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Abstract

Software specification and i mplementation techniques
based on state machines simplify design, coding, and
validation. However, large systems require complex
state machines. Incremental construction techniques
can control thiscomplexity. Inthispaper, wepresent a
construction techniquethat permits derivation of com-
plex state machines from simpler state machines. The
technique uses subclassing, composition, delegation,
and genericity to incrementally modify and combine
simpler machines.

In addition, we present a novel implementation
technique that uses exactly one table-lookup and one
addition to dispatch events on derived state machines,
no matter the depth of the derivation. Asan example,
wedescribethederivation of acomplicated distributed
virtual memory scheme from a simple paging virtual
memory scheme.

1 Introduction

Many designers advocate the use of state machines
to specify and implement software systems. For ex-
ample, reactive system designs[10] and object-orien-
ted analysis and design [26, 2, 5] use state machines.
However, large systems require complex state ma-
chines. In this paper, we introduce object-oriented
techniques that permit the design of complex state
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machines by incrementally modifying and combin-
ing other independently designed machines. In ad-
dition, we present a novel, highly efficient technique
for implementing state machines that extends object-
oriented approaches such as the reification technique
(RT) [13, 8]. Our technique facilitates incremental
derivation of state machines using subclassing, com-
position, delegation, and genericity (henceforth called
object-oriented-techniques(OOT)), andimprovesupon
the reuse afforded by RT.

We motivate the use of subclassing by consider-
ing a simple virtual memory (VM) paging scheme
(Figure 1) that is enhanced to support copy-on-write
(COW) [1] (Figure 2). InFigure 1, avirtual memory
pagemay be mappedinto physical memory sothat itis
accessible. The page may be unmapped to storeit on
backing store and release physical memory for other
usel. The state machine in Figure 2 supports copy-
on-write. COW alows data created by one processto
be shared with a different process without requiring
the data to be copied. Instead, the physical pages on
which the data resides are shared between processes
until the processes modify them. Data is “copied”
by mapping the associated physical page into the vir-
tual address space of thetarget process with read-only
access. However, upon a write access, the “copied”
datais duplicated by copying the page to a new phys-
ical page and changing the read-only access to write
access. The two figures show several similarities,
for example states RMapped, WMapped, are simi-

For simplicity, the state machine diagrams do not show loops
(transitionsthat do not change state).
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lar to Mapped and methods pageRead(), pageWrite()
are similar to pageAccess(). The two figures have
differences corresponding to the additional behavior,
for example, makeCopy/() is added and pageWrite()
causes transitions from RMapped to WMapped.

Using the techniques in this paper, the similari-
ties between the two state machines can be captured
by subclassing. VM machine code corresponding to
similar transitions can bereused in the COW machine,
and new COW code need bewritten only for additional
behavior. The paper presents other examples showing
how complex state machines that support distributed
virtual memory (DVM) are also easily derived using
OOT, while maximizing reuse.

Besidesmaximizing reuse, our techniquesal so show
that in order to properly define subclassing, compo-
sition, etc., for state machines, we have to reconsider
the usua notion of Self (“this’ in C++). Section 2
considersthisissuein greater detail. Inthe remainder
of the paper?, we give examples of composition, del-
egation, and genericity in Section 3. The definition of
SHf (Section 2) leads to formal definitions of OOT in
terms of embeddings (Section 4). Analysis based on
embeddings suggests a fast implementation involving
a single indexed table lookup (Section 5), regardless
of the height of the subclassing, composition, or del-
egation hierarchy. A space-efficient implementation
of generics requires one more lookup, but the lookup

2We use Mealy machines [11], but since actions may be asso-
ciated with either source or destination state objects, our technique
also appliesto Moore machines [11].

can be eliminated if necessary. Section 6 summarizes
topics such as subtyping and nested states that are not
discussed in detail due to space restrictions. We con-
sider related work in Section 7, and in the conclusion
(Section 8) weindicate possible generalizations of our
techniques and other avenues for further research.

