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Abstract

A system for engineering component-based software must include mechanisms for
specifying abstractly both the functionality of components and their performance. Using
the profile construct introduced here for performance specification, a developer can select
from an assortment of implementations for a particular functionality the one that best
suits his needs with respect to speed and memory usage. Equally importantly, he can
define the expected performance of alarger scale component using a composition of the
profiles of its constituent (possibly as yet unimplemented) components. To ensure
scalability, the profile construct facilitates abstraction in performance specifications as
well as formation of profilesfor generics from the profiles of their parameters.
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1. Introduction

In order to have an effective system for engineering component-based software, it is
essential to have a specificational framework that supports description of those aspects of
a component that are relevant to its deployment and implicitly suppresses irrel evant
others. The functional aspect istypically the most important, and so developing a
framework for its specification has been the focus of much of software engineering
research. However, a system for devel oping componentsis not complete until its
specificational framework includes a mechanism for describing component performance.

Factoring out performance specifications seems to be a common practice in engineering
components. An auto manufacturer, for example, sets functional limits on the
dimensions of tires that can be used, but leaves to tire suppliers such performance
specifications as traction, tread life, etc. Asin the case of auto tires, agood
conceptualization of functional behavior will admit a broad assortment of realizations
with varying performance characteristics. We introduce the profile as a specificational
mechanism for recording such performance characteristics. Profiles have the virtue of
allowing the designer of a component implementation to summarize its expected
performance concisely, while at the same time, allowing a prospective client for the
functionality of acomponent to use the profiles of the various implementations to select
the one that best suits his performance objectives.

Since aprofileisto act as a performance contract between client code and
implementation code, it should exist independent of both. This makesit anotion that’s
independent of top-down or bottom-up methodology. A good profile will typically be
one that is developed with simultaneous attention to the needs of the clients and
considerations of what implementers could provide, regardless of whether the client or
implementation code existed at the time. Serving as contracts, profiles help decouple
component developers from clients, and facilitate independent software development. In
the same way as abstract specifications of functional behavior serve as essential building
blocks in development and analysis of component-based systems in a modular fashion,
profiles facilitate modular construction while accounting for performance behavior.
Using profiles of constituent components, it becomes possible to define the expected
performance of alarger scale component.

Since a performance profile is expressed in the context of functional behavior, it is not
surprising that performance specification and reasoning engender every complexity that
arisesin functionality specification and reasoning, because they depend on corresponding
functionality aspects. In addition, since performance is more intricately tied to
implementations than functional behavior, its specification poses several new challenges.
One of them is maintaining the abstract nature of specification so that users can ignore
intricate implementation detailsin their analysis. Another isthe expression of the
performance of a generic component whose parameters are not fixed at the time of
specification. Our examplesillustrate how the expressions can be kept abstract and
generic, providing precise descriptions of what isrequired for the implementer to follow
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and, at the same time, showing clients what they can expect regarding performance. We
outline how performance information can be composed.

Section 2 introduces performance profiles. It includes the functionality specification of a
parameterized concept and a performance profile for one class of implementations of that
specification. Section 3 explains the need for supplementing mathematical models
describing functional behavior of data abstractions to express performance estimates with
asuitable degree of abstraction. It presents such a profile for an alternative class of
implementations where objects hold invisible storage. Section 4 outlines how
compositionality can be achieved using profiles. Section 5 contains a discussion of
related work and our conclusions.

2. Component Specification

Except in the simplest situations, performance specifications can be expressed only in the
context of corresponding functionality specifications, and therefore, we begin with an
abstract specification of functionality. We present our examplesin RESOLVE, a
language that provides support for both specification and implementations, including
multiple implementations of generic components [Sitaraman 94a, Sitaraman 00].
However, the results are general, and any behavioral specification language such as
Larch, VDM, or Z summarized in [Wing 90] can be extended with profiles.

2.1 Functional Basis

To illustrate both abstract functionality specification issues and concrete implementation
issues necessary for specifying performance and to introduce profiles for expressing
performance, we choose a generic Stack data abstraction as an example, becauseitisa
simple and familiar concept. However, the ideas are designed to generalize for expressing
performance specifications of any (parameterized) components.

Figure 1 shows aformal, functionality specification (or a conceptual client view) of a
generic bounded Stack component, parameterized by the type of items to be contained in
stacks and the maximum depth to which a stack can grow. (The evaluates mode is used
to indicate that an expression may be passed as the maximum Stack depth.) Given the
support for generic components in modern languages, such as C++ and the most recent
versions of Java and C#, the example motivates the need to address the compl exity of
devel oping parameterized, compositional performance profiles.
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Concept Stack_Template( type Entry; evaluates Max_Depth: Integer);
uses String_Theory;
requires Max_Depth > 0;

Type Family Stack < Str(Entry);
exemplar S;
constraints | S| < Max_Depth;
initialization
ensures S = A;

Operation Push( alters E: Entry; updates S: Stack );
requires |s| < Max_Depth;
ensures S = (#E) o #S;

