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Abstract 
Executable UML allows precisely describing the soft-

ware system at a higher level of abstraction. It bridges 
the semantics gap between the UML design models and 
the implementation. The executable models can be trans-
lated to a less abstract programming language comple-
tely or executed in a virtual machine directly. Existing 
executable UMLs lack a formal and standardized Action 
Semantics Language (ASL). Object Constraint Language 
(OCL), as a formal specification language, is a standard 
published by Object Management Group (OMG) along 
with UML. It is used to describe constraints for UML 
models. In this paper, we propose an executable UML 
with OCL-based ASL (OxUML) by extending OCL to 
support actions with side effects. We present its support 
environment—UML Virtual Machine (UVM) and sugg-
est a Model-Driven Development (MDD) process with 
OxUML. We also introduce an example to demonstrate 
how to build and process OxUML models. 
Keywords: UML, Executable UML, Model-Driven  

1. Introduction 

UML [1], defined by Object Management Group 
(OMG), was originally designed to sketch the structure of 
object-oriented software systems. As UML is not pre-cise 
enough for model execution, there is a lack of formal 
relationship between the design model and the implemen-
tation. Most UML related tools just allow users to model 
a software system and then generate program codes 
partly, which must be combined with additional hand-
written codes. It may cause inconsistency between design 
and implementation.  

Executable UML [2] bridges the gap between the 
UML-based design models and the implementation. Exe-
cutable UML allows user to precisely describe software 

system. The executable models can be compiled or trans-
lated to less abstract programming languages, which can 
be deployed on various platforms for specific implement-
ation. Executable UML also allows the direct execution 
of UML models. It is regarded as the foundation of 
Model-Driven Architecture (MDA). With executable 
UML, we can clearly grasp what the system is doing 
early, enable testing of the system as the system is built, 
and find the flaws in the design which can be 
immediately corrected, rather than later when it is too 
costly to correct them.  

There are many types of executable UML provided by 
different research group or tool vendors. But the existing 
executable UMLs lack a formal and standardized ASL. In 
this paper, we define Object Constraint Language (OCL) 
[3] for Execution (OCL4X) [4] as an Action Semantics 
Language (ASL) by extending OCL to support actions 
with side effects. Based on it, we pro-pose an executable 
UML with OCL-based ASL (OxUML), present its sup-
port environment—UML Virtual Machine (UVM) and 
suggest a Model-Driven Development (MDD) process 
with OxUML. We also introduce an ATM example to 
demonstrate how to build OxUML models and process 
them in UVM. 

2. Executable UML 

    Executable UML is at the higher layer of abstraction 
toward the problem space. It provides an evolutionary 
model-driven solution to express and implement 
software. Rather than elaborate an analysis product into a 
design product and then write code, application deve-
lopers of executable UML will use tools to translate 
abstract application constructs into executable entities. 
With executable UML, what the developers do is just 
modeling. The automatic transformation from the models 
to the implementation is supported by the executable 
UML tools. The code generated from an executable UML 
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model will be as uninteresting and typically unexamined 
as the assembler pass of a third generation language 
compile is today. The Developers only care about the 
models, so the gap between the design and the implemen-
tation is eliminated. 

Executable UML is based on UML, from which most 
of its elements, syntax and semantics are inherited. So an 
executable UML should firstly define a compact subset of 
UML that comprises a computationally complete langu-
age for executable models (that is as small a subset of 
UML concepts as is practicable to achieve computational 
completeness). Usually, class diagram is used for static 
structure while state machine diagram, activity diagram, 
sequence diagram, collaboration diagram and other dyna-
mic diagram are used to describe and define the computa-
tion and behavior of the real or hypothetical world. For 
semantics aspect, an executable UML should have suffi-
ciently precise, unambiguous, well-grounded execution 
semantics. The executable models can be executed given 
a runtime environment, which also means that they can be 
validated early in the development lifecycle, as well as be 
translated to target code achieving near 100% code gene-
ration. Action semantics is defined by OMG in UML 
specification 2.0 or later versions. The action semantics 
define many actions and what an action should do. ASL 
is the surface language of UML action semantics, which 
is used for precisely describing the behavior. It is 
concerned with the algorithm and deals with “how to do”. 
And it should compliant with the action semantics. 
Secondly, an executable UML should explicitly state 
where it refines the semantics for the constructs in the 
foundational subset as defined in the UML. Besides, 
some new constructs may be defined by using a profile of 
UML or extending the UML meta-model, together with 
their syntax and semantics. Moreover, an executable 
UML should have a standard model library, which con-
tains basic data type and basic computational functions 
such as basic arithmetic, comparison functions, logical 
functions, and I/O functions. Finally, it should be inde-
pendent of software organization and be translatable to 
multiple implementations and a broad range of languages. 