2 Subclassing

In this section, we consider how to derive the COW
machine (Figure 2) as a subclass of the Simple VM
machine (Figure 1). We first show that standard tech-
niquessuch asRT [13, 8] block certain kinds of reuse.
Then we observe that this is not an artifact of any
particular implementation technique. Reusing code
while subclassing state machines is difficult because
the IS-A relationship between states of base and de-
rived machines, and the BECOMES-A relationship
induced by state transitions, interact with each other.
Hence, ageneral solution requiresaredefinition of the
notion of Self that accounts for both relationships.

Reuse restrictions in RT Figure 3 showsan im-
plementation (in OMT-like notation [21]) of the VM
state machine (Figure 1) using RT3, where states are
reified as abjects, and method calls implement state
transitions.

In Figure 3, pages are instances of the class Page.
PageSt at e is the abstract class that declares the
methods for each state of a page, while the classes

3We build on RT. For comparisons between RT and other
techniques see [8].
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Mapped and Unrmapped represent the concrete sta-
tes of a page. Each page object maintains a current
state variable st at e, that points to an instance of
Mapped or Unmapped. Methods of class page (e.g.,
Page: :pageOut()) invokethe corresponding method of
the PageSt at e. For instance

Page: : pageQut ()

{ state = state->pageQut(this); };

The state methods define actual behavior, asin
Mapped: : pageCQut (Page * p)
{ p->flushMMJ); p->witeToDi sk();
return Unmapped::Instance(); };
The state objects themselves have no instance vari-
ables, sothereisonly one systemwideinstanceof each
concretestate. Themethod call Unmapped::Instance()
returns a pointer to the system-wide instance.

Using RT, the COW machine might be imple-
mented directly in a similar manner. However, sup-
posethat wewant to reuseVV M machine codefor meth-
ods such as Mapped::pageOut(), since the behavior
is similar to that of WM apped::pageOut() and RMa-
pped::pageOut(). We might derive a class WWapped
from the class Mapped, hoping to reuse Mapped::pa-
geOut(). But now there is a problem: where Map-
ped::pageOut() returns Unmapped::Instance(), WMa-
pped::pageOut() must return WUnmapped::Instance().
Although behavior in the two states is similar, the
state transitions differ for the COW machine. If we
attempt to reuse M gpped:: pageOut() by redefining Un-
mapped::Instance() to return WUnmapped::Instance(),
we find that RMapped::pageOut() cannot reuse Map-
ped::pageOut(), asit must return RUnmapped::Instan-

ce(). Thus, with RT, the code for Mapped::pageOuit()
cannot be reused in both methods without modifica-
tion.

In abstract terms, the problem is that since pa-
geOut() is implemented in the superclass, it cannot
distinguish between the states WMapped and RMa-
pped. We observe that when state machines are de-
rived, one transition in the base state machine can
correspond to a number of transitions in the derived
states. In general, a transition’s source and destina-
tion state arities may change in unrelated ways during
subclassing. Therefore, we need two different waysto
map the source and destination states of a transition.
In the following, we present an implementation based
on this observation.

Solution using StateMaps Instead of returning a
programmed constant, we return the next state indi-
rectly by looking-up the actual state we want to return
intablescalled SateMaps. Derived machinesarethen
constructed by systematic modification of StateMaps,
and base state methods are inherited without change.

A SateMap is similar to a C++ VTable [7]: C++
virtual functions are dispatched using the VTable, so
that derived classes can replace “virtual functions’ of
the base class with their own versions. Similarly, a
SateMap is used to determine the actual next state,
so that aderived state class may “replace” it with the
next state appropriate for the derived machine. Fur-
thermore, just asevery C++ classhasitsown V Tables,
every state hasits own StateMap.



Using StateM aps (Figure 4), we write:

Mapped: : pageCQut (Page * p)
{ p->flushMMJ); p->witeToDi sk();
return map->Unmapped(); };

where map is an instance of St at eMap. Method
map- >Unmapped() invokes Unmapped::Instance(),
returning the pointer to the system-wide instance of
Unmapped.

