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Abstract

We previously described a contract formalism for
specifying design patterns precisely, and showed how the
formalism amplifies the benefits of pattern usage. In this
paper, we present an extension to the formalism that ad-
dresses problems which arise in systems involving com-
plex interconnections among objects, including potential
cyclic reference structures. In the presence of such struc-
tures, the behavior of an apparently simple operation can
be quite complex. In this paper, we develop an approach
that accounts for these complexities by formalizing pat-
tern behaviors in terms of pattern-instance traces, ghost
variables that record method invocations and comple-
tions on the objects participating in a pattern instance.
We illustrate the approach by considering the standard
Observer pattern.

1 Introduction

Design patterns [8, 3, 14] have had a profound impact
on design practice, especially in the context of object-
oriented design. In previous work [16, 9, 17], we ar-
gued that in order to maximize the benefits of patterns,
we must have precise specifications of patterns and the
ways in which they are applied in particular systems. We
presented an approach to providing such specifications in
the form of pattern contracts and subcontracts. A pattern
contract captures the requirements and behavioral guar-
antees that apply to all uses of a particular pattern, while
a subcontract characterizes how the pattern is specialized
for use in a particular application.

In this paper, we consider issues that arise when rea-
soning about the use of patterns in large systems, systems
which may involve complex interconnections among the
participating objects, including cyclic reference struc-
tures. In the presence of such structures, the net behav-
ior of seemingly simple method calls can be surprisingly
complex. Suppose, for example, a method m() is in-
voked on an object o, and that during its execution m()
invokes a method n() on an object o’. Due to the in-
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terconnections among o, o', and other system objects,
the invocation may affect changes not just in the state of
o', but of other objects in the system, including o. In-
deed, it is possible that before the invocation of n() com-
pletes, the method m() is itself invoked again on o. Such
a situation may seem contrived but this precise scenario
arises naturally in typical pattern applications, as we will
see in a simple example later in the paper. Neither the
pattern contracts of the kind presented in our previous
work [16, 9, 17], nor those considered by other authors
[6, 7, 12] account for such situations. In effect, imple-
mentations of this sort are disallowed by these contracts.
Our goal in this paper is to develop a specification frame-
work that does allow for such implementations.

In the approach presented here, the concept of a pat-
tern instance trace, or pi-trace, plays a central role. A
pi-trace is a record of invocations and completions of
method calls on all of the objects participating in a pat-
tern instance. This may be contrasted with an object
trace, which records method calls placed on a single ob-
ject. The latter structure aligns more naturally with the
most common approach to reasoning about OO systems
— reasoning in terms of the constituent system objects
and the methods invoked on them. While object-level
reasoning is valuable, the underlying thesis of our work
is that we must also be able to reason in terms of pat-
tern instances —groups of objects and the interactions
among them— to understand system behaviors from a
design perspective. Since pi-traces record these interac-
tions, they allow us to reason at the level of these groups.

A key property of design patterns is their flexibility,
which enables the solutions they capture to be tailored
to the needs of individual systems. At the same time,
this flexibility creates opportunities for errors. Misunder-
standings in how a pattern should be tailored for use can
have disastrous consequences, especially when members
of a design team have mutually incompatible views of the
specialization details. The opportunity for misinterpreta-
tion can be greater in systems that involve complex ob-
ject interconnections. Our approach enables us to spec-
ify the pattern requirements precisely while retaining its



flexibility; indeed, it often helps to identify additional
dimensions of flexibility absent (or at least not apparent)
from the standard informal descriptions. This was also a
consideration in our earlier work, but expressing the con-
tracts in terms of pi-traces further enhances flexibility.

Pattern-centric reasoning based on our formalism will
help designers ensure the design correctness of their sys-
tems. Beyond the initial design phase, this type of rea-
soning will help ensure that design integrity is preserved
across the lifecycle as the system design evolves. We il-
lustrate our approach by developing the contract for the
Observer pattern and apply it to reason about the behav-
ior of a simple system built using the pattern.

Paper Organization. The rest of the paper is orga-
nized as follows. In the next section, we describe our
approach to pattern contracts and subcontracts and the
structure of pi-traces and how they are used in pattern
contracts. In Section 3, we consider the subtleties in
the Observer pattern and consider how we can develop
a suitable contract to capture these subtleties. We also
briefly consider the Hospital system built using this pat-
tern and how we may reason about it. In Section 4,
we discuss related work. In Section 5, we reiterate the
surprising subtleties that arise in the use of even sim-
ple patterns in relatively simple systems, summarize our
approach to developing pattern contracts using pi-traces,
and consider possible directions for future work.