Operation Pop( replaces R: Entry; updates S. Stack );
requires |s| >o0;
ensures#S=(R) ° S;

Operation Depth_of( restores S: Stack ): Integer;
ensures Depth_of = ( |s| );

Operation Rem_Capacity( restores S: Stack ): Integer;
ensures Rem_Capacity = ( Max_Depth — S| );

Operation Clear( clears S: Stack );
end Stack_Template;

Figure 1. Specification of Stack_Template

The specification in Figure 1, termed a concept, uses mathematical String_Theory, a
formalization of which is given in [Ogden 00b]. Using Str (the mathematical space
named in String_Theory), the specification indicates that the value space of variables of
type Stack is a subset of mathematical strings of entries. Theterm Type Family is used
(as opposed to type) to highlight the generic nature of the concept that exports afamily of
types depending on the particular Entry type and Max_Depth parameters supplied at the
time of instantiation.

A string is similar to, but ssimpler than, a“sequence’ because it does not explicitly

include the notion of a position. The notations from String_Theory used in this
specification are straight forward: A stands for an empty string, o © 3 denotes
concatenation of two strings o and 3 in the specified order, and || denotes the length of a
string o.. “<x>" denotes the string containing the single entry x. Model-based
specifications of other concepts use a combination of standard mathematical models such
asintegers, sets, functions, relations, and tuples, in addition to strings.
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Using an exemplar stack variable S, the specification states that the value of every stack
variable, which is astring, is constrained to have a maximum depth no greater than
Max_Depth. Every stack variableis specified to beinitialized automatically to be the
empty string, as given in the initialization ensures clause. (Occasionaly, the
initialization clause may specify a set of possibleinitial values, instead of asingle value.)
The practice of providing well-defined initial values, in situations whereit is natural, is
often helpful to avoid a class of routine software errors.

Therest of the concept provides specifications of other Stack operations. Each operation
is specified by arequires clause (precondition), which is an obligation for the caller; and
an ensur es clause (postcondition), which is a guarantee from a correct implementation.
When clients violate the requirements, guarantees become void. Operation Push, for
example, requires that the stack object Sisnot full. It guarantees that after Push is called,
stack Swill be updated to be the incoming value of entry (denoted by #E) concatenated
with the incoming contents #S of the stack. Notice that the postcondition describes how
the operation updates the value of S but the return value of E (which has the mode
alters) remains unspecified. In general, we alow post-conditions to be loose to allow
maximum flexibility for implementers. Pop operation replaces the value in the
parameter R with the entry in the top of the stack after removing it. These particular
specifications for Push and Pop make it unnecessary for implementations to copy
arbitrarily large entries.

Pre- and postconditions of the Pop, Depth, Rem_Capacity and Clear operations specify
in string theoretic terms precisely what they will do. Therestores modein the
specification of Depth and Rem_Capacity has the meaning that the stack Sis unaffected
by callsto these operations. Clear gives stack Stheinitial stack value A, and it getsthis
meaning — without an ensures clause — from the clear s parameter mode.

The important point here is that by conceiving of stacks as strings, we can give a
complete and coherent explanation of all of the operations on stacks. Absolutely no
reference to details of any one implementation such as arrays, pointers, or linked listsis
needed. Absence of such details simplifies understanding of the concept for clients yet
provides developmental freedom for implementers of the concept, so long as clients and
implementers adhere to the requirements and guarantees stated in the specification.

2.2 Adding a Perfor mance Profile

Different kinds of implementations of generic concepts such as stacks provide different
performance trade-offs. To illustrate performance ramifications, we consider two general
implementation strategies that offer space-time trade-offs for implementing any data
structure, not just stacks. The one considered in this subsection is more storage conscious
than the one discussed in the next section which isfaster. We begin the discussion with
the profile of the former which issimpler.

Figure 2 contains selected parts of a performance profile, named SSC, for a class of Stack
implementations that are Space-Conscious, i.e., ones that consider space to be more
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important than time. The profile is written without making any assumptions about the
generic type Entry or Max_Depth, and therefore, the expressions have to be
compositional and given in terms of these parameters.

Profile SSC short_for Space Consciousfor Stack_Template;
Defines SSC,, SSCq, SSCr, SSCpy, SSCpy, SSCc, SSCqy, SSCDp, SSChrc: RZO;
Defines SSCp, SSCwv, SSCur, SSCypo, SSCyvpu, SSC e, SSCMDp, SSCure: N;

Type Family Stack;
Defn Cnts_Disp( o Str(Entry) ): N =( ZOccurs_Ct(E, a)-Entry.Disp(E) );
E: Entry
Displacement SSCp, + Cnts Disp( S) + (Max_Depth — |S|)-Entry.l_Disp;
I nitialization;
duration SSC, + (SSCy; + Entry.l_Dur)-Max_Depth;
manip_disp SSCy, + (Max_Depth — 1)-Entry.l_Disp
+ Entry.IM_Disp;