Figure 5 shows how the COW machine states are
now derived from VM machine states. Class WWA-
pped is derived from class Mapped, but instances
of WWapped are initialized to have pointers to an
instance of class St at eMapW which is itself de-
rived from St at eMap. Now if pageOut() is actu-
aly invoked from an instance of WWapped, page-
Out() will invoke map- >Unmapped(). Since in
Wvapped, “map” is an instance of St at eMapW
map- >Unmapped() returns WUnmapped::Instan-
ce() as required. Similarly, RMapped may indepen-
dently redefine map- >Unmapped() using
St at eMapR

Self, Becomes-A, Is-A, and Embeddings Inus
ual object-oriented programming, the Self (“this”) of
an object may be regarded as a function that binds
method invocations at run-time. We have seen that
for state machines, we need two functions, one for
the source and other for the destination state. This
is because upon subclassing state machines, the 1S
A relation defined by inheritance between state ob-
jects, and the BECOMES-A relation defined by state
transitions interact. For instance, in Figure 5, the
relation “a WMapped page IS-A Mapped page’ is
programmed using ordinary inheritance between the
immutable state objects, while the relation “a Map-
ped pageBECOMES-A Unmapped page upon page-
Out()" isincrementally modified to “WMapped page
BECOMES-A WUnmapped page upon pageOut()”
using StateMaps. Thus, for state machines, Self isa
pair of functions that define how a transition in the
base machine is mapped into atransition in aderived
machine. We say that the base machine is embedded
into a derived machine. Formal definitions based on
this idea are presented in Section 4. But first, we
see some examples of composition, delegation, and
genericity.

3 Composition, Delegation, and Genericity

3.1 Composition

State machines are composed to combine behaviors
defined in component machines. We demonstrate
composition by constructing adistributed virtual mem-
ory (DV M) protocol machine(Figure8) out of avirtual
memory machine (Figure 6) and a networking ma-
chine (Figure 7). DVM [24] provides the illusion of
aglobal shared address space over networks of work-
stations, whose local memories are used as “ caches’
of the global address space. The caches have to be
kept consistent: a simple approach allows only one
machine to access a shared page a atime. If an-
other machine attempts to access that page, its virtual
memory hardware intercepts the access, and its fault
handler fetchesthe page from the current page-owner.
Thus, behavior for DVM has VM and networking as-
pects. We define VM and networking behavior using
separate state machines, and compose them to get a
DVM machine.

DVM-VM MACHINE: Ina DVM system, pages may
be either DMapped, DUnmapped or Remote
(Figure 6). The DMapped and DUnmapped sta-
tesareinherited fromthesimpleVVM machine (Fig-
ure 1). State Remote represents a page on some
remote machine, and remA ccess() defines actions
for pages accessed by aremote machine. Thetran-
sitions are defined as though no networking were
necessary. (The specia state Null ignores al VM
actions; itisusedin composition. Wealwayscreate
Null and Error statesfor every state machine).

DVM-NET MACHINE: Thenetworking machine(Fig-
ure 7) implements a trivial protocol that sends a
page to a remote machine, or gets one from a re-
mote machine. It handlesdetailslikefragmentation
and sequence numbering.

DVM MACHINE: Inthecomposite DVM Machine(Fig-
ure8), suffix Q indicatesthat inthecomposite state,
the DVM-Net state is Quiescent, and suffix N in-
dicates that the VM state is Null. We implement
transitions to and from RemoteQ using the net-
working machine. MappedQ and UnmappedQ
inherit behavior from the DVM-VM machine.
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Class Page (see Figure 4), state classes Wnmapped and Rvapped, and makeCopy() were omitted for
brevity. pageRead() and pageWrite() inherit behavior from pageA ccess(), but for RMapped and RUnmapped,
pageWrite() also makes physical copies and changes protection. makeCopy() has to be defined for WWapped
and Wnmapped. Otherwise, no new code is necessary.

Figure 5: Subclassing VM machine for COW using StateM aps
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Methods of the composite machine reuse behavior
defined in methods of component machines by initial-
izing StateM aps so that the states returned from com-
ponent methods are actually composite states.  For
instance, Figure 9 shows how the composite method
MappedQ::remAccess() combines and reuses DMa-
pped::remA ccess() and Quiescent::herePage(). In the
DVM-NET machine, Quiescent::herePage() returns
the NET state Send, but when invoked from the
composite state MappedQ, it returns the compos-
ite state SendN. In turn, ackPage() when invoked
from SendN, returns RemoteQ instead of Quies-
cent. RemoteQ later getsused asa VM state.