Many research groups or companies proposed some 
forms of executable UML and developed support tool. 
BridgePoint Development Suite from MentorGraphics 
suggests an executable and translatable UML (xtUML) 
[6]. The translation and execution of a Platform Indepen-
dent Model (PIM) relies on a well-defined, computa-
tionally complete formalism for describing PIMs. Object 
Action Language (OAL) in xtUML is an action 
semantics-compliant language. BridgePoint integrates 
class diagrams and state-chart diagrams with the OAL to 
provide an environment in which to develop, execute and 
test application PIMs and to automatically translate these 
PIMs to 100% complete target code. Kennedy Carter dec-

lares a xUML [7] and provides Intelligent UML (iUML) 
[8]. The xUML formalism provides the necessarily comp-
lete syntactic and semantic language to fully specify 
models in a complete and executable manner and aligns 
with the MDA view of a model. The foundation of 
xUML is the Action Specification Language, which was a 
key driver for the UML Action Semantics standard. This 
language allows platform-independent specification of 
state actions, operations, correspondence relationships 
and test methods. It is also the language used to specify 
the mapping rules that are used to generate the Platform-
Specific Models (PSM) from the PIMs. XIS-xModels [9] 
is an executable UML tool which using existing program-
ming language as its ASL. It is a VBA application which 
acts as a native feature of Visio and uses their capabilities 
of data storing together with code compilation and exe-
cution. All actions, procedures and scripts (boot sequence 
or restrictions) in XIS-xModels are implemented in VBA 
code with some restrictions of full capabilities of VBA. 
Rhapsody [10] provided by Telelogic can tie the activities 
of systems and software engineers into one environment, 
which allows the execution and the deployment of the 
model unto the target system. It provides an action 
language using simply C, C++, or Ada code. 

3. OxUML  

We propose a new executable UML called OxUML. It 
consists of a redefined subset of UML and OCL4X as 
ASL. Based on OxUML, we developed a prototype of the 
support environment UVM. We also suggest a MDD 
process with OxUML 

From the thirteen diagrams of UML, we choose class 
diagram, state machine diagram and activity diagram as 
the essential diagrams of OxUML. Class diagram is used 
to describe the static structure of the target software sys-
tem. It is concerned with the data. State machine diagram 
and activity diagram are from behavior view. As in 
previous work, the model execution is based on the state 
machine diagram. We specify each class none or one state 
machine diagram to express the life cycle of its instance 
objects in terms of state, transition and event. The state 
machine diagrams focus on the control as well as inter-
action. Beside state machine diagram, activity diagram is 
adopted in OxUML as a dynamical diagram to express 
the behavior, which is different from the previous works. 
In OxUML, we specify each operation none or one 
activity diagram. The activity diagram, in which action is 
used to depict what to do in detail by using ASL, deals 
with the algorithm of the behavior. It can also express the 
program flow within the body of operation. It replaces the 
writing programming codes of the body of operation. In 
other words, activity diagram enables UML model execu-
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table with its precise action description and control flow. 
In state machine diagram, there are some activity connec-
tion points, such as effect activity of transition, entry 
activity, do activity, exit activity of state. An activity 
connection point is an attribute of an UML element, 
which associates the element with an activity. These 
activity connection points in state machine diagram make 
state machine diagram and activity diagram work 
together. The connection between the two dynamical 
diagrams can also be established indirectly by writing 
operation call statement with ASL on the attribute “body” 
of these activity connection points, for the operation is 
specified by a activity. We make a constraint that the 
activity which expresses the operation should be state-
independent. That is the execution of the activity should 
not change the attributes of objects in the system. This 
may help to reduce the inconsistency problems between 
activity diagram and state machine diagram. 

