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Far too many programmers and software designers consider efficient C++ to be an
oxymoron. They regard C++ as inherently slow and inappropriate for performance-
critical applications. Consequently, C++ has had little success penetrating domains such
as networking, operating system kernels, device drivers, and others.

Efficient C++ explodes that myth. Written by two authors with first-hand experience
wringing the last ounce of performance from commercial C++ applications, this book
demonstrates the potential of C++ to produce highly efficient programs. The book reveals
practical, everyday object-oriented design principles and C++ coding techniques that can
yield large performance improvements. It points out common pitfallsin both design and
code that generate hidden operating costs.

This book focuses on combining C++'s power and flexibility with high performance and
scalability, resulting in the best of both worlds. Specific topics include temporary objects,
memory management, templates, inheritance, virtual functions, inlining, reference-
counting, STL, and much more.

With this book, you will have a valuable compendium of the best performance techniques
at your fingertips.
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Preface

If you conducted an informal survey of software developers on the issue of C++ performance, you would
undoubtedly find that the vast mgjority of them view performance issues as the Achilles heel of an
otherwise fine language. We have heard it repeatedly ever since C++ burst on the corporate scene: C++ is
apoor choice for implementing performance-critical applications. In the mind of developers, this particular
application domain was ruled by plain C and, occasionally, even assembly language.

As part of that software community we had the opportunity to watch that myth develop and gather steam.
Y ears ago, we participated in the wave that embraced C++ with enthusiasm. All around us, many
development projects plunged in headfirst. Some time later, software solutions implemented in C++ began
rolling out. Their performance was typically less than optimal, to put it gently. Enthusiasm over C++ in
performance-critical domains has cooled. We were in the business of supplying networking software
whose execution speed was not up for negotiation—speed was top priority. Since networking softwareis
pretty low on the software food-chain, its performance is crucial. Large numbers of applications were
going to sit on top of it and depend on it. Poor performance in the low levelsripples all the way up to
higher level applications.

Our experience was not unique. All around, early adopters of C++ had difficulties with the resulting
performance of their C++ code. Instead of attributing the difficulties to the steep learning curve of the new
object-oriented software devel opment paradigm, we blamed it on C++, the dominant language for the
expression of the paradigm. Even though C++ compilers were still essentialy in their infancy, the
language was branded as inherently slow. This belief spread quickly and is now widely accepted as fact.
Software organizations that passed on C++ frequently pointed to performance as their key concern. That
concern was rooted in the perception that C++ cannot match the performance delivered by its C
counterpart. Conseguently, C++ has had little success penetrating software domains that view performance
astop priority: operating system kernels, device drivers, networking systems (routers, gateways, protocol
stacks), and more.

We have spent years dissecting large systems of C and C++ code trying to squeeze every ounce of
performance out of them. It is through our experience of slugging it out in the trenches that we have come
to appreciate the potential of C++ to produce highly efficient programs. We' ve seen it donein practice.
This book is our attempt to share that experience and document the many lessons we have learned in our
own pursuit of C++ efficiency. Writing efficient C++ isnot trivial, nor isit rocket science. It takes the
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understanding of some performance principles, as well asinformation on C++ performance traps and
pitfals.

The 80-20 rule is an important principle in the world of software construction. We adopt it in the writing of
this book as well: 20% of all performance bugs will show up 80% of the time. We therefore chose to
concentrate our efforts where it counts the most. We are interested in those performance issues that arise
frequently in industrial code and have significant impact. This book is not an exhaustive discussion of the
set of all possible performance bugs and their solutions; hence, we will not cover what we consider
esoteric and rare performance pitfalls.

