compositions as intra-DEP (inter-product dependency) relationships. As will be de-
scribed later, intra-DEP relationships are useful in handling intra-product change ripple 
effects. Figs. 4 (a) and (b) respectively depict the revised product hierarchy of Fig. 2 (b) 
and Fig. 3 (d) with intra-DEP relationships added. 

 

librarySystem

main

bookMng

borrowerMng

borrowBook

bookMngSubsyst

returnBook

supermarket
system

context
diagram

diagram 0
order
management
subsystem

diagram 1
in-order
management

out-order
management

stock
management

Non-leaf node

Leaf node

Decomposition relationship

Intra-DEP relationship

Legend:

(a) (b)

 
Fig. 4. Product hierarchy with intra-DEP relationships. 

 
A product or sub-product may have multiple versions. The proposed model uses a 

tree similar to that in RCS [7] to structure versions. We call the tree a version tree. To 
number the nodes in a version tree, the first version is numbered as v1. Revisions of v1 
are respectively numbered as v1.1, v1.2, and so on. Since our model does not differenti-
ate revisions from variants, the words “revision” and “new version” are used inter-
changeably. 

To model versions, each node in a product is extended to be a version tree. If a node 
has only one version, its version tree is composed of one node. Every version tree has a 
default version, which is generally the latest created one. Fig. 5 sketches a product hier-
archy extended by version trees for Fig. 4 (a), in which two kind of version trees are pre-
sented, namely version trees of leaves and those of non-leaves. Fig. 5 is called a product. 
We use directed graphs to define a product and the terms related to a product, in which 
nodes and relationships in a product respectively correspond to vertexes and edges in a 
directed graph. We first define a version tree of leaves (Gvtl), that of non-leaves (Gvtnl), 
and version relationship (Er-version) as follows: 
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main

bookMng

returnBook

v1

v1.1

borrowBook

v1

v1.1

borrowerMng
v1.2

bookMngSubsyst

v1

v1.1

v1
v1

v1

v1

v1.1

v1.1.1librarySystem

Decomposition relationship

Intra-DEP relationship

version relationship

v1

v1.2

v1.1

v1

v1.2

v1.1 version tree of
non-leaf nodes

version tree of
leaf nodes

Legend:

v1.1

v1.1.1.1

 
Fig. 5. Product (product hierarchy extended with version trees). 

 
Definition 1  

Gvtl = (Vvtl, Er-version) 
Gvtnl = (Vvtnl, Er-version) 
Vvtl = {v | v is a node in a version tree of leaves} 
Vvtnl = {v | v is a node in a version tree of non-leaves} 
Er-version = {<u, v> | u, v ∈ Vvtl ∪ Vvtnl ∧ v is a revision of u} 

 
In Definition 1, a node in a version tree of leaves may be program module(s) (see 

Fig. 2) or a sub-document (see Fig. 3). Moreover, a node in a version tree of non-leaves 
structures its sons using decomposition relationships. 

Based on Definition 1, we define a product (Gpd), the decomposition relationships 
(Er-decomposition), and the intra-DEP relationships (Er-intraDEP) as follows: 
 
Definition 2 

Gpd = (Vvt, Erel) 
Vvt is a vertex set, in which each vertex corresponds to a version tree. 
Erel = Er-decomposition ∪ Er-intraDEP 
Er-decomposition = {<u, v> | u ∈ Vvtnl ∧ v ∈ Vvtl ∪ Vvtnl ∧ v is a sub-product of u} 
Er-intraDEP = {<u, v> | u, v ∈ Vvtl ∪ Vvtnl ∧ u intra-depends on v} 

 
Definition 2 defines two types of relationships, namely decomposition and in-

tra-DEP relationships. They link sub-products within the same product. 
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According to versions, a product may have multiple configurations. A configuration 
is a version of product or sub-product. It is composed of nodes structured into a tree by 
decomposition relationships. Moreover, intra-DEP relationships between the nodes are 
also presented. Fig. 6 shows some configurations of the product in Fig. 5. Based on Defi-
nitions 1 and 2, we define a configuration (Gcf) as follows. 
 

borrowBook
v1.1

borrowerMng
v1

bookMngSubsyst
v1.1

bookMng
v1

returnBook
v1.1

main
v1

librarySystem
v1.1

borrowBook
v1

bookMngSubsyst
v1

bookMng
v1

returnBook
v1

borrowBook
v1

(a) Configuration of a product (b) Configuration of a sub-product

(c) Configuration of a leaf node

 
Fig. 6. Some configurations of the product in Fig. 5. 

 
Definition 3 

Gcf = (Vcf, Ecf) 
Vcf is a vertex set, which is composed of Gcf’s root and all descendants of the root 
Ecf = {<u, v> | u, v ∈ Vcf ∧ <u, v> ∈ Er-decomposition ∪ Er-intraDEP} 

 
2.2 Product Space 
 

During software development, multiple products may be developed, in which each 
product can be represented by a Gpd defined in Definition 2. Inter-product dependency 
(inter-DEP) relationship may exist among products (or sub-products of different prod-
ucts). For example, if a design document is developed based on a specification, the de-
sign document inter-depends on the specification. Fig. 7 shows inter-DEP relationships 
between a specification and its corresponding design document. Note that the decompo-
sition granularity of two products may be different even if inter-DEP relationships exist 
between them. 
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subSpec2

v1

v1.1
Spec

subDesign21

v1

v1.1

v1

v1

v1.1
Design

v1

v1.1

subDesign2

subDesign22

v1

v1.1

subSpec1

v1

Legend:

A B

“A” inter-depends on “B”
(inter-DEP relationship)

Product “Spec” Product “Design”

subDesign1

v1

v1.1

 
Fig. 7. Inter-DEP relationships. 

