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ABSTRACT

Compositional reasoningbout any behavioral property of a
system depends, first, on tlability to expressthat property
for both individualcomponentsand systems constructettom
them.  Expressiveness problemarise when considering
compositional reasoning abopéerformancein the presence of
complex user-definedtypes (as opposed to simplebuilt-in
types). There areinteresting implications not just for
compositional reasoningbut for language desigrand for
formal specification.

Categories and Subject Descriptors
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separately, and they can be composed eveandime in some
situations. A problem witlturrentcomponent-based software
engineering practice is that these components generally are
not behavioralmodules. Thais, soundreasoning about the
behavior of a component-based system (includiagsoning
about a larger component built from othewmponents)cannot

be accomplished bgompositional or modularreasoning[14].

This entails reasoning separately about the behaviors of the
components—onceand for all, and in isolation—and then
composing thesummarizedresults of such one-timeeasoning
without again consultingthe internal details ofpreviously-
analyzed components.

Compositional reasonin@bout system behavioinherently
requires that each component must have a second description in
addition to the obvious first description(i.e., that
component’s implementatiosode). This secondescription

D.3.3[Language Constructs and Features]: Abstract data typesis the cover story that summarizes the relevaehavior—a
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1. BACKGROUND

Programming languages and software engineering
methodology have reached thepoint where commercial
software technologies support component-baseddesign.
However, this support exists only in the sensthat
components are syntactic modules: systemscan be readily
constructed from components that are designed and
implemented by other parties, componertn be compiled

specificationof the aspects of the component’s behawdbiout
which reasoning is to be done. ¢ompositional reasoning, a
specification substitutefor the component’simplementation
code during reasoning about the behavior of client code.

From a practicalstandpoint, a specification dhe relevant
aspects of component behavior is important because the source
code for acomponent is often unavailable to itslients.
Without such aspecification tostand in for acomponent’s
implementation code, clients could not hope to reason
(compositionally orotherwise) about systerbehavior. And

from atechnical standpoint, a specification tfe relevant
aspects of component behavior is indispensable because this is
the  description against which  the component’s
implementation code is to beevaluated. Whether that code
implements its purported specification is the reasoning
problem at the next lower level of the component hierarchy.

1.1 Reasoning About Functional Behavior
Compositional  reasoning about functional behavior
apparentlycan be achieved through either of tapproaches.
One is pureunctional programming. The main problemwith
this approach is that its naive adoption sacrifices performance
on the altar ofcompositional reasoningbout functionality.
Hence, many researchegge trying to fix the performance
problems with pure functional programming, exploring a
variety of sophisticated implementatioadvances thathey
hope caneventually make purefunctional programs more
competitive with imperative programs in terms effficiency
(see, among many others, [2, 17]).



The second approach tachieving compositionalreasoning by typical component librariessuch as theC++ Standard
about functional behavior is to use an imperatgwegramming Template Library [9]and the Java java.util package. For
style in ways that remove the above-mentioned impediments todefiniteness in subsequediscussion, inFigure 1 we show a
sound compositional reasoning. Our previous research has simple Map component specification in dialect of RESOLVE
followed this path. Oneresult of thiswork is the RESOLVE [11]. Thepoint that this example illustrates is nahique to
framework, a prescriptive approach to constructing this particular design ospecification. Ithas nothing to do
component-based software systems theffer both the with the simplification that &ap variable (asdefined here) is
generally favorable performance of the imperative sfil#] restricted to recording arassociation involving existing
and the capability for compositional reasoning about program typesinteger (modeled by amathematicalinteger
functional behavior [13]and certain aspects of performance with a bound constraint) anfiext (modeled by amathematical
behavior [12, 14]. We have established that thpdeciples string of characters). It hasothing to dowith using
are portable to languages such as C++, and that they casele = RESOLVE, since any other model-basggkcification language
to build non-trivial systems, includingcommercial software  [19] (e.g., Larch, VDM, or Z) could beused towrite a similar
products, with observable benefitsfor quality and specification.

maintainability [5]. concept Map_Facility

This paper focuses oncompositional reasoningabout

performance in an imperativeetting. The computational type Map is modeled by

model is a standard sequential comput&he problem ismuch finite set of (

more complex in the presence of concurreaagdistribution id: integer

issues,andthe sequential situation is a specia@se thatmust name: string of character

be handled in any event. Hence, it is appropriate to start there. )
exemplar m

1.2 Reasoning About Performance constraint

The performance issue is not merely about whetioenponent- forall i, j: integer
based software systems can be “efficient” in a general sense. It st . string of character
is about whether it is possible to reason compositionaligut _ where ((i.s) Isin. m and
how efficient they are. @ isin m)