3.2 Delegation

Delegation can be programmed using state machines
[13], and in turn state machines may delegate be-
havior to other machines. For instance, Figure 3
might be considered a description of how instances
of Page delegate their behavior to the “ page classes’
MappedPage and UnnmappedPage (see also [20]).
The class of aPage object changes when it changes
states, effectively changing the delegatee. Similarly,
state machines may “ delegate” their behavior to other
state machines, and the delegatees can be changed
at run-time, much asindividual states are changed in
ordinary state machines.

As an example, consider the COW machine (Fig-
ure 2). When a page has no copies (states WMapped
and WUnmapped), the COW machine behaves like
a vanilla VM machine (Figure 1). However, when
a page is copy-on-write, the COW machine behaves
like a restricted version of the VM machine that al-
lows only pageRead() — call thisthe RVM machine.
With thisviewpoint, aCOW machine may beregarded
as a two-state machine, with states CMapped and
CUnmapped, that delegates its events to the state
machines VM and RVM (Figure 10). The methods
pageWrite() and makeCopy() changes the del egatees,
changing the behavior of every stateat thesametime.

3.3 Genericity

We say that a state machine is a template if it de-
clares states and events, and its actions are parametr-

ized by states (and possibly other parameters). Such a
templateisinstantiated binding parametersat compile
time. Templates themselves can be subclassed and
composed; conversaly, subclassed machines may be
used to instantiate the same template. Thus, generic-
ity can lead to interesting patterns of reuse. For
example, consider a DVM machine that allows mul-
tiple copies of read-only pages. Such aDVM-COPY
machine isitself composed from a DVM-VM-COPY
machine, and a DVM-NET-MULTICAST machine.
These new components can be themselves derived
fromthe DVM-VM and DVM-NET machinesrespec-
tively, and are also composed in similar ways.

We take advantage of this by defining templates
for DVM-VM (Figure 6) and DVM-NET (Figure 7)
machines, and composing the templates to create a
template for the DVM machine (Figure 8). Now we
can subclassthistemplate to define the composition of
more complex components. Itistheninstantiated with
state machinesfor DVM-VM-COPY and DVM-NET-
MULTICAST. Figure 11 shows such a construction.

Section 5 describes implementation techniques for
al the constructions above. However, in order to
understand the implementation, we need precise defi-
nitions of our four constructions.

4 Embedding

Sections 2 and 3 give examples in which machines
are derived by simply modifying StateMaps. In this
section, we make the notion of modification precise
using embeddings to define the four OOT’s.

In Section 2, we observed that state machine code
can beinherited if the current state, the next state and
the action method are bound dynamically. Therefore,
we define subclassing, composition, etc., in terms of
mappings between triples of source state, event, des-
tination state. Such triples are called transitions, and
mappings between transitions are called embeddings.

More formally, using the standard [11] definition
of state machines, define two state machines B (base)
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and D (derived):

B (Statesy, FEventsy, Transy)
Transy C (Statesy X Events, x Statesy)
D (Statesqy, Fuventsq, Transg)

Transg C (Statesq x Eventsqy X Statesy)

All state and event sets are digoint.

A state machine has states, events and transitions.
Transitionsaretriplessuchas (S, ev(), D), whereS is
the source state, ev() the event, and D the destination
state. An event need not have transitionsto all possi-
ble destinations, so Trans, and Trans, are subsets of
the cartesian product. But note that all combinations
of source state and event must occur in the transition
relation. We do not distinguish between input events
and output actions. In object-oriented state machines,
the name of amethod istheinput event, and its defini-
tion constitutes the output action. Methods of a state
object can be invoked either when it is the current
state, the next state, or both, so both the Moore and
Mealy machines are easily implemented.

Embeddings are defined as mappings from one set
of transitionsto another, e.g., from Trans;, to Trans,.
Embeddings need not be functions, since one transi-
tion in a machine can be mapped to many transitions
in another machine. In the following, we define sub-
classing, composition, del egation and genericity using
embeddings.