Oper Pop( replaces R: Entry; updates S: Stack );
duration SSCp, + Entry.l_Dur + Entry.F_Dur (#R);
manip_disp SSCypo + Max(Entry.IM _Disp, Entry.FM_Disp(#R));

Oper Push( altersE: Entry; updates S: Stack );
ensures Entry.Is Init(E);
duration SSCpy;
manip_disp SSCupy;

end SSC

Figure 2: A Performance Profile

A performance profileis used to document the behavior of a class of implementationsin
terms understandabl e to users of the concept without knowledge of concrete
implementation details. A profile provides the following information. For each
operation, thereisaduration clause — a positive real number — that places a bound on the
time taken by the operation in terms of the parameters supplied to the operation. For
each operation, there is a manipulation displacement clause abbreviated as manip_disp —
anatural number — that states the minimum additional space that is necessary to execute
the operation above and beyond what is occupied by all objects currently in scope. Since
Space usage may increase and decrease during the execution of a procedure, this clause
expresses the “high water mark” in terms of the parameters to the operations. In order to
use thisinformation to determine if there is enough space to execute the next call with a
certain set of arguments, a caller needs to be able to determine the space occupied by all
current objects. Therefore, profiles for implementations that provide types and therefore,
creation of objects, additionally include adisplacement clause — also a natural number —
that describes how much space is used by avariable (e.g., a Sack variable), given its
abstract value (astring of entries). We begin with this clause.
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The Object Displacement Clause

To make our discussions concrete, we consider implementations that allocate and
initialize an array of entries of size Max_Depth when anew Stack is created. An
implementation might use a simple representation such as the one shown below:

Type Stack = Recor d
Contents: Array 1..Max_Depth of Entry;
Top: Integer
end;

Within this context, one class of implementations can be characterized as placing high
priority on minimizing space usage for a Stack variable, by following a space-conscious
convention (or representation invariant): All entriesin array locations beyond those that
correspond to the conceptual stack value are initialized. For astack containing complex
objects such as trees, for example, this convention leads to minimal space usage because
unused array locations contain only empty trees instead of arbitrary trees.

Though we have divulged the representation details above to provide concrete details for
areader of this paper, a performance profile must be understandable to users based on the
mathematical conceptualization of stacks as strings as givenin Figure 1. Therefore, the
displacement clause in the performance profile expresses the space occupied by astack S
using only its abstract string value:

Displacement SSCp + Cnts_Disp( S) + (Max_Depth — |S|)-Entry.l_Disp;

There are three termsin this expression. Thefirst term is a constant SSCp and it
represents the constant space overhead in any Stack object (e.g., an Integer index into the
array that is used to keep track of the current top). The actual definition for this constant
isimplementation-specific and will be given inside the implementation; the profile
merely provides a placeholder for this constant and others by listing them in the defines
clause. The second term captures the space used by the entries that have been pushed on
astack. To express thisterm, we have defined and used a definition Cnts_Disp(S) which
counts the number of times an entry E occurs in the astring S (the abstract value of a
stack) and multipliesit by the displacement for that entry E, denoted by Entry.Disp(E).
In the definition of Cnts_Disp in Figure 2, we have used Occurs_Ct —a mathematical
definition that gives the number of times a given entry occursin an arbitrary string —
defined in String_Theory.

Thelast term in the displacement expression is the product (Max_Depth —
|)-Entry.l_Disp), and it accounts for the space taken by unused array entries (all of
which are assumed to haveinitial values under this profile). Here, Entry.l_Disp denotes
the space used by an entry with an initial value. Using the given expression, it is easy to
see that for an empty stack with abstract string value A, the displacement Stack.Disp (A)
becomes SSCp + Max_Depth-Entry.l _Disp.
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We note that the same ideas discussed here suffice whether or not stacks are bounded a
priori. For example, if the stack elements are allocated as and when needed instead of
using an array, then the displacement will be less and it would not include the last term.
Alternatively, if the convention of keeping unused array locations initialized is not
followed, the third term will become more expensive.

Performance Specification of Initialization

In the class of implementations under discussion here, when a Sack variable is

initialized, Max_Depth number of entries are created and initialized. Therefore,
initialization duration includes the factor Entry.l _Dur -Max_Depth which is the product
of the duration to initialize avariable of type Entry, i.e., Entry.l_Dur and Max_Depth, the
number of entriesto beinitialized. The expression includes additional constant overhead
per entry, denoted by SSC,4, as well a constant overhead denoted by SSC. The actual
definitions for these implementati on-specific constants will be given in the
implementations. (If the Sack elements are allocated as and when needed instead of
using an array, then initialization will take a constant time, and the cost of object creation
will be moved to the Push operation.)