( if =] then s=t)
This paper focuses on thepecification of performance initialization ensures
behavior, not onhow to docompositional reasoningising [m|=0
such aspecification. Prior work has explained how it is
possible to use the kinds of “performance profile” operation Add_To_Map (
specifications discussed in the nextsection to reason updates m: Map,
compositionally about execution time in the case @fdinary preserves i Integer,
sequential programs [14]. preserves t: Text

)

1.3 Contributions of This Paper requires _ _
The major contribution of thispaper is inpointing out and _forall s: string of character
explaining some implications of an importanttechnical (Y isnotin  m)
difficulty encountered wherattempting to docompositional ensures . )

m = #m union {(i,t)}

reasoning about performanceThe problem arises because
models thatare sufficient for expressing functionabehavior
may not be sufficient foexpressing performancebehavior.
This observation might seem trivial at first glance. cOfirse,

a functionality specificationmodel is chosen in part to
“abstract away” details such as performance that it does not
purport to explain! The issue at hand, thoughnvolves the

operation Remove_From_Map (
updates m: Map,
preserves i Integer,
replaces t: Text

expressiveness of danguage for writing performance rethkjllres <t . string of charact
specifications—not simplythe claim that more needs to be ere het)ﬂsts _ S+ stnng of character
written down to reason about performance than to reabomt ensursgs? at (i) isin - m)
functionality. ;

y m =#m-{(i,t)}

We begin with an example to illustrate the problem and, in the
process, introduce language constructs that address it. Then we operation Remove_Any From_Map (

discuss somémplications of incorporatingthese orsimilar updates m: Map,
features into a language thatcould support formalized replaces i Integer,
compositional reasoning (i.e., proofs of performance replaces t: Text
correctness). )

requires
2. EXPRESSING PERFORMANCE Im| >0

ensures
A BEHA\{IOR id i (i,9) isin  #m and

s an example, we consider a component nes aMap m = #m - {0}

abstract data type. Similar components of this kangl offered



operation  Map_Value ( Map_Facility might beadequate texplain the performance

preserves m: Map, of an implementation dflap_Facility
preserves i: Integer .
): Text performance profile for
’ requires realization Map_Using_Ordered_List
there exists s:  string of character of Map_Facility
h th i is i _—
ensurach that (@.s)  isinm) definion ~ RANK_IN_SET (
iMap Value isin m i: integer
(i,Map_Value) isi m: Map
. ): integer
Opera;'%lewngﬁ)P&%’g explicit definition
preserves i I.ntege,r I{i: integer ,s:  string of character
): Boolean ' where ((j,s) isin  m and j<i)
ensures OH
Is_Mapped = .
- ppthere exists operation Add_To_Map (
t string of character updates m:.l'v:ap,
suchthat  ((i,¢) isin  m) preserves 1. Integer,
preserves t: Text
operation  Size ( ) .
. duration
reserves m: Ma .
) |meggr P theta (RANK_IN_SET(i,#m) + [t])
ensures .
Size:|l}ln| operation  Remove_From_Map (

updates m: Map,
preserves i: Integer,

end Map_Facility replaces t: Text

i : i )

Figure 1: A simple Map component duration
Compositional (or for that matter, anyyeasoning about the theta (RANK_IN_SET(i,#m) + |#t])
functionality of component-based systems relies on the
existence of an abstract mathematical model for eathtype. operation  Remove_Any_From_Map (
Using this model, it ispossible tosummarizeand thereby updates m: Map,
explain thefunctionality of any correctimplementation of a replaces i Integer,
single abstract interface, such as that in Figure 1. pbEgposes replaces t: Text
of describing the functionality of Map Faciity , an )
appropriate abstract model oMap value is a mathematical set duration
of ordered pairs. This model is “fullgbstract”: it reveals to a theta (1#t])
client exactly what is necessary to explain fhactionality of
the component—nomore, no less. Anotheway to say operation  Map_Value (
essentially the samething is that this componentlesign preserves m: Map,
makes the abstract state space forMtag type bothobservable preserves i Integer
and controllable [18]: a client program can reach every point in ): Text
the abstract state spacnd it candistinguish every point in duration
the state space from every other. theta (RANK_IN_SET(i,m) + |Map_Value|)