 
We use a product space to model products and their inter-DEP relationships. Based 

on Definitions 1 and 2, we define a product space (Gps) and inter-DFP relationships 
(Er-interDEP) as follows: 

Definition 4  
Gps = (Vpd, Er-interDEP) 
Vpd is a vertex set, in which each vertex corresponds to a product defined in Defini-
tion 2 
Er-interDEP = {<u, v> | u, v ∈ Vvtl ∪ Vvtnl ∧ u inter-depends on v} 

Definition 4 defines product space and inter-DEP relationship. Inter-DEP relation-
ships link sub-products of different products. Sub-products linked by inter-DEP rela-
tionships belong to different levels of abstraction. For example, inter-DEP relationships 
exist between sub-product of a specification and those of a design document, in which 
the specification and the design document are in different levels of abstraction. Note that 
inter-DEP relationship is a totally different concept when comparing with decomposition 
and intra-DEP relationships (see Definition 2), because the latter two types of relation-
ships link sub-products within the same product. 

3. PRODUCT MANAGEMENT 

In this section, we describe product management functions using the proposed 
model, including version control and merge, configuration management, product consis-
tency management, reference incompleteness management, and product reuse support. 
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3.1 Version Control and Merge 
 

A configuration can be checked out to create a new version. When the new version 
is checked back in, the version control process is invoked. We first explain the process 
using examples then conclude it with an algorithm. To simplify the discussion, we call 
the checked out configuration Gcf_ori, the new version Gcf_nver, and the product containing 
Gcf_ori Gpd1. 

Suppose that the configuration in Fig. 8 (b) is checked out from the product in Fig-
ure 8 (a) to create the new version in Fig. 8 (c). Here, Figs. 8 (a), (b), and (c) respectively 
correspond to Gpd1, Gcf_ori, and Gcf_nver. The symbol “(*)” in Fig. 8 (c) indicates that “LD 
v1” and “LC v1.1” get a new version. The following node types may be included in 
Gcf_nver: 
 
1) New nodes, which are nodes in Gcf_nver but not in Gcf_ori. For example, the node “LZ” in 

Fig. 8 (c) is a new node. 
2) RevisionNode, which may be: (a) a leaf node that gets a new version or (b) a non-leaf 

node with one or more children that are revisionNodes or new nodes. Example revi-
sionNodes in Fig. 8 (c) are “LD v1” and “NLC v1”. 

3) Unchanged nodes, which are neither revisionNodes nor new nodes. 
 

Sometimes, there may exist nodes that are in Gcf_ori but not in Gcf_nver. They are 
called deleted nodes. For example, “LE v1” in Fig. 8 (b) is a deleted node. 

v1

v1.1

v1

v1

v1.1

v1

v1

v1.1

v1

v1v1

v1

v1v1

LC
v1.1

NLB
v1.1

NLD
v1

LG
v1

LF
v1

NLC
v1

LE
v1

LD
v1

NLA

NLB

NLC NLD

LA LB

LC

LD LE
LF LG

(a) The product “NLA” (i.e. Gpd1) (b) The checked out configuration (i.e., Gcf_ori)

LC
v1.1(*)

NLB
v1.1

NLD
v1

LG
v1

LF
v1

NLC
v1

LZ
LD

v1(*)

(c) The configuration for checking in (i.e. Gcf_nver)

 
Fig. 8. Product and configuration used in the version control example. 
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We use Figs. 8 through 11 as examples to explain the version control process, in 
which Fig. 9 sketches the product Gpd1 after Gcf_nver has been checked in. The process, 
which consists of the following activities, manages versions as well as relationships. 
 
1) Create a version tree for each new node. 

As shown in Fig. 9, a version tree “LZ” is created for the new node “LZ”. This tree 
possesses only one node. 

2) Add a revision to Gpd1 for each revisionNode. 
To add a revision to Gpd1 for a revisionNode, the revisionNode’s corresponding ver-
sion tree is first identified. Then, the revisionNode is added to the version tree and 
numbered, and a version relationship between the original version and the revision is 
established. For example, when the revisionNode “NLC v1” in Fig. 8 (c) is added to 
the product in Fig. 8 (a), a revision “NLC v1.1” is added for it (see Fig. 9), and a ver-
sion relationship <NLC v1, NLC v1.1> is established. 

3) Establish decomposition and intra-DEP relationships for the revisions that are newly 
added to Gpd1. 

 
To establish these relationships, relationships in Gcf_nver that do not link unchanged 

nodes are reproduced in Gpd1. For example, the decomposition relationship <NLB v1.1, 
NLC v1> and the intra-DEP relationship <LZ, LD v1> in Fig. 8 (c) are respectively re-
produced as the decomposition relationship <NLB v1.1.1, NLC v1.1> and the intra-DEP 
relationship <LZ v1, LD v1.1> in Fig. 9. As to the relationships linking unchanged nodes, 
they need not be reproduced because they already exist in Gpd1. 

v1
v1.1

v1

v1

v1.1

v1

v1

v1v1

v1

NLB

NLD

LA LB

LC

LE

LF LG

v1.1.1

v1

v1.1
LD

v1

v1.1NLC

v1

LZ

v1.1.1

v1

v1.1

NLA
v1.1.1

 
Fig. 9. The product “NLA” (i.e.Gpd1) after the configuration in Fig. 8 (c) is checked in. 
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If Gcf_ori is a configuration of Gpd1’s sub-product, some extra intra-DEP relationships 
should be added between newly added revisions and nodes not in Gcf_ori. For example, in 
Fig. 8 (a), there is an intra-DEP relationship <LA v1, LD v1>. It is expected that an in-
tra-DEP relationship should be established between “LA v1” and the newly added revi-
sion “LD v1.1”. 
 
4) Create revisions for the predecessors of Gcf_ori. 

In our model, versions equal configurations [10]. Therefore, creating a revision for a 
configuration results in creating revisions for all its predecessors. For example, check-
ing in Fig. 8 (c) to Fig. 8 (a) causes “NLA v1.1”, which is the parent of Gcf_ori (i.e., Fig. 
8 (b)), to get a revision “NLA v1.1.1” (see Fig. 9). Then, decomposition relationships 
should be established between “NLA v1.1.1” and the default versions of version trees 
“LA”, “LB”, and “NLB”, because they are sub-version trees of “NLA”. 