2 Contracts, Subcontracts, Pi-Traces

In our previous work [16, 9], we have proposed a
pattern contract language. Since our focus in this pa-
per is to investigate the problems in the use of patterns
that arise because of complex object interconnections
and how these may be addressed by the use of pi-traces,
we will provide a brief overview of the structure of pat-
tern contracts and subcontracts, referring the interested
reader to our previous work for more complete details.

Most patterns consist of multiple roles. Each role con-
sists of a state and a number of operations. Thus the
Observer pattern contains two roles, Subject and Ob-
server. In any instance of the pattern, a single object
plays the role of Subject, and zero or more objects play
the role of Observer; the observers are said to be at-
tached to the subject'. The intent of the pattern is to en-
sure that whenever the state of the subject is modified,
the observers attached to the subject are appropriately
updated so that their states become consistent with the

I'We use names starting with uppercase letters, such as Subject, for
roles. We use corresponding lowercase names, such as subject, to refer
to the objects that play these roles.

new state of the subject. The pattern requires that the
class playing the Subject role define a Notify() method,
invoked when the state of the subject is modified. The
Notify() method is in turn required to invoke the Up-
date() method on each attached observer, which is in
turn responsible for setting the observer’s state to a state
consistent with the current state of the subject.

A pattern contract includes a role contract corre-
sponding to each role of the pattern. The role contract
for a particular role specifies the state of that role and
specifies the behavior of each method of the role us-
ing standard pre- and post-conditions. We will refer to
these methods as the “named” methods. Thus Notify()
is one of the named methods of the Subject role of
the Observer pattern. The role contract also includes an
“other” specification. The need for this may be seen as
follows. Consider a system .S designed using the Ob-
server pattern. The class C' playing the Subject role in
S will have to include methods that play the roles of each
of the named methods of Subject, and these methods of
C will have to satisfy the corresponding specifications
included in the Subject role contract. C' will, typically,
also include additional methods depending on the needs
of S. These other methods will be required to satisfy the
other specification since otherwise the intent of the pat-
tern may be violated even if the methods playing the roles
of the named methods behaved according to their role
contract specifications. The role contract also specifies
the enrollment and disenrollment actions corrresponding
to this role; these identify the specific actions (such as
calls to specific (named) methods or the constrution of a
new object) that represent the enrollment/disenrollment
of an object to play the particular role in a particular in-
stance of the pattern, and the conditions that must be sat-
isfied at the time of the action.

Three additional items in the pattern contract are the
auxiliary concepts block, the instantiation clause, and the
pattern invariant clause. An auxiliary concept is a rela-
tion over two or more role states. An auxilary concept
is used in the pattern contract but it is not defined in the
contract. Instead, definitions of each auxiliary concept,
tailored to the needs of a particular system designed us-
ing the given pattern, are provided as part of the pattern
subcontract for that system. Thus in the contract for the
Observer pattern, one of the auxiliary concepts we use
is Consistent() which is a relation over a state s; of the
subject and a state 0 of an observer and represents that
the information in 04 is consistent with the state s; of the
subject; since the notion of consistency will depend on
the system, it is appropriate to represent it as an auxiliary
concept in the pattern contract.



If P is a pattern and S a system designed using P,
the P-subcontract for .S defines the mappings that spec-
ifies which classes of S play the various roles of P; for
each class C' that plays role R, which methods of C play
the roles of the various named methods of R; and the
mapping of the state of C to the state of R. In effect,
the subcontract tells us how the objects of S that are in-
stances of the various classes of S may be viewed as ob-
jects playing the various roles of P. The subcontract also
provides appropriate definitions for each of the auxiliary
concepts used in the pattern contract. A verification task
is to ensure that each method of a class C' that maps to
a specific named method of the role R meets the corre-
sponding specification in the role-contract for R (under
the state mapping defined in the subcontract). Another
verification task is to check that all the other methods of
C meet the other-specification of R’s role contract.

The pattern invariant is an assertion over the states of
the various objects enrolled in any given instance of the
pattern during execution (of a system designed using the
pattern). For Observer, this would just state that the state
of each observer attached to the subject is consistent
with the state of the subject. The invariant will be satis-
fied if the classes playing the individual roles meet the re-
quirements specified in the respective role contracts. The
invariant is the essential behavior ensured by correct us-
age of the pattern.