Compositional reasoningbout performance requires teame
sort of foundation: avay to summarizeand thereby explain
performance informatiorfor asingle implementation, i.e., to

operation Is_Mapped (
preserves m: Map,

: preserves i Integer
express component performance. How can this be done? ): Boolean
Suppose that execution timeare to be described using duration )
traditional ©-notation. This choice determines howrecise theta (RANK_IN_SET(i,m))
[14] the performance description is—it ignoreaultiplicative ) )
and additive constants, but it captures functicteypendencies. operation  Size (
The latter are atthe heart of the issue we raise, so the preserves m: Map
simplifications introduced by using ®-notation do not ): Integer
interfere. (Other work [15] has explored whetheaditional duration
“big-oh” notations like this might need to be morearefully theta (1)
defined in order to baised inthe context ofcompositional ) .
reasoning about performanceThat is not the issudere; end Map_Using_Ordered_List

traditional ®-notation is enough to illustrate the problem.) ) ]
o o Figure 2: Performance profile for one
The first implementation illustrates that the abstract model for implementation of Map_Facility

a Map value thatwas introduced toexplain functionality in



We consider arorderedlist representation of ®ap where the there exists

pairs in the list are kept in increasimgder bythe value of the S: string of character
first (Integer ) component. Figure 2 shows how the such that ((i,s) isin - m))
execution-time performance of thisnplementation might be
described formally, in a RESOLVE-like notation. definition POSITION_IN_LIST (
Figure 2 is something that a client of tleplementation must Iiist' mteg:trrin ) of i
: : g of integer
be able to understand in orderr@ason about thperformance ): integer
of a client program, along with theinctionality specification implicit definition
of Figure 1. RANK_IN_SETis a mathematical definition that is there exists a b string of integer
usedthroughout the performance profilRANK_IN_SET(i,m) such that '

is the number of integers that are first components of pairs in (ist=a*<i>*b and

andthat are less thani . Theduration clauseassociated |a] = POSITION_IN_LIST(list))
with each operation summarizes howlong the operation’s - - '
implementation takes, based on the values ofnit®ming (#-

prefixed) and outgoing parameters. operation ~ Add_To_Map (

updates m: Map,

Specifically, the execution time ofAdd_To_Map(m,it) is preserves i Integer,

O(RANK_IN_SET(i#m)+[t| ), the first termarising from the preserves t: Text

codethat walksdown the list tofind the position atwhich to ) ]

insert the pair(i,t) , andthe second ternarising from the duration

codethat copies the string beforeinserting it into the list. theta (Ith

(Copying the fixed-length Integer i takes constanttime, )

andhence does notontribute to the®-notation expression.) operation ~ Remove_From_Map (

Similar expressionsdescribe the execution times of ti¢her updates m: Map,

operations. But while only Add_To_Map requirescopying a preserves i Integer,

Text value, now the twemove operationsrequirereclaiming replaces  t: Text

the storage for the replaced values of thigicoming Text ) )

parameters. Remove_Any_From_Map(m,i,t) involves no duration ]

walk downthe list because the firslist entry can be removed theta (POSITION_IN_LIST(i,m.ordered) +

andreturned,andthe operationSize(m) is also a bitsimpler 1)

because its execution time @onstant ifthe implementation )

explicitly keeps and incrementally updates the size ifap. operation  Remove_Any_From_Map (

] ] ) ] ] updates m: Map,

The key point of this examplelmplementat!on is that replaces i Integer,

RANK_IN_SET(i,m) , and hence all the durations that are replaces t: Text

described in terms of it, arexpressibleeven though the model

of ms value in thefunctionality specification isevidently duration

“more abstract” than the model of its representation. theta (#t)

3. THE LIMITED EXPRESSIVENESS operation ~ Map_Value (
PROBLEM preserves m: Map,

A problem in expressingerformance arises because,oither ____reserves i: Integer

cases, theoriginal abstractmodel for aMap value is not ).Te(ﬁjration

adequate texplain the performance of amplementation of )

MapiFaciIity p. For ar? example, conside? amorderedlist theta  (POSITION_IN_LIST(i,m.ordered) +

representation. The execution timeAafd_To_Map(m,i,t) is IMap_Valuel)

proportional to the length df, because it must be copied. But .

the execution time of Remove From Map(miit) now operation Is_Mapped (

depends on the order of the elements inlistethat represents preserves . m: Map,

m—andthis cannot be expressed in terms of the abstract set . _ Preserves i Integer
model of mbecause the elements of a mathematical set are ): Boolean_
unordered. duration .
theta (POSITION_IN_LIST(i,m.ordered))
performance profile for
realization Map_Using_Unordered_List operation  Size (
of Map_Facility preserves m: Map
): Integer
type Map is augmented by duration
ordered:  string of integer theta 1)
augmentation invariant
|[m.ordered| = |m| and end Map_Using_Unordered_List
for all i integer
(<i> is substring of m.ordered Figure 3: Performance profile for another

iff implementation of Map_Facility



This requires us to introduce augmented data model in
order to explain the performance behavior of the
implementation. An augmented data model is an addition to the
model used in the functionality specification, which is
intimately related to thefunctionality model but is “less
abstract” in some sense. In this case, appropriate
augmentation is a string of integersyith the invariant
property that the integers in the strirage exactly thefirst
components ofthe pairs in the set thatvas introduced to
explain functionality. Figure 3 shows how tk&ecution-time
performance of thisimplementation might be expressed
formally. Compare this with Figure 2yhere noaugmentation
of the functionality model was required inorder to express
performance.