5) Establish inter-DEP relationships for the newly added revisions. 
Inter-DEP relationships are another kind of relationships that should be established 
during version control. Since only developers know the referring to (i.e., inter-DEP) 
relationships among nodes, the developers should pass the dependency relationships 
to the version control process. We use Fig. 10 to explain the establishment of in-
ter-DEP relationships. Suppose that the product “Spec” in Fig. 7 has been revised by 
adding new versions “subSpec2 v1.2” and “Spec v1.2” as shown in Fig. 10 (a). Also 
suppose that developers are required to develop a revision for “subDesign2 v1” to de- 

 

subSpec2

v1

v1.1
Spec

v1

v1.1

v1.2

subSpec1

v1

subDesign21
v1

subDesign2
v1

subDesign22
v1

<subDesign2 v1, subSpec2 v1.2>

(a) The product “Spec” after “subSpec2 v1.2” is added
      to Figure 7

(b) The checked out configuration for “subDesign2”

(e) Inter-DEP relationships specified by developers
      when checking in Figure 10(c)

(d) The product “Design” after
      the new configuration is

       checked inv1.2

subDesign21
v1

subDesign2
v1

subDesign22
v1(*)

(c) The checked in configuration for “subDesign2”

subDesign21

v1

v1

v1.1
Design

v1
v1.1 subDesign2

subDesign22

v1

v1.1

v1.2

v1.2

v1.2

subDesign1

v1

v1.1

 

Fig. 10. Example to show the establishment of inter-DEP relationships during version control (see  
also Fig. 7). 
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pend on “subSpec2 v1.2”. The checked out design configuration is shown in Fig. 10 
(b). The revision for Fig. 10 (b) is Fig. 10 (c), where “subDesign22 v1” gets a new 
version. After the configuration in Fig. 10 (c) is checked in, the product “Design” is 
revised as that in Fig. 10 (d). Suppose that the inter-DEP relationship in Fig. 10 (e) is 
passed to the version control algorithm when Fig. 10 (c) is checked in. Then, the in-
ter-DEP relationship <subDesign2 v1.2, subSpec2 v1.2> will be established (see Fig. 
11), in which “subDesign2 v1.2” is the revision added for “subDesign2 v1” in Fig. 10 
(d) after Fig. 10 (c) is checked in. 

 
As described before, creating a revision for a configuration will result in creating 

revisions for its predecessors. Therefore, creating the revision “subDesign2 v1.2” results 
in the revision “Design v1.2” as shown in Fig. 10 (d). The revision “Design v1.2” must 
inter-depends on a node of the product “Spec”, because the product “Design” in-
ter-depends on the product “Spec”. In our model, suppose that a new version node “A” is 
developed based on “B”, then the parent of “A” inter-depends on the parent of “B”. 
Therefore, the revision “Design v1.2” in Fig. 10 (d), which is the parent of “subDesign2 
v1.2”, inter-depends on “Spec v1.2” in Fig. 10 (a), which is the parent of “subSpec2 
v1.2”. According to the above description, Fig. 11 depicts the results after inter-DEP 
relationships have been established between the products “Spec” and “Design”. 
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Fig. 11. The products “Spec” and “Design” after adding new inter-DEP relationships. 

 
 

The above description results in the following version control algorithm. Please re-
fer to Definitions 1 through 4 when tracing the algorithm. 
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Algorithm 1  Version control 
Input: 

Gcf_ori = (Vcf_ori, Ecf_ori), which is the checked out configuration; 
Gcf_nver = (Vcf_nver, Ecf_nver), which is the revision of Gcf_ori; 
/* Gcf_nver is the configuration to check in. */ 
Gpd1, which is the product containing Gcf_ori; 
Edep = {<u, v> | <u, v> ∈ Er-interDEP ∧ u ∈ Vcf_ori ∧ v is in a product other than Gpd1}; 

 
begin /* Begin of algorithm */ 

Let VnewNode = {v | v ∈ Vcf_nver - Vcf_ori}; /* identify new nodes */ 
Let VrevisionNode = {v | v is a revisionNode in Vcf_nver}; /* Identify revisionNode.*/ 

  
/* Create a version tree for each new node. */ 
For each vnew in VnewNode, do 

Create Gvt_new = ({vnew}, {}), which is a version tree for vnew; 
/* A version tree containing one node possesses no relationship. */ 
Let Gpd1 = (Vpd1, Epd1); 
Modify Gpd1 to be (Vpd1 ∪ {Gvt_new}, Epd1); 
/* Add the newly created version tree to the product in which Gcf_nver is checking 

back in */  
end do; 

 
/* The following operations add a revision to Gpd1 for each revisionNode. 
  The version tree to contain a revision node should first be identified. 
  Next, the revision node is added to the version tree. 
  Then, a version relationship is established between the revision node 
  and its original version */ 
 
For each vrevision in VrevisionNode, do 

Let vnew be the newly added revision for vrevision; 
  Let Gvt1 = (Vvt1, Evt1), which is the version tree containing vnew; 
  Modify Gvt1 to be (Vvt1 ∪ {vnew}, Evt1 ∪ {<u, vnew > | <u, vnew> ∈ Er-version ∧ u is the 

original version of vnew}); 
end do; 
 
/* When the configuration Gcf_nver is checked in to the product Gpd1, 
  relationships in Gcf_nver should be contained by Gpd1, 

the following operations copy relationships in Gcf_nver to Gpd1. */ 
 
For each <ucf_nver, vcf_nver> in Ecf_nver, where both ucf_nver, vcf_nver are not unchanged nodes, do 

Let unew and vnew be the newly added revision in Gpd1 for ucf_nver and vcf_nver, respec-
tively; 