The initialization manip_disp clause expresses the minimum storage space necessary to
create anew stack variable. Suppose that Entry.l _Disp denotes the space taken by an
entry with an initial value. To create a Stack representation with Max_Depth initial
entries, the necessary displacement is roughly Entry.l_Disp-Max_Depth. The expression
given in the profile differs dlightly because the procedure to create an initial entry might
need more space than what is strictly necessary for storing an initial entry. Thiswould be
the caseif Entry isanon-trivial type, and creating an initial value for it requires creation
and use of other local variables. Therefore, suppose that Entry.IM_Disp denotes the
manipulation space necessary for initial entry creation. Then the highest watermark in
space usage during Stack initialization occurs when Max_Depth -1 new entries have been
created and the Entry initialization operation is to be invoked to initialize the last entry.
Therefore, thisis the minimum space necessary to initialize anew Stack. The expression
includes an implementation-specific constant as well.

Performance Specification of Pop

To explain the expressions for Pop, we consider the following code that might be written
in a space-conscious implementation.
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Procedur e Pop( replaces R: Entry; updates S: Stack );
Var Fresh Val: Entry;

R :=: S.Contents(S.Top);
S.Contents(S.Top) :=: Fresh_Vd;
STop:=STop-1;

end Pop;

In the implementation, we have used the swap operator “:=:", instead of assignment, to
move Entry values and to access array contents. The reasoning and efficiency advantages
of swapping over reference assignment and representation assignment of arbitrary entries,
respectively, are discussed elsewhere [Harms 91]: Swapping enabl es reasoning without
introducing aliasing; its implementation is efficient because compliers can represent large
objectsinternally using references and merely exchanging the references in constant time.
(If entries are copied, then the same principles of specifying performance expressions
would still be adequate, except that the expressions need to account for copying.)

The second swap statement in the code is necessary to satisfy the space-conscious
convention. By declaring alocal Entry variable (which is automaticaly initialized) in the
Pop procedure and swapping it into the array, we make sure that the arbitrary entry R that
might have been supplied as the incoming parameter to Pop does not go into the array
and corrupt the convention. At the end of the code, the local variable that now contains
the incoming value of parameter Risreleased or finalized. The performance
specification of Pop is expressed in user-oriented termsin the profile:

Oper Pop( replaces R: Entry; updates S: Stack );
duration SSCp, + Entry.l_Dur + Entry.F_Dur (#R);
manip_disp SSCyp, + Max(Entry.IM_Disp, Entry.FM_Disp(#R));

The duration expression is straightforward. It includes the time to initialize a new Entry
variable. Finalization depends on the Entry that is finalized, and therefore, the timeto
finalizeis given in terms of the incoming value of parameter R. The definition for the
constant term SSCp, in the duration expression for Pop code is given internally in each
implementation. For the present example, it might be defined as:

Definition SSCpo: R*® = Dur cai(2) + 2-Array.Dur . + 6-Record.Dur _ + Int.- + Int.;

The constant includes the time to call a procedure with 2 parameters, denoted by
Durcai(2), array and record accesses, and Integer operations. This definition is relegated
to the implementation because it is too much information to include in a profile for
clients, and it iswritten in terms of implementation details which should not be visible to
them. Placing the definition in the profile, in addition to hard wiring it, would seriously
compromise information hiding and hinder modularity in reasoning.

What space is necessary to call Pop beyond what is already taken up by its parameters?
It is the maximum of the displacement necessary to initialize a new variable, i.e.,
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Entry.IM_Disp (Entry initialization manipulated displacement) or finalize the incoming
parametric entry, i.e., Entry.FM_Disp(#R).

One other aspect of interest in the performance profile isthe additiona ensures clause for
the Push operation. In particular, using the predicate Entry.Is_Init(E) that istrue only if
E has an initia Entry value®, the ensures clause tells a user that E will be initialized after
acal to Push(E, §). While thisinformation that appears in the performance profile
cannot be used by a client program in establishing functional correctness, it can be used
for reaching space/duration conclusions asillustrated in Section 4.

The duration and displacement expressions for Push and other Stack operations are
constants, except Clear. To satisfy the space-conscious convention of keeping unused
array entriesinitialized, the implementation of Clear needs to release the storage for all
Sack entries at the time of the call and make sure that the corresponding array locations
have initia entries.

3. Profileswith Supplementary Models

To express estimates of performance for some classes of implementations, it is necessary
to augment the abstract functional model. The problem is quite general, and it arises, for
example, when the concrete representation of an object includes hidden storage that is not
visible in its abstract functionality specification. Thissituation isnot atypical. Practica
software components routinely trade off space for time, often using hidden data
structures. To be able to provide abstract descriptions of performance for such
components, additional specification machinery is necessary as explained in this
subsection.

We now consider a specific example of a suitable performance profile for a class of Sack
implementations for which speed is a higher priority than space usage. These
implementations do not follow the space-conscious convention, i.e., internally-stored
entries (in the array) that are not a part of the stack need not beinitialized. This strategy
leads to Stack implementations especially with afast Clear operation, and hence, the
corresponding profileisnamed S-C in Figure 3. To document the space occupied by a
Sack object in this profile, it is necessary to talk about the hidden entries, and thisisthe
motivation for supplementing the model of stacks as strings of Entries with a second
string of (hidden or residual) Entries. Just as we were able to develop a satisfactory
performance profile for the space-conscious implementations, subscribing to the view of
stacks only as strings of entries, the supplemental model makes it possible to provide an
abstract description of performance for the class of implementations discussed in this
section.