The pattern invariant will not be satisfied at all times
during the execution of the system. For example, if the
subject state has been modified and we are still in the
middle of the notification cycle, only some of the ob-
servers’ states would be consistent with the current sub-
ject state. This can be problematic if, as in the scenarios
we considered in the next section, the subject state keeps
changing during the notification cycle because then the
invariant will (almost) never hold! The problem is that
an invariant of this kind, expressed just in terms of the
states of the various objects enrolled in the pattern in-
stance, is not adequate for systems where the object rela-
tions make such scenarios possible. We need to make use
of the pi-trace to capture suitable conditions. Similarly,
the specifications of the various methods in the role con-
tracts would also need to be written making appropriate
use of pi-traces. Before turning to these tasks in the next
section, we first consider the structure of the pi-trace.

Suppose S is a system designed using a pattern P.
With each instance, PI, of P that exists at runtime, we
associate a pattern-instance trace, 7t that will record ev-
ery method call that any of the objects enrolled in P/
participates in. Calls corresponding to instantiating the
pattern as well as enrollments/disenrollments of objects

in roles are also recorded in nr. Each method call is
recorded as two separate elements, the first correspond-
ing to the invocation, the second corresponding to the
completion of the call; of course, if, at a given point,
the method call has not yet completed, only the element
corresponding to the invocation will appear in 7 at that
point. Recording the method invocation and completion
as two distinct elements in 77 makes it possible to have
additional elements between the two; these would corre-
spond to nested method calls made during the execution
of the first method that was called.

Consider now the information recorded in an individ-
ual element of 7r. Suppose, we are currently in the mid-
dle of executing the body of a method m() applied on an
object 01 that is enrolled in P/ and we call 02.n() where
02 is also enrolled in PI. An element recording this in-
vocation will then be appended to 77; this element will
include the identity, 02, of the target object, the identity,
n(), of the method invoked, the values of any additional
arguments passed to n(), and the current state of 01; this
final item is essential since it will play a key role in spec-
ifying the kinds of behavior that may occur as a result
of the object relations in the system. Once control trans-
fers to n(), 7r will continue to grow in the same manner,
recording further method invocations that may be per-
formed in the body of n(); etc. Suppose, finally, that this
call, 02.n() completes execution and control returns (to
the calling method, 01.m()). This completion will be
recorded by appending another element to 7r; this ele-
ment will include the value of any result returned and the
state of 02 at this time.

What if, in the scenario described above, 02 was not
enrolled in PI? In that case, the invocation element will
be recorded as before but the return element will not con-
tain information about the state of 02 since it is not rele-
vant from the point of view of PI. What about the method
invocations from within 02.n() and invocations that may
be made from within those invocations etc.? As long as
these invocations are on objects that are not enrolled in
PI, none of them will be recorded on nr. But if one of
them is on an object that is enrolled in P/ then that invo-
cation will be recorded on 77 and we will be back to the
situation described in the previous paragraph.

3 Observer Pattern

In this section, we will see how the use of pi-traces
allow us to provide a flexible formalization of the Ob-
server pattern. To see the kinds of issues that need to be
addressed, consider the behavior of the Notify() method.
Since this method is required to invoke Update() on each



attached observer, it is natural to require that the trace
of Notify() contain corresponding invocations. But con-
sider a more complex situation. Suppose that in a par-
ticular system, s is a subject object, and o1, 02, and
03 are observers attached to s. During the execution of
a method on s, the state of s is modified in a way that
requires its observers to be updated; Notify() will be in-
voked. After completing the Update() on o1, Notify()
will invoke Update() on 02. Now suppose that this in-
vocation of Update() invokes a method m() on an un-
related object o (which 02 references). Finally, suppose
that o references the subject s, and that during the exe-
cution of m(), another method is invoked on s, resulting
in the need for another notification round. To summa-
rize, in the middle of a notification cycle, the state of the
subject has been modified.