  Let Gvt1 = (Vvt1, Evt1), which is the version tree containing unew and vnew; 
  Modify Gvt1 to be (Vvt1, Evt1 ∪ {<unew, vnew> | the type of <unew, vnew> is the same as that 

of <ucf_nver, vcf_nver>}); 
end do; 
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/* If a checked out node “n1” has an intra-DEP relationship with a node “n2” that is not 
checked out, the revision of “n1” should have an intra-DEP relationship with “n2”. For 
example, suppose the checked out node “bookMng v1” in Fig. 5 intra-depends on 
“borrowBook v1” in which the latter is not checked out. Then, the revision of “bor-
rowBook v1” should intra-depends on “borrowBook v1”. The following operations 
establish intra-DEP relationships between newly added nodes (i.e., revisions) and 
nodes not in Gcf_ori (i.e., nodes that are not checked out). Without loss of generality, we 
suppose that vpd1 is not checked out (i.e., not in Gcf_ori.) */ 

 
Let Gpd1= (Vpd1, Epd1); 
For each <upd1, vpd1> in Epd1, where <upd1, vpd1> ∈ Er-intraDEP ∧ upd1 ∈ Vcf_ori ∧ vpd1 ∉ Vcf_ori 
∧ upd1 gets a new version in Gcf_nver, do  

Let Gpd1 = (Vpd1, Epd1); 
Modify Gpd1 to be (Vpd1, Epd1 ∪ {<unew, vpd1> | <unew, vpd1> ∈ Er-intraDEP ∧ unew is the 
newly added revision in Gpd1 for upd1}); 

end do; 
 
/* As described above, when a node gets a new version, every one of its predecessors 

will also get a new version. The following operations create new versions for prede-
cessors of the checked out configuration Gcf_ori. */ 

 
Let (v1, v2, …, vn) be a sequence, in which v1 is the parent of Gcf_ori’s root ∧ vi+1 is the 
parent of vi; 
Do the followings for vparent = v1 up to vn 

/* Add a revision to Gpd1 for vparent, then establish a version relationship */ 
    Let vnew be the newly added revision for vparent; 
    Let Gvt1 = (Vvt1, Evt1), which is the version tree containing vparent; 
    Modify Gvt1 to be (Vvt1 ∪ {vnew}, Evt1 ∪ {<vparent, vnew > | <vparent, vnew> ∈ Er-version}); 
  /* Establish decomposition relationships for vnew */ 
    Let Gpd1 = (Vpd1, Epd1); 
    Let Svt1 = {Gvt1 | Gvt1 is a child version tree of the version tree containing vnew }; 
    Modify Gpd1 to be (Vpd1, Epd1 ∪ {<vnew, w> | <vnew, w> ∈ Er-decomposition ∧ w is the de-

fault version of a version tree in Svt1}); 
end do; 
 
/* The following operations establish inter-DEP relationships. 
  The establishment is based on the input argument Edep, which contains inter-DEP 
  relationships between new version nodes and the nodes not checked out. 
  Since inter-DEP relationships exist between sub-products of different products, 
  the following operations establish inter-DEP relationships between new version nodes 
  and nodes not in the product Gpd1 (which contains the checked out configuration). 
  See the “input” part of this algorithm for the definition of Edep. */ 
 

Let Gpd1 = (Vpd1, Epd1); 
Modify Gpd1 to be (Vpd1, Epd1 ∪ {<v, w> | <v, w> ∈ Er-interDEP ∧ v is the newly added 
revision in Gpd1 for u ∧ <u, w> ∈ Edep}); 
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/* The following operations establish inter-DEP relationships between the predeces-
sors   of the checked out configuration (i.e., Gcf_ori) and nodes in products other 
than Gpd1. In our model, if a new version node “A” inter-depends on “B”, then the 
parent of “A” inter-depends on the parent of “B”. The following operations follow 
the above rule to establish inter-DEP relationships */ 

Let vr_cf_ori be the revision of Gcf_ori’s root; 
Let (v1, v2, …, vn) be a sequence, v1 is the parent of vr_cf_ori ∧ vi+1 is the parent of vi; 
Do the followings for vparent = v1 up to vn 

Let Vson = {u | u is a son of vparent}; 
    Let Vdep = {u | <v, u> ∈ Er-interDEP ∧ v ∈ Vson}; 
    Let Vparent_dep = {u | <v, u> ∈ Er-version ∧v ∈ Vdep}; 
    Let Gpd1= (Vpd1, Epd1); 
    Modify Gpd1 to be (Vpd1, Epd1 ∪ {<vparent, u> | <vparent, u> ∈ Er-interDEP ∧ u ∈     

Vparent_dep}); 
end do; 

end; /* End of algorithm */ 

 
To prevent keeping too many versions, versions can be merged. When versions are 

merged, their descendants should also be merged. For example, when “NLB v1” and 
“NLB v1.1” in Fig. 9 are merged, their children “LC v1” and “LC v1.1” should be 
merged. The merge process starts from the versions to merge down to the leaf nodes. 
Since descendants of the versions to merge should also be merged, the versions to merge 
should not have descendants belonging to different version trees. For example (see Fig. 
9), “NLB v1.1” and “NLB v1.1.1” cannot be merged because they have descendants, say 
“LE v1” and “LZ v1”, belonging to different version trees. 

After version merge, relationships among nodes should be adjusted. Generally, rela-
tionships linking to the versions before merge should be redirected to the new version 
obtained by the merge. If this handling results in multiple copies of the same relation-
ships, only one copy should be kept. For example (see Fig. 9), if “LC v1” and “LC v1.1” 
are merged (suppose the version obtained by the merge is “LC v1.1”), then two copies of 
the intra-DEP relationship <LC v1.1, LF v1> will result, in which one of them should be 
deleted. 

Sometimes, merging versions may result in collapsing the versions’ predecessors. 
For example, merging the versions “NLB v1” and “NLB v1.1” in Fig. 9 causes the ver-
sion tree “NLA” to collapse, because “NLA v1” and “NLA v1.1” possess the same 
configuration after the merge. See Fig. 12 for the result of merging “NLB v1” and “NLB 
v1.1” in Fig. 9. One thing we should emphasize is that the merge function does not auto-
matically merge versions. Instead, the function identifies the versions that should be 
merged, then inform developers to carry out the merge. 
 