4 We use a predicate here instead of asserting E = Entry.Init or equivalent, because initializations may be
specified to give an object one of many initial values.

10
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Profile SFC short_for Fast_Clear for Stack_Template;
Defines SFC|, SFC|1, SFCF, SFCPO, SFCPU, SFCC, SFCDp, SFCRC: Rzo;
Defines SFCp, SFCwmi, SFCur, SFCwvpo, SFCvpu, SFCuc, SFCMDp, SFCure: N;

Type _Family Stack;
Supplement SFC with Resid: Str(Entry);
constraint [S.ipso| + |S.Resid| = Max_Depth;
Defn Cnts_Disp( a: Str(Entry) ): N =( ZOccurs_Ct(E, a)-Entry.Disp(E) );
E: Entry
Displacement SFCp + Cnts_Disp( S.Resid°S.ipso );
Defn Is_All_Init( o Str(Entry) ): B =
(V E: Entry, if (E) Is_Substring o, then Entry.Is_Init(E) );
I nitialization;
ensures Is All_Init( S.Resid);
duration SFC; + (SFCy; + Entry.l_Dur)-Max_Depth;
manip_disp SFCy, + (Max_Depth — 1)-Entry.l _Disp
+ Entry.IM_Disp;

Oper Pop( replaces R: Entry; updates S: Stack );
ensures S.Resid = (#R)°#S.Resid;
duration SFCpy;
manip_disp SFCypo;

Oper Push( altersE: Entry; updates S: Stack );
ensures#S.Resid = (E)°S.Resid;
duration SFCpy;
manip_disp SFCypy;

Oper Clear( clears S: Stack );
ensures S.Resid = #S.Resid-#S.ipso;
duration SFC;
manip_disp SFCyc;
end SFé;.

Figure 3: A Profilewith Supplementary Model

3.1 Specification of Supplementary Abstract Models

We begin the discussion considering the straightforward code of Pop in Stack
implementations that do not maintain the space-conscious convention. Here, unlike the
code for Pop given in the previous section, no (initialized) local variableis declared and
swapped into the array to keep it “clean.”

11
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Procedur e Pop( replaces R: Entry; updates S: Stack );
R :=: S.Contents(S.Top);
STop:=STop-1;

end Pop;

In the above implementation, when Pop is called, the top Stack entry replaces the value in
R. At the sametime, the (arbitrary) value that happensto be in parameter R is swapped
and leftinthe array. If R happensto be non-trivial tree, for example, then it continues to
be held in the array though it is not a part of the conceptual stack. After aseriesof calls
to Push and Pop, it is possible that a stack is empty, though severa residual objects are
left over initsinternal array. These residual entries correspond to a second string of
entries, and this string is introduced in the SFC profile as a supplementary model of a
Stack variable.

Supplement Resid: Str(Entry);
constraint [S.ipso| + |S.Resid| = Max_Depth;

In this profile, the abstraction for a Stack variable isa pair of strings: a string of visible
entries and a string of residual entries. Since the maximum depth of any Stack variableis
fixed to be Max_Depth in the concept, the constraint specifies that the total number of
entries in a Stack object, residual and others, add up to Max_Depth. In this expression,
S.ipso (a Latin word that means “for itself”) is a placeholder for the (string) view of Stack
given in the specification of Stack_Template concept.

Specifying Changes to the Supplemental Model

When a profile introduces a supplementary model, it must also specify how each
operation affects this supplement. Without it, there would be no way of knowing what
the supplement contains. The initialization operation includes an additional guarantee
that all theresidual entries areinitialized. A local definition, Is_All_Init, based on the
predicate Entry.Is_Init(E), is used for expressing this clause.

I nitialization;
ensures Is All_Init( S.Resid);

Similarly, the additional ensures clause for the Pop operation makes it explicit that the
incoming Entry supplied to acall becomes a part of the residue.

Oper Pop( replaces R: Entry; updates S. Stack );
ensures S.Resid = (#R)-#S.Resid,

The specification of the Clear operation in the profile makes it apparent that thereis no
difference in the storage space occupied by a Stack S before and after acall.

Oper Clear( clears S: Stack );
ensures S.Resid = #S.Resid-#S.ipso;

12
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The corresponding code in the implementation merely resets an index and is a constant-
time operation. The code allows arbitrary entries to remain in the array (possibly wasting
space) as atrade-off for speed.

Procedure Clear( updates S: Stack );
S.Top:=0;
end Clear;

3.2 Perfor mance Specification Using Supplements

Given the supplemental model, the profile in Figure 3 states how much storage spaceis
occupied by a Stack object, and it is essentially the aggregate displacement of all the
entries.