4.1 Subclassing, Composition, Delegation, and
Genericity

The OO constructions are defined as embeddings that
satisfy certain consistency conditions. Note that these
definitions do not guarantee subtyping (the definitions
specify the mechanism), since subtyping is a behav-
ioral notion (subtyping specifiesthe policy). Section 6
considers subtyping.

Definition of Subclassing We say that a state ma-
chine D is derived by subclassing B, if there is an
embedding (i.e., a mapping) from the set Trans;, the
set of transitions of 3, to the set Trans,, the set of
transitions of D, such that:

1. A transition ¢, of the state machine B (1, €
Trans,) may be mapped to one or more tran-
sition t4 of the state machine D (i; € Transy).

2. For every transition ¢4 in the derived machine D,
either thereisexactly onetransitiont; inthe base
machine 5 such that ¢, is mapped to ¢4, or the
event for the transition ¢z isnew to D.

The first condition allows many states in a derived
machineto inherit behavior from one state in the base
machine. The second condition ensures that every
machine in the derived state defines some behavior
(possibly anull or error state) for every event defined
in the base machine. The second condition aso im-
plies that no two transitions ¢, and wu; from Trans;
are mapped to the same transition ¢4 from Transg, SO
derived states do not have ambiguous behavior.

As an example, consider the VM (Figure 1) and
COW (Figure 2) state machines from Section 2. The
transition (Unmapped, pageA ccess(), Mapped) from
the VM machineis mapped to ( WUnmapped, page-
Read(), WMapped) and to
(RUnmapped, pageRead(), RMapped), as well as
the transitions for pageWrite(). The embedding from
VM to COW satisfies al of the conditions, so the
COW machineis a subclass of the VM machine.

When a transition from a base machine is mapped
to a derived machine, in the scheme of Figure 5, for
eachtransition themapping isprogrammed asfollows:

e The classfor the source state in the derived ma-
chine inherits from the class of the source state
in the base machine. In our example, the classes
Wonmapped and RUnmapped are both sub-
classes of Unmapped.

¢ The destination state in the transition from the
derived machine “replaces’ the destination state
of the base machine. This replacement is pro-
grammed by using different StateMaps, as we
discussed in Section 2. The destination states
need not be subclasses.

¢ Anevent (method) of the base machineismapped
using virtual functions or equivalent mechanism
in the language, or by programming an actua
call. Thus, in Figure 5, the pageOut() method is
inherited in the COW statesasavirtual function,



however, the pageRead() and pageWrite() meth-
ods actually invoke the pageA ccess() method.

This method works for many cases, however, in Sec-
tion 5 we see it does not always suffice.

Definition of Composition We say that a state
machine D is derived by composing two (or more)
machines B and C if there is an embedding (i.e., a
mapping) from the sets Trans, and Trans, to the set
Transg, such that both mapsfrom Trans, — Transy
and Trans. — Transy individually satisfy the condi-
tionsfor subclassing, but we need to replace condition
2: For every transition ¢4 in the derived machine D,
either there is a transition ¢ in at least one of B or
C such that ¢ is mapped to ¢4, or the event for the
transition ¢, isnew to D 4.

Examplesof transitionsfor composite machinesare
readily apparent in Figures 6, 7, and 8. Furthermore,
since each mapping is individually a subclass map-
ping, maps between transitions may be programmed
in the same manner as for subclassing.

Definition of Delegation We say that a state ma-
chine D is derived by delegating to two (or more)
machines B and C if there is an embedding (i.e., a
mapping) from the sets Trans, and Trans, to the set
Transg, such that both mapsfrom Trans, — Transy
and Trans. — Transy individually satisfy the condi-
tionsfor subclassing. However, at any particular state
of the program, only one of the possible embeddings
of the components may be true.

Definition of Genericity We say that a machine
D is an instantiation of state machine template B if
there is a one-one mapping between the states, events,
actions, and transitions of B and D. B is caled a
template becauseitsactionsare parametrized by states
(and possibly other objects). Otherwise, itisjust like
a state machine.

Now that we have defined our constructionsas maps
between transitions, weinvestigate what sorts of maps
can be implemented efficiently.

“We assume that the notation used to describe state machines
enforces unambiguous names for events and states as necessary.