3.1 OCL4X 

The significant distinction between OxUML and the 
above executable UMLs is the ASL. The ASLs in the 
above executable UMLs can be divided into two kinds. 
The first kind with new syntax is platform-independent 
and is consistent with action semantics in UML. But as 
OMG does not recommend a specific language so far, it 
results in the lack of a standard ASL. So an ASL with 

fully new syntax may somewhat reduce its usability from 
the user view. The second kind makes use of existing 
programming language. It may be popular with those who 
are familiar with a concrete programming language. But 
it may lead to the problem of platform dependence, which 
means the capability and the implementation of this kind 
may be constrained by a specified platform. OCL, as a 
standard of OMG, is used to describe constraints for 
UML models. Even though OCL is a platform-dependent 
specification language, it is very much in the spirit of 
being executable. Beyond using OCL in specifying asser-
tions and operations, new approaches and visions reveal 
beneficial usage of OCL to specify model behavior, 
model transformation, model compilation, and code gene-
ration. Because of the overlap between ASL and OCL, 
we suggest that OCL can be partly used for ASL, and the 
capability of model execution can be provided by exten-
ding OCL. In [4], we suggest use and extend OCL and 
propose OCL4X as an ASL.  

OCL covers a large part of functionality in the UML 
action semantics. Some actions in UML can also be found 
in OCL, such as CallOperationAction, SendSignalAction,
ReadStructuralFeatureAction, ReadExtentAction, ReadIs-
ClassifiedObjectAction. Mapping from UML actions to 
OCL expression according to their semantics relationship, 
we use the OCL expression to express the action which 
has similar description, as shown in table 1.  

Table 1. Mapping from actions to OCL expressions 
Action Expression in OCL Extended Expression  
AcceptCallAction N/A N/A 
AddStructuralFeatureValueAction N/A AssignExp 
AddVariableValueAction N/A AssignExp 
BroadcastSignalAction N/A N/A 
CallOperationAction OperationCallExpCS  
ClearStructuralFeatureAction N/A AssignExp 
ClearVariableAction N/A AssignExp 
CreateLinkAction N/A CreateObjectExp 
CreateObjectAction N/A CreateObjectExp 
DestroyLinkAction N/A DestroyObjectExp 
DestroyObjectAction N/A DestroyObjectExp 
OpaqueAction N/A OpaqueExp 
RaiseExceptionAction N/A N/A 
ReadExtentAction allInstances in Classifier  
ReadIsClassifiedObjectAction oclIsTypeOf 
ReadLinkAction simpleNameCS or OclExpression  
ReadSelfAction simpleNameCS  
ReadStructuralFeatureAction simpleNameCS or OclExpression  
ReadVariableAction simpleNameCS  
RemoveStructuralFeatureValueAction N/A AssignExp 
RemoveVariableValueAction N/A AssignExp 
ReplyAction N/A WhileExp,ActionExp 
SendSignalAction OclMessageExpCS  
TestIdentityAction OclAny in Standard Library  
ValueSpecificationAction Returns in Standard Library  
WriteStructuralFeatureAction N/A AssignExp 
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For the actions which do not have similar definition in 
OCL, new syntax constructs are defined on the basis of 
standard OCL, together with their semantics. The expres-
sions of AssignExp, PropertyAssignExp, VariableAssign-
Exp, CreateObjectExp, DestroyObjectExp and Opaque-
Exp are defined in OCL4X to express actions of WriteAc-
tion, AddStructuralFeatureValueAction/ClearStructural-
FeatureAction, AddVariableValueAction/ClearVariable-
Action, CreateLinkAction/CreateObjectAction, Destroy-
LinkAction/DestroyObjectAction, OpaqueAction respec-
tively, as shown in table 1. The abstract syntax and con-
crete syntax of these expressions are introduced in [4]. 

The example of using the OCL4X is shown as follows. 
while waitingOperation  do  
begin 
    if (atm.operation) 
   begin 
       if (atm.opeation.type = 1) 
       begin 
           account  :=  new Account(); 
           account.balance := operation.amount; 

     account.save();   
       atm.operation := null; 
     delete account; 

       end 
   end 
end 
The execution of OCL4X starts at the first statement in 

the action and as directed by control logic structures, 
proceeds successively through the subsequent lines and 
stops when the final statement is completed.  