3.2 Configuration Management 

In the proposed model, the configuration of a version is fixed. That is, we regard 
versions as configurations [10]. For example, the configurations of “librarySystem v1.1” 
and “bookMngSubsyst v1” in Fig. 5 are respectively depicted in Figs. 6 (a) and (b). 
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Fig. 12. The product “NLA” after merfing “NLB v1” and “NLB v1.1 in Fig. 9. 

 
To facilitate the retrieval of configurations, a configuration can be associated with 

the following attributes: name, version number, developers, date, paradigm (e.g., ob-
ject-oriented or functional decomposition), platform, architecture (e.g., client/server ar-
chitecture), programming language, operating system, software tool, the project in which 
the configuration was developed, and the configuration type (e.g., a specification or a 
design document). Moreover, each configuration can be associated with a description 
containing an arbitrary number of words. Among the above attributes, only the name and 
version number should always possess a value. With the attributes, configurations can be 
retrieved by: (1) name and version number, (2) default version, (3) arbitrary combination 
of attribute values, and (4) keywords in configuration description. 
 
3.3 Product Consistency Management 
 

Product inconsistency is normally caused by change. Consistency management re-
fers to identifying nodes in the product graphs that are affected by a change, and requir-
ing developers to handle them. To decrease change ripple effects, the proposed model 
allows a node to be divided into its interface and implementation. With this arrangement, 
changing a node’s implementation without changing its interface will affect fewer others. 
For a node that cannot be divided into those two parts, its contents should be placed in 
the interface part. In the following text, we first define affected nodes, then propose an 
algorithm to manage product consistency. 
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Definition 5  If the interface of the node vchanged is changed, the affected nodes consti-
tute a set Vaffected defined below. The definition indicates that the following nodes are re-
garded as affected: revisions of the node, those inter- and intra-depend on the node, chil-
dren of the node, and the parent of the node. 
 

Vaffected = {v | <v, vchanged> ∈ Er-interDEP ∪ Er-intraDEP ∪ Er-decomposition} ∪ 
        {v | <vchanged, v> ∈ Er-version ∪ Er-decomposition} 

 
Definition 6  If the interface of the node vchanged is not changed, changing the imple-
mentation of vchanged results in the following affected node set (Vaffected): 
 

Vaffected = {v | <v, vchanged> ∈ Er-interDEP ∪ Er-decomposition} ∪  
        {v | <vchanged, v> ∈ Er-version ∪ Er-decomposition} 

 
Changing the interface of a node will affect the nodes related to it. Therefore, Defi-

nition 5 is obvious. Definition 6 emphasizes that nodes intra-depend on a changed node 
will not be considered affected if the interface is not changed. For example, changing the 
implementation encapsulated inside a module will not affect the modules invoking it. 
Based on Definitions 5 and 6, Algorithm 2 depicts the process to manage product con-
sistency. 
 
Algorithm 2  Product consistency management 
Input: 

vchanged: the node that is changed; 
 
begin 

if the interface of vchanged is changed then 
Identify Vaffected as defined in Definition 5; 

else 
Identify Vaffected as defined in Definition 6; 

end if; 
 
  /* Handle change ripple effects. */ 
  For each v in Vaffected, do 
    Require developer to determine whether v should be changed; 
    if v should be changed then 
      Require developers to change v; 
      Recursively invoke Algorithm 2 to manage product consistency according to the 

change of v. 
    end if; 
  end do; 
end; 

 
The loop in the algorithm handles change ripple effects. Handling the effects by 

tracing inter-product relationships corresponds to handling inter-product change ripple 
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effects. On the other hand, handling the effects by tracing intra-product relationships 
corresponds to handling intra-product change ripple effects. Algorithm 2 thus handles 
both inter- and intra-product change ripple effects. 
 
3.4 Reference Completeness Management 
 

Reference incompleteness is normally caused by creating new versions. For exam-
ple, in Fig. 13 (which is obtained from Fig. 7 by adding a revision “Spec v1.2” for “Spec 
v1”), if no new version is created for the product “Design” to inter-depend on “Spec 
v1.2”, then a reference incompleteness exists between the products “Spec” and “Design”. 
Generally, reference incompleteness indicates that some products are undeveloped. In 
our model, reference incompleteness is tolerable. The rationale is that a revision may be 
an alternative solution, which may not always implemented. Accordingly, we identify 
reference incompleteness and suggest developers to handle it. If the developers decide to 
leave the incompleteness un-handled, the incompleteness is recorded for possible han-
dling a later time. The algorithm for reference completeness management is described 
below. 
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Fig. 13. Example of referential incompleteness. 

 
Algorithm 3  Reference completeness management 
Input: 

vnver, which is the node to check in; 
vover, which is the original version of vnver; 

begin 
Let Vdep = {v | <v, vover> ∈ Er-interDEP}; 
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For each v in Vdep, do 
Suggest developers to develop vnew, which is a revision of v, to inter-depend on vnver; 
if the suggestion is refused, then 

Record the reference incompleteness; 
else 

      Recursively invoke Algorithm 3 to manage reference incompleteness according 
to the new version vnew; 

end if; 
end do; 

end; 
 
3.5 Product Reuse Support 
 

Product reuse refers to reusing existing products (or sub-products) to develop new 
ones. Generally, techniques are needed to classify existing products, to retrieve similar 
products, and to compose the reused products. If products are represented in our model, 
those being reused are configurations. 

After the reuse of a configuration, various correlated configurations as mentioned 
in section 1 may be considered reusable. We use Fig. 14 and the following description to 
re-visit the concept of reusing correlated products (i.e., correlated configurations) 
 
1) Suppose the specification configuration “JournalMngSpec v1” in Fig. 14 is reused. 