5 Efficient Implementation

We show how embeddings can be programmed so that
event dispatch requires only one addition and asingle
table lookup. Wefirst show that the StateM ap scheme
of Figure 5 cannot be used to program all embeddings.
We al so discuss limitations due to non-determinism.

Need for StateMap Parameters Suppose that
two transitions (S, evA(), T) and (S,evB(), T) of a
base machine 5 are embedded into two derived state
machine D transitions (Sd, evA(), Td) and

(Sd, evB(), Ud) respectively. Then, the destination
state in the derived machine depends on the event
invoked. So we need a different StateMap in Sd de-
pending on the event. Therefore, unlike Figure 5,
events of a single state may require multiple State-
Maps that are parameters to action methods. Now,
only non-deterministic transitions pose a problem.

Nondeterminism State transitions are non-deter-
ministic if two transitions with the same source state
and event have different destination states. Figure 12
shows a networking machine that can receive mes-
sagestransmitted astwo fragments. The non-determi-
nacy isdueto NoFrags::recv(), sincethecriterion used
to choose between the destination states is hidden.
Now supposethe Two-Fragment machinein Figure 12
is subclassed to create the Three-Fragment machine
in Figure 13. In Figure 13, NoFrags::recv() has more
possible destinations — we say that the derived ma-
chine Three-Fragment increases non-determinacy. A
StateM ap cannot be used to increase non-determinacy,
sinceoneentry of anarray can mapto only onedestina-
tion state; therefore, method NoFrags::recv() hasto be
redefined for the Three-Fragment machine, although
it may invoke the base-class methods to achieve some
reuse. In the following, we assume that derivations
do not increase non-determinacy.

5.1 Implementation

In this section, we show that all embeddings apart
from those that increase non-determinacy can be ef-
ficiently implemented. We statically precompute the
states to be returned, methods to be dispatched, etc.
Then, instead of programming individual StateMaps
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in C++ (Section 2) and using C++'simplicit VTables,
we construct our own composite V Tables and State-
Maps for al states together, considered as a single
object. Then we have:

THEOREM 1 (EmbeddingsUsingArrays) Givenanem-
bedding from a base to a derived machine, method
calls on derived states may be dispatched with one
addition operation, followed by one table |ookup, re-
gardless of the height of the subclassing, composition,
or delegation hierarchy.

We use induction on the hierarchy of embeddings. In
our base case, we indicate how to achieve two step
dispatch in a state machine without any ancestors.
In the inductive step, we indicate how the tables of
ancestors can be extended in a derivation so that no
additional lookup is required.

5.2 Base Case: Simple Machine without An-
cestors

We show how to optimize method calls and state

lookup for a single machine that has no ancestors.

5.2.1 Optimizing Method Dispatch

Method calls on states may originate from the object
that uses the state machine (Outer calls), as well as

from other states (Inner cals).

Optimizing Outer Calls Using the implementa-
tion of Figure 4, an Outer call to pageA ccess() such
as

Page: : pageAccess()

{ state = state->pageAccess(this); };
involvestwo dereferences, onefor thest at e variable
and another to look up pageAccess in theVTable of
state. To optimize, we concatenate the VTables for
all state objects of amachinein acomposite CVTable.
The current stateisrepresent just by an integer. Now,
methods are dispatched simply by indexing into the
CVTableusing the current state and the method index,
which involves only one addition and one lookup.

Optimizing Inner calls

to pageA ccess() such as

Dispatching an Inner call

Unmapped: : pageAccess(Page *p)
{ p- >get Physi cal Page(); p->readD sk();
return map->Mapped() - >pageAccess(p); };

in Figure 4 involves one lookup in a StateMap fol-
lowed by aVV Tablelookup. To optimize, we maintain
separate inner call vtables (called I VTables) that have

precomputed pointers to methods actually invoked in
Inner calls. Thuswe need only onetable lookup. The



particular 1V Table depends on the event dispatched
(i.e., method invoked).

5.2.2 Optimizing State Lookup

The StateMap to be used for atransition is determined
during the Outer call, along with the IVTable. Thus,
the next state in an embedding can be returned with
only onetablelookup. Thiscompletesthe description
of the base case.