OCL4X can be used to express operation bodies in 
class diagram, action effects in activity diagram and 
behaviors of states in state machine diagram. We also 
define an extended OCL library, which includes functions 
that are not provided by OCL standard library and UML 
actions, such as I/O functions, and bridge API, some 
interfaces to bridge different domains of models. OCL4X 
can, of course, be used to express the constraint for 
executable UML models as same as OCL is used in 
UML. It can be used to express constraints such as pre- 
and post-condition of behavior, and condition guard. 
Moreover, it can be used to express signal call and 
operation call with side-effect free. Here, we redefine the 
operation call in OCL as side-effect, which means the 
operation call can change attributes of the objects in the 
system.  

3.2 UML Virtual Machine 

UVM is the support environment of OxUML, which 
allows building, debugging and processing the OxUML 
models. It contains four parts: 1) OxUML, as described 
above; 2) UVM Modeler, which is based on a third-party 

UML modeling tool and provides environment to build 
executable models; 3) UVM Engine, which loads XMI 
formatted OxUML models exported by UVM Modeler, 
performs model validation, and processes the models in 
compilation or interpretation mode as well as generates 
test case from the models; 4) UVM Debugger, which 
provides adapters to a third-party UML tool so that the 
developer can debug models visually. The relationship 
between these four parts is shown in Fig. 1. The first part 
is specifications, while the last three parts are implement-
tations based on the specifications.  

Fig. 1. FFour parts of Hitachi UVM. 

UVM Modeler is independent of UVM Engine. XMI is 
used to exchange the model information between the two 
parts. User can choose preferred UML modeling tool, to 
which we provide plug-ins with extensions for OxUML.  

UVM Engine takes charge of processing the OxUML 
model, including loading, validating, verifying the model, 
executing (interpreting) the model and test case genera-
tion from the model. The UVM Engine supports both 
interpretation and compilation of the models. Verification 
and test case generation will be supported in the next 
version. The prototype of UVM engine is implemented 
by Java and can be launched in command line mode. It 
accepts class diagrams, state machine diagrams and 
activity diagrams as inputs. In the interpretation mode, 
the model is executed without any intermediate step from 
the view of the user. At first, the class diagrams are 
transformed to Java codes. Java objects of the class 
transformed from UML class diagram record the attribute 
value and the state while running. Then the engine will 
create the initial Java objects and launch a state machine 
interpreter to interpret its corresponding state machine 
diagram. When a new object is created in interpreting the 
state machine diagram, another state machine interpreter 
will be created to interpret the state machine diagram of 
the new created object. When state machine interpreter 
comes across the activity of an activity connection point 
or an operation calls, an activity diagram interpreter will 
be created to interpret the corresponding activity diagram. 
In the compilation mode, the models are completely 
transformed to Java codes, which can be deployed and 
executed without the models. 
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UVM Debugger allows user to add/remove 
breakpoints on the model element and debug in the 
behavior diagrams step by step. It sends debug commands 
to UVM Engine and receives debug events from UVM 
Engine while debugging. By debugging, user can find 
exactly where the problem is. 

3.3 Model-Driven Development 

As a foundation of MDA, executable UML extensively 
uses models and automatic model transformations to han-
dle complex software developments, which increases the 
acceptance of MDD approach. OxUML supports the 
MDD process, from requirement analysis to design, test 
and deployment. The support tool UVM can manipulate 
software models from very abstract concepts through 
refinement, verification, validation, simulation and test. 
The MDD process with OxUML is shown in Fig. 2. 
Although not all these functions are supported in current 
OxUML and UVM, we are developing them in future. 

The process is a development cycle with iteration from 
requirement to system test. Here, we emphasize valida-
tion, verification and test before implementation com-
pared with other MDD processes. It allows developers to 
continuously focus on achieving functionality and quality 
throughout the life cycle. Usecase diagram, activity dia-
gram and other diagram provide approach to requirement 
analysis. The refinement of the requirement model 
towards architecture model is supported by tool. The 
architecture model can be tested and transformed to 
design model according to the pre-defined transformation 
rules. OxUML will specify the rules which are used to 
generate the Platform-Specific Models (PSM) from the 
PIMs. The analysis and design phase includes modeling 
class, state machine, activity as well as depicting the 
actions using OCL4X. The validation and the verification 
of the PIMs and the PSMs with OCL4X help developers 
to build correct model. Test via simulating the target 
system is conducted before implementation automati-
cally. The simulation visualizes the running of the sys-
tem. Debug function provides step-by-step tracing of the 
running system. In this process, implementation will not 
be regards as an important phase, because hand-written 
codes are not always necessary. Transformation from the 
verified and tested design models to 100% implemen-
tation programming language codes is automatic. More-
over, directly executing the deployed models in the 
runtime environment on specified platforms provides an 
alternative solution for implementation. It is true that 
from the view of end users executing the models and 
executing the compiled codes are the same. From the 
requirement models, some functional test cases can be 
generated, managed and executed. 