Then, by tracing inter-DEP relationships, the design configurations “Jour-
nalMngDesign v1” and “JournalMngDesign v1.1” are candidate correlated configura-
tions for reuse, because they are the design documents of “JournalMngSpec v1”. 

2) Suppose the design configuration “ReturnBookMng v1” is reused. Then, by tracing 
decomposition relationships, the design configurations “BorrowBookMng v1”, 
“BookMngDesign v1”, and “JournalMngDesign v1” are candidate correlated con-
figurations for reuse, because sub-configurations belonging to the same configuration 
may be reused together. 

3) Suppose the specification configuration “BookMngSpec v1” is selected for reuse. 
Then the specification configurations “BookMngSpec v1.1” and “BookMngSpec 
v1.2” can be considered alternative selections for reuse (here alternative selections are 
also correlated configurations). 

 
The above description defines three types of correlated products. According to the 

descriptions, the correlated configurations (Scf_corr) and the alternative selections (Scf_alt) 
are defined below, in which Gcf_reused is the reused configuration, Scf_corr covers the first 
two types of correlated products, and Scf_alt covers the third type of correlated products. 

Definition 7 
Scf_corr = {Gcf1 | Gcf1 is a configuration whose root inter-depends on Gcf_reused’s root} 
∪ {Gcf1 | Gcf1 is a configuration whose root and Gcf_reused’s root possess the same 
predecessor(s)} 
Scf_alt = {Gcf1 | Gcf1 is a configuration whose root and Gcf_reused’s root are in the same 
version tree} 
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Fig. 14. The products “LibraryDesign” and their relationships. 

 
Definition 7 reveals that our model facilitates identifying correlated configurations 

for reuse. Generally, identifying correlated configurations should start after a reuse. That 
is, the identification should be embedded in a technique that retrieves reusable software 
components. We have developed a technique to reuse correlated configurations based on 
the proposed product model [25]. 

4. IMPLEMENTATION AND DISCUSSIONS 

We have implemented a prototype system for the product model and product man-
agement functions. The prototype is implemented in C language using Borland C++ 
builder. It is about 3K lines in length (much of the code handles user interface). As 
shown in Fig. 15, the system manages nodes of product hierarchies and relationships 
among nodes. A leaf node, which corresponds to a real document, records the name of 
file that stores the document. The leaf also indicates the location of the document in the 
file, because documents represented by multiple leaves may be placed in the same file 
(e.g., documents in the leaves of Fig. 2 may be placed in the same file). We implemented 
the system in this manner because different products may be associated with different 
tools (e.g., ROSE, MS Word, and C++ Builder) that cannot be controlled by the proto-
type system. With this implementation, accessing a leaf results in opening the corre-
sponding file by the associated tool. This simplifies the implementation. 
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Fig. 15. Scope of the prototype system. 

 
Currently we place 12 products in the system. They are the specification, design 

document, and program code of a simplified library system, those of a simplified super-
market management system, those of a simplified student grade management system, and 
those of a simplified book store management system. According to our experiences in 
using the system, we give some discussions below. 
 
1) Performance 

We discuss the time complexity of the algorithms here. As to the disk space used, it 
is evaluated in the following two items. 

The worst case of time needed by the version control algorithm (i.e., Algorithm 1) is 
dominated by the establishment of intra-DEP relationships between the newly added 
nodes and nodes not in Gcf_ori. The time complexity of the establishment is O(i*j), where 
i is the number of nodes in Gpd1 and j is the number of nodes in Gcf_ori. The worst case 
will occur only when every node not in Gcf_ori has a relationship with every node in Gcf_ori. 
But this is seldom the case. According to our experiences, the average time complexity is 
O(j2). Since developers tend not to check out a configuration with too many nodes, the 
value of j tends to be small. Therefore, the version control algorithm is expected to be 
efficient. 

The time complexity of Algorithm 2 cannot be analyzed, because the number of 
nodes affected by a change cannot be predicted. In our prototype system, changing a 
node will affect seven nodes in average. Nevertheless, we cannot give any conclusion to 
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the time complexity of Algorithm 2, because the prototype system currently manages 
only 12 products and more important, the product sizes are small. 

The time complexity of Algorithm 3 is O(n), where n is the number of products be-
ing managed. The rationale is that reference incompleteness is induced by inter-DEP 
relationships and at most n nodes can appear in a chain linked by inter-DEP relation-
ships. 

 
2) Version proliferation 

As described in section 3.1, when a new version of a configuration is checked in, 
every predecessor of the configuration (identified according to decomposition relation-
ships) will get a new version. If the hierarchy of a product is high, versions may prolifer-
ate seriously. We use an example to explain this. Suppose that the height of a product is n 
and each non-leaf has k children in average. Then, in case that every node of the product 
gets a new version, the product will get m new versions, in which 

 
m = (kn 

- 1)/(k - 1) + k*(kn-1 - 1)/(k - 1) + . . + kn-1 
 
Note that the value “(kn - 1)/(k - 1)” corresponds to the new versions obtained by 

the root of the product, the value “k*(kn-1 - 1)/(k - 1)” corresponds to the new versions 
obtained by the children of the root, and so on. In a model that will not cause version 
proliferation, only (kn 

- 1)/(k - 1) new versions will be obtained in the above case. Com-
paring this value with m, version proliferation does result in many versions to manage. 

There are pros and cons associated with version proliferation. For the former, con-
figuration management is easy. For the latter, much disk space may be needed to store 
versions. Let’s evaluate the space wasted according to version proliferation. As described 
in the beginning of this section, our implementation puts real documents in files. As to 
nodes managed by the system, they store their information (e.g., name, version number, 
and description of the node) and the relationships associated with the nodes. Currently, 
we reserve 1K bytes for each node. For a product hierarchy with a height of n, adding a 
new version to a leaf node will cause the hierarchy to obtain n new versions. Therefore, 
in the worst case, our model manages extra n - 1 new versions when a node gets a new 
version. Suppose that n equals to 10 (note that a product hierarchy with a height of 10 is 
very high), our model wastes 9K bytes of disk space at worst to manage extra new ver-
sions when a new version is added. To our opinion, this space wasting is not that serious 
as imaging. Nevertheless, we still think that version proliferation should be solved. We 
leave the problem as a future work. 