5.3 The Inductive Step: Machines With An-

cestors

For the inductive step, consider two machines 5 and
D, such that D isderived from 5. B itself is presum-
ably derived from other machines;, we assume that
events of B are dispatched as for the base case. We
show how to construct tables for D, such that every
table T}, in B hasacorresponding table 7, that extends
Ty,. Thus, al indexing operations from the source
code for B work without change, and have no extra
overhead.

Subclassing Asan example, let B bethe VM ma-
chinefrom Figure 1, and D be the COW machinefrom
Figure 2. Thefollowing arguments hold for these two
machines. We have three cases:

CVTABLE Since every state of machine D responds
to every event of B, VTablesfor state objects of D
extend the VTables for state objects of 5. Hence,
the CVTablesof D are an extension of the CV Table
of B, in that for every state-event combination of
B, there is one for D. Furthermore, there is no
additional overhead to lookup the CV Table of D.

STATEMAP Supposethat atransition ¢, of B ismapped
to some transitions u4 and vy of D. Aslong asthe
subclassing does not increase non-determinacy, uq
and vy have different source states. So we create
two copies of the StateMap used for ¢, for each
derived source state, and replace the destination as
required. Thus, the tables are extensions with no
extralookup overhead.

IVTABLE IVTables are like StateMaps, except that
they point to methods. Thus, the IV Tables can be
extended just like StateM aps.

Thus, we have shown that state machines can be in-
herited with fast dispatch.

Composition Compositionisdefined (Section 4) as
aset of embeddings each of which defines a subclass,
so we apply the above technique for each component
and the composite.

Delegation Delegation is also defined as a set of
embeddings each defining a subclass. So for each
delegatee, we construct tables as above, and switch
tablesif the delegatee changes.

Genericity All instantiations of atemplate canshare
the structure of thetemplate. Sinceinstantiationsonly
differ inthe parameters, we simply use method “ point-
ers’ from the CVTable and IVTable as indices into
Instantiation Tables. Every instantiation uses a dis-
tinct instantiation table. Instantiation tables can also
be eliminated by making copies, so, any particular
generic machine can be sped up if necessary (see Sec-
tion 3.3).

5.4 Space Overhead

In the standard non-object-oriented table based imple-
mentation of deterministic state machines, we need
one table that has the next state for every combina-
tion of current state and event, and one for pointersto
methods that define the actions.

Our technique requires a minimum of one-and-
half times the space of standard table method for the
CVTable, plus space for StateMaps and IV Tables. In
the worst case, every combination of source state and
event needs its own StateMap. Additionally, each
StateMap might contain entries for every single state
inthebasemachine. Similarly, intheworst case, every
method may invoke all methods of all states. How-
ever, usually StateMaps and 1V Tables can be shared,
and do not refer to every other state and method, so we
need little space. For example, in Figure 5, we need
only two StateMaps with four entries each, although
the derived machine has four states, each with three
new methods. Also, some space is saved due to code
reuse.



5.5 Limitations

Aswe have seen, the StateM ap technique cannot com-
pletely eliminate method redefinition for non-determi-
nistic transitions. A more pragmatic limitation is
that for our C++ like [7] implementation, the struc-
ture of state machines must be statically declared. Of
course, a more dynamic Smalltalk like implementa-
tionis straightforward to build.

6 Miscellaneous topics: subtyping, nested sta-
tes, and generators

This section summarizes some issues that are not dis-
cussed in detail dueto spacerestrictions. Moredetails
may be found in[22].

Subtyping and Substitutability The definitions
from Section 4.1 enforce structural similarities, but
we consider behavioral similarities separately using
the Liskov-Wing behavioral subtyping [15] approach
(LWA). Briefly, the idea behind LWA is to specify
state invariants, method pre-and-post conditions and
history properties of state transitions, and show that
derived machines respect the properties of the base
machine. For example, the VM machine (Figure 1)
states have the invariant that “a virtual page is either
mapped to only one physical page, or not mapped
a al”. Clearly, the COW machine (Figure 2) states
respect this invariant. Similarly, we can specify the
other properties to prove that a COW machine 1S
A VM machine. This technique can be extended for
composition to show that theDVM machinel S-A VM
machine.