Fig. 2. MMDD with OxUML 

4. A Case Study 

In this section, we introduce an example of a ATM 
system using MDD process with OxUML. Firstly, we 
model the functional requirement of the ATM system. As 
shown in Fig. 3, functions of the ATM system contain 
logging on, withdrawing money, querying balance, etc. 
Actor User and Bank are two external entities.  

Fig. 3.  UseCase diagram of ATM system 
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Sequence diagram takes the responsibility of defining 
interactions between the actors and the system. For each 
usecase in usecase diagram, we specify one sequence 
diagram. The usecase of logging on must consist of a 
series of interactions between user, bank and ATM 
system, as shown in Fig. 4.  

Fig. 4. Sequence diagram of usecase Log on 

Though usecase diagram and sequence diagram are not 
necessary as the input of UVM, they do help user analyze 
the system at a higher level. So we introduce them in the 
process. 

Class diagram is built on the basis of object-oriented 
analysis and design. There are two classes abstracted 
from the ATM system —ATM and Account, with several 
sig-nal classes, as shown in Fig. 5. While modeling the 
behavior, we add some necessary attributes and opera-
tions. Signal classes are defined to describe signals which 
are sent to ATM system from external entities, such as 
hardware, user interface. 

Fig. 5. Class diagram of ATM system 
State machine diagram presents the transformation of 

the class state. The class Account does not take any logic 
function or have any state. We do not assign a state 

machine for it. For the class ATM, we use a state 
machine diagram to model its state, as shown in Fig. 6. 
There are two main states of ATM—PowerOff and 
PowerOn. The state PowerOn is divided into several sub-
states, containing Idle, Checking, Exit, etc. In each state, 
there are activities of Entry, Do, Exit, UVM will handle 
the activity Entry while the system enters the state and 
then the activity Do. When system transits from one state 
to another state, the activity Exit will be executed. If the 
activity is null, nothing will be done. Between the states 
are transitions. Each transition may contain condition 
guard, triggers and effects. 

While processing the models, firstly UVM starts from 
the Initial state, and then transfers to the state PowerOff
automatically. Once the UVM arrives at PowerOn state 
by receiving a signal PowerOnOff, the state Idle will be 
started up consequently and wait for external signal 
PinVerify on the signal trigger PinVerify. There is a time 
trigger on the transition from the state Idle to the state 
Checking. If time expires according to timer, the trigger 
will be touched off and the system will return to the state 
Idea again. Otherwise, it will transfer to the state 
Checking and execute the activity to verify the input 
password. The activity Do of the state Checking, as a 
activity connection point, is associated with the operation 
passwordVerify. If the password is not correct, UVM will 
send a result signal using OCL4X and turn back to the 
state Idea. Otherwise, it will continue to the state 
WaitingOperation and wait for user to select operation. 
There is a choice state. The state transits to one of the 
next four states according to the guard condition. 
Provided user selects the operation of withdrawing from 
the user interface, UVM receives the signal operation. 
The signal trigger chooseOperation, which is used to 
receive the signal Operation, will be touched off and the 
system will reach the state Withdraw and then execute 
activities of Do and Exit orderly to “withdraw” money. 
After completing the activities, UVM will go back to 
WaitingOperation state and wait for new Operation
signal until exit is selected by user. Finally, UVM goes to 
the state exit, then reach the state Idle and goes to the 
state PowerOff or the state Final depending on the 
external signals. 