 
3) Delta 

The proposed model does not incorporate the delta technique [6, 7] to store versions. 
That is, every version is stored in its entirety, with which disk space may be wasted. 
Let’s use Fig. 2 to explain this. The figure depicts a program consisting of five modules 
and the corresponding product hierarchy has five leaves (note that the number of mod-
ules needs not always equal to the number of leaves because several modules can be rep-
resented by a leaf). If the program modules are placed in the same file, any of the mod-
ules gets a new version will result in a new file. This does result in disk space wasting. 
Let’s image that a program occupies 100K bytes of disk space and the program possesses 
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50 modules. Then, adding a new version for every module results in 51 versions of the 
file, which occupy 5.1M bytes of disk space. If the products being managed are specifi-
cations or design documents, the document size should be far larger than 100K bytes. In 
this case, far more disk space will be wasted in storing versions of leaves. Therefore, 
incorporating the delta technique seems anxious for the proposed model. 

Saving space is not the only advantage of the delta technique. We have experienced 
the potential advantage of the delta technique in version merge. As described in section 
3.1, the version merge function identifies versions that should be merged, then requires 
developers to manually merge the versions. Some students complained that identifying 
the difference among versions takes much time. In this case, if the delta technique is used, 
the difference can be automatically identified. According to the advantages above, in-
corporating the delta technique is another future work to upgrade our model. Neverthe-
less, applying the delta technique to the model is not easy because the following issues 
should be solved (remember that accessing a leaf of the model results in opening the 
corresponding file by the associated tool): 

 
a. Understand the data format of every possible tool. Without understanding the data 

format, delta (i.e., difference) between two versions cannot be correctly identified. 
b. Apply delta information to a file before the file is opened by the corresponding tool. 

 
4) Granularity of product decomposition 

Fine-grained decomposition of a product results in deep (or high) product hierarchy 
and small-sized leaf nodes. In a deep product hierarchy, version proliferation is serious, 
as has been discussed. Nevertheless, small-sized leaves improve traceability. We use an 
example to explain this. Suppose that a sub-product of a product is changed. If the de-
composition of the product is coarse-grained, the sizes of the affected sub-products iden-
tified by Algorithm 2 would be large. According to our experiences, identifying the parts 
that are indeed affected from a large-sized product spends much time. On the other hand, 
if the decomposition is fine-grained, the sizes of the affected sub-products will be small. 
Identifying the parts that are indeed affected from a small-sized product spends less time. 

Fine-grained decomposition also facilitates reducing disk space for versions. As 
discussed previously, if every module in a 100K program (which possesses 50 modules) 
gets a new version, 5.1M disk space is needed for versions. To reduce disk space needed, 
fin-grained decomposition can be used. For example, we can decompose the 100K pro-
gram until every leaf in its product hierarchy consists of one module only, and then store 
each module of the program in a file. With this arrangement, about 200K disk space is 
needed for versions in case that every module gets a new version. Comparing 200K with 
5.1M, it is a dramatic saving. Currently, we are using fine-grained decomposition to im-
plement the delta technique. 

5. RELATED WORK 

Since our model emphasizes product relationships that can facilitate product man-
agement, our survey primarily focuses on product relationships modeling. 

SCCS [6] manages document versions using a tree structure. When a changed 
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document is checked in, a new version is created for it. In storing versions, the delta 
technique is used. SCCS does not decompose documents. Therefore, neither decomposi-
tion nor intra-DEP relationship is managed. Moreover, no inter-DEP relationship is 
managed. 

RCS [7] manages document versions using a tree structure. The delta technique is 
used to store versions. It does not decompose documents. Therefore, neither decomposi-
tion nor intra-DEP relationship is managed. As to inter-DEP relationships, RCS uses 
configuration management to bind related documents. To select a configuration, attrib-
utes such as version number, date, and name can be used. RCS allows concurrently 
changing a document, in which each change result in a new version. New versions 
should be merged later. 

POEM [8] manages functions and classes inside a program. Therefore, POEM re-
gards a program as a collection of components. Intra-DEP relationships including 
uses_interface and t_uses_interface are used to structure program components. Only one 
layer of decomposition is used. The RCS-like tree is used to structure versions. During 
version control, a component will obtain new versions if the components it uses get new 
versions. The “versions equal configurations” approach is used for configuration man-
agement and therefore versions may proliferate. Since POEM manages components of a 
single program, no inter-DEP relationship is managed. 

NUCM [9] manages versions of artifacts, which are either atoms (documents or 
code) or collections of artifacts. It maintains containment relationships between a collec-
tion and the artifacts it contains. Although a collection can contain various kinds of 
documents such as code and documents for the code, there is no inter-DEP or intra-DEP 
relationship established for artifacts. New versions can be created for an artifact. To pre-
vent version proliferation, new version for an artifact will not result in new versions for 
the artifacts containing it. No version relationship is used to structure versions of the 
same artifacts. Explicit version numbers should be used when retrieving a configuration 
(collection). 

The Ragnarok architectural SCM model [10] manages software and their versions. 
A software system can be decomposed into components, and intra-DEP relationships can 
be established among the components. Changing components results in new versions, 
which are structured by the traditional version graph such as the RCS tree structure. The 
model uses the “versions equal configurations” approach for configuration management. 
Therefore, versions may proliferate. Versions can be merged. However, the versions be-
ing merged still exist after the merge. The model manages versions and relationships 
inside a single software product. No inter-DEP relationship is managed. 