Displacement SFCp + Cnts_Disp( S.ResidS.ipso);

It isimportant to note that the expression is given purely in terms of the information in
the concept and the supplementary model in the profile without any reference to
implementation details. In general, a profile may introduce arbitrarily complex
supplements necessary to capture performance behavior. Although the supplements may
reveal more information than the concept does, typically, it is possible to avoid
introducing implementation details, keeping the performance specification at the
conceptua level. In generd, it may be necessary to introduce vastly different
supplements to capture the performance characteristics of different implementations (or
no supplement at all asillustrated in the case of the profile in Figure 2).

Based on the Sack initialization ensures clause in the concept and the profile, and the
object displacement clause, we can deduce that a stack S has the displacement SFCp, +
Max_Depth-Entry.l_Disp, immediately after creation. The duration and manipulation
displacement clauses for initialization are identical to those given in thefirst profilein
Figure 2, though they will be different for finalization. Other than initialization and
finalization, all Sack operations, including Pop and Clear, are documented to take
constant time and manipulation space in this profile.

4. Compositionality Using Profiles

The performance profiles are useful for component clients, enabling them to select from
among avariety of implementations that provide interesting performance trade-offs for
the same concept. They are also necessary for independent devel opment and modular
analysis of component-based systems in the same way as abstract specifications of
functional behavior are useful. For example, performance of other components that reuse
the Stack concept can be derived from the performance profile of the chosen Stack
implementation. To illustrate how profiles for a component built on other components
can be presented parametrically, we analyze code for a component built on Stack objects
and operations. The example specification for a Flip operation to reverse a stack is given

13
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below. It isan enhancement or conceptual extension to the Stack _Template
specification in Figure 1. In the ensures clause, Rev denotes the mathematical string
reversal operator.

Enhancement Flipping_Capability for Stack_Template;
Operation Flip( updates S: Stack );
ensures S = #S°;
end Flipping_Capability;

An implementation of the Flipping_Capability specification is given below. It contains
code for Flip using Stack operations, without relying on any particular implementation of
the Stack_Template concept.

Realization Obvious F_C_Redliz for Fipping_Capability;
Procedure Fip( updates S: Stack );
Var Next_Entry: Entry;
Var S Flipped: Stack;

While ( Depth_of(S)#0) do
Pop( Next_Entry, S);
Push( Next_Entry, S Flipped );
end;
S:=: S Flipped;
end;
end Obvious F C Redliz;

To analyze the functional behavior of the code, only the functionality specification of
stacks given in Figure 1 is necessary. Modular reasoning about the functional correctness
of the code can be done regardless of the implementation chosen for Stack_Template.

We have presented a concrete implementation to motivate the resulting performance
expressions in the discussion, but the emphasisin on developing abstract performance
specifications that are understandable to clients of the Flipping_Capability without
knowledge of its implementation details.

The same implementation of Flip has different performance behaviors, depending on
whether a Stack implementation with SSC profile or S-C profileisused. Therefore, itis
not possible to present a single profile for its specification. The exampleistypical, and it
illustrates that multiple profiles for a single implementation can result if it is built reusing
one or more other components. To specify performance in these more common situations
in a component-based setting, we generalize the idea of profilesto profile synthesizers —
constructs that make new profiles by using existing profiles for the concept under
consideration. Figure 4 contains the skeleton of a profile synthesizer for Flip. It leadsto
either profile SFF or STF for Flipping_Capability depending on the Stack
implementation profile. The motivation for (apparently conflicting) naming of the
profiles will become clear in subsequent discussion.
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Profile_Synthr STF short_for Typica_Flip for Flipping_Capability
for Stack Template with_profiles SSC, SFC;
Profile SFF short_for Faster_Flip matches STF with SSC;
Profile SSF short_for Space Saving_Flip matches STF with SFC;

Defines SFFr, SFFey, ...: R,
Defines SFFFMC]_, SFFFMcz, vn N

Operation Flip( updates S: Stack );
duration_for SFF: ...
duration_for SSF: ...

end STF;
Figure4: A Profile Synthesizer to Specify Profile Dependence

The synthesizer, STF, which can be realized with a single piece of code, provides
performance specifications for both the SSC and SFC profiles of Sack Template. This
supports an economy of reuse of the same code for different profiles, those put together
by this synthesizer.

4.1 Specification and Analysisof Flip for Stack I mplementationswith SSC Profile

Shown below is the performance behavior for Flip: The case SFF, where Flip is matched
with Stack_Template implementations with SSC profile.