Unfortunately, even with thaugmented model of ldlap value
in Figure 3, Figures 1 and 3 together still do not sugpipugh
information to the client programmer to support
compositional reasoning about performance. WHt?e client
of Map_Using_Unordered_List also must know what effect
each of theoperation implementationshas on m.ordered
This effect cannot beleducedfrom the original functionality
specification ofFigure 1, whichwasdevelopedindependently
of (and presumably before) Figure 3.

4. SOME IMPLICATIONS

We believe that theémplications of these observations are
important to researchemsho tackle compositional reasoning

augmentation invariant. As noted above, the requirement
for compositional reasoningbout performance’bleeds
back” into the functionality specification aspect. It
therefore impacts proof-of-correctness of functionality by
adding additional proof obligations involving the
augmented dateodel, along with proofobligations for
the new performance aspect.

One more observation is notsupported directly by the
examples in this paper, but is supported by other examples.

Performance specifications — In general, even
more detailed modelsre needed toexpressand reason
about performance at higher levels pkcision. Still, it
is common for the augmented model to remaimpler
than the completeepresentationmodel. Moreover, for
clients of a componentwho wish to reasonabout
performance, the effortrequired to understand an
augmented model igenerally far less than theeffort
required to understand the completecode of the
implementation.

We hope that the component-based software commumitly
take note of these issues as it moves forward in the direction of
compositional reasoningbout bothfunctionality and extra-
functional properties.

5. RELATED WORK

The importance of performance considerations in software

about extra-functional properties such as performance. There isngineering [1] and in component-based softw@sastruction

little reason to believe that performance is unique amexiga-
functional properties—unless it is in the sense that gasier
to define and to describe than most other guaperties,e.g.,
“security”. Thefollowing specific implications are therefore
worth noting:

Language design — Compositional reasoningbout
performance requires a ridanguage in which texpress
the performance of aimplementation. For example, in
addition to having a functionality specification
sublanguage such as that illustrated in Figure 1, tharst
be a performancepecification sublanguagsuch asthat
illustrated in Figures &and 3. Theperformancespecifier
must be able to write arbitrary mathematiaéfinitions,
invariants, etc., just like the functionality specifier.

Mathematical modeling In some cases, the
mathematical model that is most suitable &xplaining

the functionality of a component to a client programmer is
not adequate toexplain its performance. This igue
simply because thefunctionality model might be “too
abstract” to permit the performance of iamplementation

to be expressed. Hence, the performamscription
language must support the introduction anfgmented data
models through a mechanism such as that illustrated in
Figure 3.

Extended functionality specifications— In cases
where an augmented data model is ugkd,functionality
description also needs to be augmented wjikcifications
of what the operations do tahe augmentedlata model.
Either the original functionality description language
needs to havethis capability, or the performance
description language needs to have it.

Proof rules — The proof rules of any suclenriched
specification/programming language must incorporate the

[16] is well accepted. Formal techniques for stat@soning
about performance have mostly concentratecewacution-time
analysis.  While earlier efforts in sequentialprogram
execution-time analysis concentrated on reasoning within a
module [10], efforts thatare more recent also have included
timing deadlinespecifications[3, 7]. Other efforts havéeen
devoted to real-timanalysis in a concurrencgetting [6, 8].
Hehner was among the first to consider formalization of
memory space performance (including dynamic allocation) [4].

Most of this related work assumes that afirogramming
objects have simple built-in typesuch asinteger in our
example, or that non-trivial objectxan be handled by
considering only their sizes. Both of thesamplifications
hide the underlyingexpressiveness problem, asr example
helps to illustrate. Note that thelnteger variables (whose
sizes are fixed) and the Text variables (whose sizesan be
expressed in terms of the stringodel used to explain the
functionality of the Text type) are not the source of the
problem. It is the more complexser-definedMap type whose
abstract model is perfect faxplaining functionality but is
sometimes inadequate forexpressing performance.  Other
standardsimplifications that are inherited from traditional
algorithm analysis—such as the tendency #&xpress
performance as a function of a single “problesize”
parameter—also make impossible to expressand reason
about performance at the level of precisiamreeded for
component-based systems that involve non-trivial objects and
data abstractions.
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