The model according to Lindsay [11] proposes a fine-grained configuration man-
agement approach. The model manages documents developed during software develop-
ment and manages inter-DEP relationships among sub-products of different products. 
Therefore, the traceability among products is well-maintained. However, the model does 
not maintain intra-DEP relationships. Therefore, the traceability inside a product is not 
maintained. Version control is on the sub-product (paragraph) level. That is, each para-
graph can be versioned. Version trees are used to structure versions. Conformance ma-
trixes (like cross reference matrixes) are used to retrieve configurations. 

ClearCase [12] manages versions of all kind of files (not just text files) as well as 
directories. Both directories and files can have multiple versions. Versions are structured 
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by a tree structure. Delta is used in storing versions. Developers can check out an ele-
ment (file or directory) into a view for change, then checks it back in to form a new ver-
sion. The relationships managed by ClearCase are version relationships and the relation-
ships between directories and sub-directories (or files), in which the latter are similar to 
the containment relationships in NUCM. No decomposition is applied to a file. Therefore, 
no decomposition and intra-DEP relationship is established. Although ClearCase man-
ages versions of multiple products, it seems that no inter-DEP relationship is managed. 

The AVL dags [13] model represents a product using a generalization of AVL tree. 
Nodes in a tree are lines (parts) of a product. A product can be reconstructed by in-order 
traversing its corresponding AVL tree. When a revision is created for a node of an AVL 
tree, revisions will be created for the node’s predecessors. Therefore, versions may pro-
liferate. Although the model divides products, no intra-DEP relationship is managed. 
Moreover, the model does not manage inter-DEP relationship. 

The HiP model [14] also uses a tree to structure a product. Versions of a tree are 
kept in a version control tree. Information of the change history of a node is saved in the 
node’s parent. Therefore, previous version can be reconstructed from the current version. 
Like AVL dags model, HiP model does not manage inter-DEP and intra-DEP relation-
ships. 

DSEE [15] controls versions of source code and the corresponding derived objects. 
A system model is used to describe the components of a system. Components can be 
versioned. Delta is used in storing versions. Configuration threads (rules-based descrip-
tions) are used to retrieve configurations. Inter-DEP relationships are established be-
tween systems and derived objects. Although systems can be decomposed into compo-
nents, no intra-DEP relationship is established among the components of a system. 

Adele 2 [16, 22] is composed of a multi-versioned Adele DB and multiple sin-
gle-versioned work environments. Versions are managed using version branch [16]. 
Adele-2 manages products developed during software development. Products are struc-
tured using a directory structure. Therefore, it manages relationships across products. 
However, product decomposition is not modeled. Therefore, neither intra-DEP nor 
decomposition relationships is managed. 

EPOS [23] stores meta-classes, classes, instances of classes, and instances of soft-
ware process models in EPOSDB. Contents in EPOSDB are all subject to version. Ver-
sions can be merged. Since products developed during software development are man-
aged, relationships across products are managed. However, like Adele 2, product de-
composition is not modeled. Therefore, neither intra-DEP nor decomposition relation-
ships is managed. 

CVS [24] stores versions of source program files in a centralized repository. Delta is 
used in storing versions. When a program file is checked out, CVS creates a copy of the 
file for necessary change. CVS allows multiple developers to check out the same pro-
gram file concurrently. If concurrent check-out occurs, CVS automatically merges the 
check-in files after every checked out files have been checked back in. Since CVS man-
ages source programs only, no inter-DEP relationship is established. Since no decompo-
sition is allowed for a file, CVS does not manage intra-DEP and decomposition relation-
ships. 

In addition to the models described above, we also surveyed various version control 
models [17-21], which manage versions inside a single product. All those models do not 
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manage inter-DEP relationships. 
When comparing with the models we surveyed, we have identified the following 

strength and weakness of our model: 

1) Our model manages product relationships including version, decomposition, in-
ter-DEP, and intra-DEP relationships. They are useful in product management such as 
consistency management, reference completeness management, and product reuse 
support. 

According to our survey, we cannot locate a model that manages all those rela-
tionships. For example, version relationships are not managed in NUCM. Inter-DEP 
relationships are not managed by SCCS, RCS, POEM, ClearCase, HiP, the Ragnarok 
architectural SCM model, CVS, and so on. Intra-DEP relationships are not managed 
by most of the surveyed models except POEM and the Ragnarok architectural SCM 
model. And, decomposition relationships are not managed by SCCS, RCS, ClearCase, 
CVS, and so on. 

2) Our model allows dividing a product into its interface and implementation, which can 
reduce ripple effects when a product is changed. In the surveyed models, we have lo-
cated only POEM offers this feature. 

3) Just like the POEM, AVL dags, and the Ragnarok architectural SCM model, versions 
may proliferate in our model. Although we provide version merge function, version 
proliferation problem should still be solved. Solving the problem is a future work to 
upgrade our model. 

4) Our model does not use the delta technique to store versions. This may result in wast-
ing disk space and ill support of version merge. Incorporating the delta technique is 
another future work for our model. 

6. CONCLUSIONS 

This article proposes a product model that emphasizes product relationships, and 
describes product management using the model. Relationships modeled include versions, 
decomposition, inter-DEP, and intra-DEP relationships. The relationships maintain 
product traceability, with which product management functions such as consistency 
management, reference completeness management, and product reuse (i.e., software re-
use) support can be facilitated. The proposed model and functions offers the following 
features: 
 
1) The version, decomposition, and intra-DEP relationships facilitate handling in-

tra-product change ripple effects. Moreover, inter-DEP relationships facilitate han-
dling inter-product change ripple effects. Accordingly, product consistency manage-
ment is well-supported. 

2) The version and inter-DEP relationships facilitate managing reference completeness. 
That is, when a new version of a configuration is created, inter-DEP relationships can 
be traced to identify reference incompleteness. 

3) Inter-DEP and decomposition relationships can be traced to identify correlated con-
figurations for possible reuse when a configuration is reused. In addition, version re-
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lationships can be traced to identify alternative selections for reuse. 
4) A version merge function is provided for the model to prevent keeping too many ver-

sions. 
5) The model allows dividing a product into its interface and implementation. This re-

duces change ripple effects when a product is changed. 
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