Operation Flip( updates S: Stack );
duration_for SFF. (SFFg+ Entry.l_Dur + Stack.l_Dur +
(Entry.F_IV_Dur + Stack.F_IV_Dur +
(SFFeo+ Entry.l_Dur + Entry.F_IV_Dur)-J#S|;
manip_disp_for SFF: (SFFpvcy+ Entry.l_Disp + Stack.l_Disp +
Max (SFFemc2, Entry.IM _Disp, Entry.F_IVM_Disp));

The duration expression for Flip, in addition to a constant term S-F;, has three parts:
duration for local variableinitialization, local variable finalization, and loop execution.
First we assume that a Sack component with profile SSC (Figure 2) isused. The
duration expression to initialize the two local variables—an entry and astack is
straightforward, and it isthe sum of Entry.l_Dur and Stack.l_Dur. Unlikeinitiaization,
the time for finalization of the two local variables depends on the values of the local
variables at the time of finalization. Therefore, we need to understand what their values
would be at the end of the code. In this code, the Stack S Flipped that isfinalized is
empty, because Sis empty just before the swap statement. Therefore, the duration
expression also includes the term Stack.F_IV_Dur —thetimeto finalize a stack with
initial value. Thelocal variable Next_Entry also has an initial value just before
finalization. To see why, notice that the loop maintains the invariant

Entry.I's Init(Next_Entry) from the extended ensures clause for Push operation in the
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profile SSC guarantees that after Push the parametric Entry isinitialized. Therefore, the
duration to finalize the Entry at the end of the code is Entry.F_1V_Dur —the time to
finalize an entry with initial value.

The loop executes J#S| times. The time for each iteration includes a constant term
because of callsto Depth, Push, and loop branching. It addition, we note from the SSC
profile that every call to Pop(R, S) takestime SCp, + Entry.l _Dur + Entry.F_Dur(#R).
In the code given above, Next_Entry that is supplied to Pop is the entry resulting from the
previousto call to Push. Since the ensures clause of Push in SSC profile guarantees that
Push initializes its Entry parameter, we are guaranteed that Pop is only supplied initial
entriesin every call. Therefore, Pop needs to finalize only initial entries and the time for
each call to Pop ssimplifiesto SSCp, + Entry.l_Dur + Entry.F_IV_Dur. Thisanaysis
leads us to the above lemma about the duration specification for Flip, where S-F¢; and
SFFg; are two constants defined in terms of the constants given in the SSC profile.

Using asimilar analysis based on the SSC profile, minimum space necessary to call Flip
beyond what it is occupied by its parametric stack is its manipulation displacement
expression given above. The procedure requires space for local variable creation:
Entry.l_Disp + Stack.l_Disp. In addition, it requires the maximum space that might be
manipulated by any of the called operations, Entry initialization, Entry finalization,
Depth_of, Push, and Pop. Using the expressionsin the SFC profile, this analysisleads us
to that maximum given in the expression. In general, Entry finalization can take different
amounts of time and space depending in the entry that isfinalized. Here,
Entry.F_1VM_Disp denotes the manipul ation displacement necessary to finalize an entry
with an initial value, and thisis sufficient, because al entries that are on the finalized
stack have initial values. In developing the formula, we have used the information that
the finalization manipulation displacement for a Sack variable (not shown in the profile
in Figure 2) is dominated by Entry finalization manipulation displacement.

4.2 Specification and Analysisof Flip for Stack I mplementationswith SFC Profile

Next we discuss the Flip procedure relative to the SFC profile in Figure 3 that includes
the supplemental residue entries. The resulting profile is named SSF, as a short hand for
Space Saving Flip because it ensures that the residue of the incoming stack Sis cleared
to beall initia entries as a side-effect of flipping. This becomes clear from the additional
ensures clause for Flip given below.
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Operation Flip( updates S: Stack );

ensures Is All_Init( S.Resid);

duration (SSFg+ Entry.l_Dur + Stack.l_Dur +
Entry.F_IV_Dur +
Cnts F Dur(#S.resid) + (Max_Depth - [¢#S.ipsol)-Entry.F_IV_Dur +
SSsz'l#S.i pSOl,

manip_disp (SSFevcy+ Entry.l_Disp + Stack.l_Disp +
Max (SSFemc, Entry.IM_Disp,

Entry.F_IVM_Disp, Max (EntryFM_Disp(E)) );

E: Entry, B: Str(Entry) >
(E)op Is_Sufix #S.resid

The duration for initialization in this case leads to the same expression and it is:
Entry.l_Dur and Stack.l_Dur. To compute the time for finalizing the local stack
variable, we use the assertions on the supplemental model in the profile in addition to the
assertionsin the functionality specification. Following this reasoning, we see that the
local stack S Flipped that isfinalized at the end is conceptually empty and therefore, its
residue is of length Max_Depth as per the constraintsin the profile. 1n addition, we can
reason that S Flipped.resid is the residue of the parametric stack #Sresid concatenated
with astring of all empty entries. Therefore, the duration to finalize S Flipped isthe
duration to finalize al the entriesin #Sresid (given using the definition Cnts_F_Dur in
the formula) plus the duration to finalize empty entries. From the assertions, it isalso
possible to analyze that the local Next_Entry has an initial value at the end of the code,
leading to the expression Entry.F_1V_Dur in the formula. All the operationsinvoked in
the loop take a constant time when using the SFC profile, and therefore, the loop duration
depends only on the length of the conceptual value of the parameter S,

The central difference between the manipulation displacement expression in this profile
for Flip and the one corresponding to the SSC profile arises from the fact that all residual
entries in the parametric stack Sneed to be finalized. Since the finalization manipulation
displacement time depends on the value of the entry, we have to do a maximum among
the entries in the residue of the incoming stack.