Nested States Theimplementation techniquefrom
Section 5 can be extended to program nested states
as in StateCharts [10]. Essentially, superstates with
nested states can be treated as a collection of states.
Thus, each state in the collection is represented using
tables as in Section 5, and the tables are switched at
run-time to represent nested state transitions.

Automated Generation We have programmed a
simple yacc-like generator that takes state machine

descriptions with support for subclassing, composi-
tion, etc. C++ codefor al of the virtual memory state
machines described in the paper is generated automat-
icaly. Compared to the original non-object-oriented
implementation of VM and DV M, the equivalent new
implementation requires only half as many lines of
generated C++ code. For new protocols, reuseis even
greater, sothat our latest implementati on supports sev-
eral new protocolsbut isstill smaller thantheoriginal .
Theinput to the generator isonly 40% of the generated
code, sinceit consists mostly of the method code and
eschews C++ declarations and other repetitive code.
We are also devel oping agraphical version of the gen-
erator.

7 Related Work

Thereificationtechnique (RT) hasbeeninvented many
times[16, 6, 14, 13], usually for the purpose of “ chang-
ing the class of an object”. Behavior abstractions[14]
and Enabled sets [28] introduce become and replace
constructions that hint at our general concept of em-
beddings. Johnson and Zweig [13] and Liu [16] have
applied RT program network protocols. Liu also sug-
gests the use of a CVTable. The relation between
states and classes is explored in [20]. A discussion
similar to that in Section 2 isfound in [18]. Taival-
saari [27] suggests that objects have modes, and tran-
sitions between modes are governed by a transition
function. Chambers' predicate classes [4] are similar
to modes or states but more dynamic. Our implemen-
tation technique can be extended to predicate classes
using methods that automatically select the next state.
In particular, our definitions of subclassing, composi-
tion, etc., can be applied with predicate classes, and
easily admit moredynamicimplementations. Anearly
version of subclassable state machines was described
in[23].

Our object-oriented constructions extend Harel’s
StateCharts [10]. Other object-oriented extensions
include ObjectCharts [5], ROOMCharts [25], DisCo
[12], ObjCharts [9], etc. In ObjectCharts, ROOM-
Chartsand ObjCharts, state machinesare inherited by
adding new states and actions, or by refining exist-
ing actions. Substitutability isachieved essentially by



requiring that the subtypetraces should extend the be-
havior of the parent. 1n DisCo, inheritance is defined
asimporting class definitions.

In contrast, our approach parallelsthat used in stan-
dard object-orientation — we define a notion of Self
that (1) is a guide for modifications and reasoning,
(2) makes constructions such as delegation natural,
and (3) leadsto ahighly efficient implementation tech-
nique. Further, we use the simple Liskov-Wing be-
havioral subtyping (Section 6) as opposed to traces.
However, unlike StateCharts, etc., at present we do
not consider concurrency.

8 Conclusion

We have described what appears to be the first gen-
era definition of inheritance in state machines; its
distinguishing features are our notion of Self for state
machines, and the concept of Embeddings. With our
technique, state machine designers may easily con-
struct complex state machines using object-oriented
techniques, while sharing code for actions. Our ef-
ficient implementation technique permits the use of
complex hierarchies in practice. Event dispatch with
our approach is only dlightly more expensive than a
C++ virtual function dispatch.

Thetechniques presented in this paper open further
avenuesof investigation. For instance, we havefound
simple solutions to the so-called inheritance anomaly
[17] based on state machine inheritance. Our notion
of Self seems to lead naturally to recursively typed
extensions of Nierstrasz's regular types [19] and in-
heritance in path expressions[3]. State machines are
used in specifying interfaces [29], so subclassing or
composition of interfaces might be investigated using
our definitions. It may be possibleto apply our notion
of Self to frameworks, where objects are interrel ated
by relationships other than BECOMES-A. Besides our
four constructions, it may be interesting to consider
higher-order state machinesthat manipulate other ma-
chines. Finally, work remains to be done in adapting
state machine design tool sfor object-oriented designs.
Expressing embeddings graphically might be aninter-
esting challenge.
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