What does the correct usage of the pattern require at
this point? Standard informal descriptions [8, 3] do not
address this question directly, but it seems that another
notification cycle is required to bring o1 into a state con-
sistent with the modified subject s. Suppose this nested
notification cycle begins, and completes normally. Is the
original notification cycle required to complete? If so,
03 would be updated a second time, although it would
already be consistent with the new state of s. More trou-
bling is the state of 02. In the middle of its Update()
call, due to an invocation on an object external to the
pattern instance, the state of its subject s was further
modified. What should be the state of 02 when the orig-
inal Update() completes? Should it be consistent with
the state s was in when the invocation began, or the new
state s has since taken on? One possibility would be to
forbid such scenarios; and indeed, that is what our ear-
lier formalism as well as other formalisms do [12, 7, 16].
But this type of scenario often arises naturally and hence
we need to allow for it. We first outline a simple sim-
ulation of a hospital built using the Observer pattern in
which the scenario arises, then consider how the pattern
contract may be written to allow this.

There are three classes in the Hospital system, Pa-
tient, Nurse and Doctor. Instances of Patient play the
Subject role; instances of the other two classes play the
Observer role. Partial code for the Patient class ap-
pears in Fig. 1. This class will play the Subject role so it
should included methods for attaching and detaching ob-
servers (doctors and nurses); we have omitted these.
We have also omitted the field accessor methods that re-
turn information about the current state of the patient
object. The _nurses and _doctor variable contain
references to these observers. The notify () method
calls update () on these objects. The other methods of

the class change the state of the patient and hence call
notify () on these observers.

1 public class Patient {

2 private String _name;

3 private Integer _temp, _hrtRt, _medLvl;
4 private Set<Nurse> _nurses;

5 private Doctor _doctor;

6 ...addNurse(n), removeNurse(n)...

7 ...addDoctor(d), removeDoctor()...

8 public void adjustMeds (int medLvl)
9 _medLvl = medLvl; notify(); }

10 public void adminCPR()

1 { _hrtRt=..; notify(); }

12 private void notify ()

13 { ...call update() on nurses and doctor... '}

Fig. 1. Patient Class Code (partial)

1 public class Nurse ({
2 private Hashmap<Patient, Integer>

3 _patientVitals;
4 public void update (Patient p) {
5 _patientVitals.put (p, p.getTemp());

6 /cm...call adjustMedLvl?...}

7 public String getStatus (Patient p) {
8 int t = _patientVitals.get (p);

9 if ((£>90)&& (£t<105)) return("good");

10 else return("bad"); } }
1 public class Doctor {
12 private Hashmap<Patient, Integer>

13 _patientVitals;

14 ...CONSIructors...

15 public void update (Patient p) {

16 _patientVitals.put (p, p.getHrtRt());}
17 public void treat (Patient p) {

18 ...try some treatment; CPR?... } }

Fig. 2. Nurse, Doctor Classes Code (partial)

The Nurse and Doctor class maintain some informa-
tion about the patient objects to which they are attached
as observers?. The treat () method of the Doctor
class (an Observer.other method) may cause a change
in the state of the patient. Similarly, the update ()
method of the Nurse class may cause the state of the pa-
tient to change. These are the scenarios we described
earlier in the paper.

Now consider the Observer.Notify() specification.
Since the update () method of the Nurse class may
modify the state of the patient, this may result in a notifi-
cation cycle being initiated in the middle of a notification
cycle. How do we write the specification of the method

2 A given object may play roles in multiple pattern instances; here,
if a given NUrSe may be attached to two or more patients and will
act as an Observer in each of the corresponding pattern instances.



to allow for situations such as this? The key is to write
the specification as a set of requirements on the interac-
tions between the various objects that are enrolled in the
current pattern instance using the pi-trace, 7T, to express
the requirements since 7r records all these interactions.
Consider the following:

1. Suppose el is the completion element of 77 that in-
dicates that control is back in Notify(). Suppose
e2 is the next element of 77 (which will be the in-
vocation element corresponding to the next method
call made by Notify(). Then if the subject state
recorded in el is sl and that in e2 is s2, the re-
lation ~Modified(s1, s2) must be satisfied. Note,
however, that the subject state sl recorded in the
completion element el may be modified from that
recorded in the corresponding (preceding) invoca-
tion element. That is because once control leaves
Notify(), it is possible that the state of subject
might change. But Notify() itself will not directly
cause such a change; that is what the requirement
involving the states recorded in el, e2 tells us.

2. The value of ‘obs in the states in el and e2 must
be the same. Again, this means that Notify() can-
not directly attach new observers or detach existing
ones. But once control leaves Notify() changes are
possible. In the Hospital system, a version of Doc-
tor.update () may attach a new nurse to the pa-
tient depending on the current state of the patient.
Such actions would be allowed by this requirement.