It is also possible to generate the performance expressions for Flip operation
mechanically, but our experience in mechanical generation of performance formulas
without human intervention shows us that the resulting expressions are too general and
are unlikely to be comprehensible. But it is both possible and important to develop tools
to check the correctness of specified formulas against the implementations.

5. Related Work and Discussion

The importance of performance considerations for software engineering (e.g., [CCWOQO,
Smi90]), in general, and for software components (e.g., [Szy98, Mey03]), in particular,
has been widely acknowledged. Designers of languages and devel opers of component
libraries have emphasized the role of alternative implementations to provide performance
trade-offs[Boo87, Mey97, MDS01,Win90]. The importance of generic programming is
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becoming increasingly clear [JLMOO] as seen from improvements to Javaand C#. Even
more sophisticated approaches that permit development of systemsto allow
parameterization and choice of implementation have been proposed [BaG97, SFS97].
However, for component users to choose from multiple implementations and analyze
performance of component-based systems in a modular fashion, aformal system for
performance specification is necessary. Balsamo, et al., in surveying various effortsin
performance analysis [BDI04], note that “ Although several of these approaches have
been successfully applied, we are till far from seeing performance prediction integrated
into ordinary software development” and conclude that one of the unresolved problemsis
the lack of software notations that allow for easily expressing performance. The profile
construct proposed here for extending specification (and programming) languages to
specify performance is a step in integrating performance considerations in software
development.

Elsewhere we have explained that classical big-O notations [CLR90, Knu68] can be
strengthened to provide performance estimates in terms of values of objects, not merely
their sizes, in order to be suitable for components [ SKOO01]; other complexity calculus
approaches have been proposed [ScZ94]. But big-O notations require metricization, and
are often too restrictive for specifying performance precisely. A general performance
specification system should be flexible, allowing specifiersto express performance in
terms of abstractions that are appropriate for the problem at hand. This emphasis on
abstraction and generic components in specifying both time and space usage of
components, also make the ideas discussed in this paper quite different from the work in
the real-time community (e.g., [HaUu01, Hoo91, JuT02, LyV95, Mah92]), where timing
deadlines and concurrency are the focus.

Our work is complementary to the work in performance engineering based on actual
measurement in that our profiles are conceptual. This observation suggests that an
important future direction is to explore how measurement can be employed to “test” that
the validity of component profiles for specific instances. One of the efforts along this
direction isthe inclusion of performance-related assertions into IML — Java Modeling
Language [LBR99, LPCO03] based on the notations discussed in this paper. Current IML
tools can check if functionality-related assertions hold at run-time. Using run-time
monitoring and measurement, we hope that performance assertions can be “tested” in a
similar fashion. Based on the principles presented in this paper, we believe that a
performance specification framework for other behavioral specification language and
implementation language combinations can be developed, as long as the particulars of the
language features are accounted for carefully in specification.

An important future direction isto extend previous work on formal static analysis of
functional behavior to performance. Working within the context of a procedure, Shaw
has proposed elements of a system for timing analysis at the source code level [ Sha89].
Following Shaw’swork, whereas Lim, et al., have focused on hardware aspects and
executable code to providetight analysis (e.g., [LBJ95]), Liu and Gomez have addressed
various other aspects of source code analysis, including loops, parameters and recursion
[LiG98, GoL02]. Hehner has built on the work of Mary Shaw [Sha79], to formalize time
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and space analysis of arecursive procedure at the source code level [Heh99]. Working
within the context of functional programs Unnikrishnan, et al. and Hofmann and Jost
have addressed issues in bounding the space usage of functional programs under various
assumptions using program-level source code analysis [HoJO3, USLO01].

Ultimately, for compositional performance analysis of components with performance
profiles such as the ones outlined in this paper, current approaches for formal analysis
need to be combined with advances in compositional verification of functional behavior
in the presence of data abstractions (e.g, [EHO94, Lei95, Lew95, MuP00, SOW97,
SAKOQ]), because assertions for functional correctness are necessary in establishing
performance correctness. To automate the process, additional annotations for loopsin the
spirit of invariants for time and space and additional abstraction relations to
supplementary models will be necessary. While we have motivated the need for
supplementary models in performance specifications in this paper using asimple
example, the more general nature of the problem can be seen from the discussions and
examplesin [Sit94] on alternative levels of precision, expressiveness of specificationsin
[WOS01], and amortized cost and shared realizationsin [EHO94].

We have introduced a framework within which it is possible to specify both functionality
and performance behaviors of software components at appropriate levels of abstraction,
providing avocabulary for stating time and space constraints. The new framework
supports both generics and compositionality.
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