“^uvmlib.net.socket.Result(-1)” on effect of transition 
from the choice state to the state Idle is OCL4X state-
ment, which express sending the checked result signal. 
“uvmlib.net.socket” is a bridge API provided by UVM, 
which is responsible for collaboration with other domains 
such as the user interface.   
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Fig. 6. State machine diagram of class ATM 

The next step is modeling activity in order to precisely 
depict the system’s behavior in detail. In this case, we 
take the activity diagram of password-verify—Fig. 7—as 
an example. Activity diagrams are always starting with 
initial activity and ending up with quit activity. The flow 
from initial to quit normally contains action, selection, 
loop, control flow, etc. For each action, its effect can be 
expressed by ASL, a concrete programming language, 
even natural language. Here we adopted the OCL4X. For 
example, the effect of the action “pass” is written as 
“verified := true;” in the property view.  

Fig. 7. Activity diagram of operation passwordVerify 

In order to process this model with UVM, we need to 
export the model from modeling tool to XMI formatted 
file, which works as the input of UVM. We start up UVM 
in command line mode to process the exported file. Once 
the UVM is running, it loads the XMI formatted model 
file, then parses the model and validates the model.  

As for interpretation, UVM transforms class diagrams 
to Java classes first. The body of operation directs to 
interpretation of its corresponding activity. The codes of 
the operation passwordVerify are shown as follows.

public boolean passwordVerify() { 
ActivityInterpreter ai = new 

ActivityInterpreter(“activity_show”);  
return ai.run;  

}
The state machine interpreter and activity interpreter 

interpret state machine diagrams and activity diagrams 
respectively. The two interpreter access instance objects 
of the Java classes generated from the class diagram. 

Under compilation mode, UVM compiles UML 
models to complete Java source files that can be run and 
deployed without the models. First of all, the class 
diagram is transformed into a skeleton of class in Java. 
Take class diagram ATM as an example. All the attri-
butes of the class ATM are transformed into the attributes 
of Java class ATM. And operations are transformed into 
skeletons of methods, which merely contain names with-
out bodies. The generation of method’s body depends on 
its activity diagram. Since each operation in class dia-
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gram is associated with an activity diagram. UVM trans-
lates the activity diagram into Java codes. The codes are 
embedded in the skeleton of class as method’s body.  The 
codes are stored in memory temporarily while trans-
forming and finally are written to files. Then, we do 
system test and finally deploy compiled source files or 
the models together with the UVM runtime library on 
target platform. 

5. Open Issues and Discussion 

There may be some open issues about OxUML. In 
future, there is much refinement work to do for our 
approach and tool. One issue is how to express the state 
machine of an inherited class. If we model its state 
machine from beginning, there will be much repetitious 
work and the diagram will be complex and difficult to 
read, especially when the inherited hierarchy is very 
deep. This may also violate the reusability of object-
oriented method. So the inheritance of state machine 
should be considered in the next step.  

Besides, it may be difficult to apply executable UML 
in an already existing system, which has historical 
programming codes or software components but OxUML 
models, especially when the existing system needs to be 
modified largely.  In this case, reverse engineering may 
make some contributions. But it is quite limited. Current 
reverse engineering can provide support of transforma-
tion from codes to class diagram. But the operations of 
these classes may leave empties. The behavior diagrams 
may be difficult to extract from the codes.  

Moreover, the OCL specification states that it is “a 
formal language that remains easy to read and write” [3], 
but actually it may be difficult to use for most developers 
who are familiar with popular programming languages. 
Although short, straight-forward expressions of OCL4X 
are very easy to understand, the clarity and readability 
will decrease radically when the complexity grows. There 
are probably several factors involved. An OCL4X editor 
with code assistant may resolve the problems to a large 
degree.  

Finally, as there is a lack of regard to efficiency in 
current OCL, the implementation of OCL interpreter may 
be a complex work. The execution of OCL expressions in 
an interpreter may be inefficient. There should be some 
improvement in future version of OCL.  

6. Conclusion 

OxUML, with the OCL4X as its ASL, enriches UML 
and makes it executable by supporting precise descrip-
tions of the behavior. The support environment UVM 
allows developers to build and process OxUML models. 

The benefits of using OxUML are: (1) the design and the 
implementation can be seamless integrated, which keep 
the consistency and result in the improvement of software 
development efficiency somewhat in some application 
fields not all the fields; (2) Validating, verifying and 
testing models before implementation can explore design 
defect and reduce risk early, thus enhance the software 
quality; (3) models can be translated to implementations 
automatically through model transformation and code 
generation, which can at most reuse the model; (4) the 
MDD approach makes the system easier to understand 
and reduces maintenance costs.  
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