3. There exists k£ such that the subject state recorded
in ek, the kt" element of 77 and the state recorded
in all of the subsequent elements of 7 that involve
the subject have the same value of ‘obs; each sat-
isfies the ~Modified() relation with the state in the
next element of 7r; and beyond k" element of 7T,
there is a call to Update() on each observer ob-
ject to which there is a reference in the "obs value
recorded in these elements. This clause ensures that
all the observers that are attached to the subject
when Notify() finishes will be updated to the cur-
rent subject state. It allows any nested notification
cycles to either complete thereby making unneeded
Update() calls or shortcircuit those calls.

These requirements need to be expressed formally. To
do so, we need to introduce appropriate functions and
operations on 77 that will allow us to extract, for exam-
ple, the states recorded in particular elements; or classify
some elements as invocation elements on certain objects
and others as completion elements; etc. These notations
as well as the specification of Notify() using them will
be presented in a future paper.

In summary, the use of 77 to express the requirements
that Notify() must satisfy enables us to write a flexible
specification for this method that, while capturing the
essence of the behavior needed by the pattern, will be
satisfied by many alternate ways that may be adopted by
different systems for the purpose of notifying observers
of a modification in the state of the subject.

4 Related Work

Various aspects of pattern formalization have been
studied by other authors. Eden et al. [5] focus on captur-
ing static properties of pattern implementations. Their
approach relies on a higher-order logic formalism in
which patterns are represented as formulae. The basic
entities of the logic include functions and classes; for-
mulae specify relations among them. The approach is
well-suited to capturing properties that can be verified
statically, but does not deal with the dynamic, behavioral
properties of patterns.

Mikkonen’s work [12] is closer to ours. His specifica-
tion approach relies on an action system language simi-
lar to UNITY [4]. Pattern participants are represented as
state tuples; guarded actions, selected for execution by a
non-deterministic scheduler, are used to model their in-
teractions. The approach supports layered composition
and refinement; safety properties are protected through
the application of superposition rules. But the specifica-
tion actions do not directly correspond to method bod-
ies, and the scheduling model hides control flow. Hence
method trace requirements are not conveniently captured.
The approach additionally lacks support for auxiliary
concepts and pattern invariants.

Helm et al.’s [10] present a pattern contract formal-
ism that has similarities to ours. Their approach captures
static and dynamic properties. Each contract specifies
the roles, member variables and method behaviors, ob-
ject enrollment conditions, and a pattern invariant. The
approach supports contract composition and refinement,
and conformance declarations similar to our subcon-
tracts. But there is no support for specifying constraints
on auxiliary concepts which are required to prevent def-
initions that could violate pattern correctness. And there
is no notion of an others specification. Finally, their
contracts provide only limited support for specifying call
sequence requirements. It is not, for example, possi-
ble to impose conditions on the last call to a particular
method. Moreover, there is nothing analogous to our pi
traces. Trace variables, of course, have a long history
in the specification of distributed systems (e.g. [13, 11]),
and more recently, the behavior of polymorphic method
calls (e.g. [2, 15]). But the concept and application of a
pi trace appears to be novel.



5 Conclusion

A popular quote from Beck and Cunningham [1] re-
minds us that “...no object is an island... objects stand in
relationship to others, on whom they rely for services and
control". This fact has a direct effect on reasoning about
large OO systems. The key to such reasoning is to ensure
that the trace of interactions among the objects has a cen-
tral role in the specification and reasoning system. This
applies especially to specifying design patterns because
patterns are used extensively in building such systems.
We introduced the notion of pi-traces for this purpose
and showed, via the example of the classic Observer pat-
tern, how the use of pi-traces allows us to provide precise
and yet very flexible specifications for patterns. The use
of pi-traces allows us to provide answers to such ques-
tions as, exactly what assertions are required to hold at
each point during a system’s execution if we are to be
sure that the underlying design patterns have been imple-
mented correctly? Assuming these assertions are satis-
fied, what system properties can we conclude as a result?
By contrast, in previous work, the answers to these ques-
tions were either unclear or incomplete. The notion of
pi-traces is, we believe, a fundamental contribution to the
specification and reasoning literature.

Our future work will focus on pattern validation tech-
niques. We plan to pursue two paths of exploration. The
first will focus on the development of a formal verifi-
cation system for proving the correctness of pattern im-
plementations. The second will focus on the application
of automated techniques for validating pi-trace require-
ments. Specifically, we plan to explore the application
of (i) runtime monitoring tools, (if) model checking tech-
niques, and (iii) theorem proving tools.
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