Our point of view is undoubtedly biased by our practical experience as programmers of server-side,
performance-critical communications software. This bias impacts the book in several ways.

e Theprofile of performance issues that we encounter in practice may be dlightly different in nature
than those found in scientific computing, database applications, and other domains. That’s not a
problem. Generic performance principles transcend distinct domains, and apply equally well in
domains other than networking software.

e Attimes, weinvented contrived examples to drive a point home, although we tried to minimize
this. We have made enough coding mistakes in the past to have a sizable collection of samples
taken from real production-level code that we have worked on. Our expertise was earned the hard
way—hby learning from our own mistakes as well as those of our colleagues. As much as possible,
we illustrated our points with real code samples.

e Wedo not delve into the asymptotic complexity of algorithms, data structures, and the latest and
greatest techniques for accessing, sorting, searching, and compressing data. These are important
topics, but they have been extensively covered elsewhere [Knu73, BR95, KP74]. Instead, we
focus on ssimple, practical, everyday coding and design principles that yield large performance
improvements. We point out common design and coding practices that |ead to poor performance,
whether it be through the unwitting use of language features that carry high hidden costs or
through violating any number of subtle (and not so subtle) performance principles.

So how do we separate myth from reality? |s C++ performance truly inferior to that of C? It isour
contention that the common perception of inferior C++ performance isinvalid. We concede that in general,
when comparing a C program to a C++ version of what appears to be the same thing, the C programiis
generally faster. However, we aso claim that the apparent similarity of the two programs typically is based
on their data handling functionality, not their correctness, robustness, or ease of maintenance. Our
contention is that when C programs are brought up to the level of C++ programs in these regards, the speed
differences disappear, or the C++ versions are faster.

Thus C++ isinherently neither lower nor faster. It could be either, depending on how it is used and what
isrequired fromit. It'sthe way it is used that matters: If used properly, C++ can yield software systems
exhibiting not just acceptable performance, but yield superior software performance.

We would like to thank the many people who contributed to this work. The toughest part was getting
started and it was our editor, Marina Lang, who was instrumental in getting this project off the ground.
Julia Sime made a significant contribution to the early draft and Y omtov Meged contributed many valuable
suggestions as well. He also was the one who pointed out to us the subtle difference between our opinions
and the absolute truth. Although those two notions may coincide at times, they are till distinct.

Many thanks to the reviewers hired by Addison-Wedley; their feedback was extremely valuable.

Thanks aso to our friends and colleagues who reviewed portions of the manuscript. They are, in no
particular order, Cyndy Ross, Art Francis, Scott Snyder, Tricia Y ork, Michael Fraenkel, Carol Jones,
Heather Kreger, Kathryn Britton, Ruth Willenborg, David Wisler, Bala Ragjaraman, Don “ Spike’
Woashburn, and Nils Brubaker.

Last but not least, we would like to thank our wives, Cynthia Powers Bulka and Ruth Washington Mayhew.
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Introduction

In the days of assembler language programming, experienced programmers estimated the execution speed
of their source code by counting the number of assembly language instructions. On some architectures,
such as RISC, most assembler instructions executed in one clock cycle each. Other architectures featured
wide variations in instruction to instruction execution speed, but experienced programmers were able to
develop agood feel for average instruction latency. If you knew how many instructions your code
fragment contained, you could estimate with accuracy the number of clock cycles their execution would
consume. The mapping from source code to assembler was trivially one-to-one. The assembler code was
the source code.

On the ladder of programming languages, C is one step higher than assembler language. C source codeis
not identical to the corresponding compiler-generated assembler code. It is the compiler’ stask to bridge
the gap from source code to assembler. The mapping of source-to-assembler code is no longer the one-to-
one identity mapping. It remains, however, alinear relationship: Each source level statement in C
corresponds to asmall number of assembler instructions. If you estimate that each C statement translates
into five to eight assembler instructions, chances are you will be in the ballpark.

C++ has shattered this nice linear relationship between the number of source level statements and
compiler-generated assembly statement count. Whereas the cost of C statementsis largely uniform, the
cost of C++ statements fluctuates wildly. One C++ statement can generate three assembler instructions,
whereas another can generate 300. Implementing high-performance C++ code has placed a new and
unexpected demand on programmers: the need to navigate through a performance minefield, trying to stay
on a safe three-instruction-per-statement path and to avoid usage of routes that contain 300-instruction land
mines. Programmers must identify language constructs likely to generate large overhead and know how to
code or design around them. These are considerations that C and assembler language programmers have
never had to worry about. The only exception may be the use of macrosin C, but those are hardly as
frequent as the invocations of constructors and destructorsin C++ code.

The C++ compiler might also insert code into the execution flow of your program “behind your back.”
Thisis news to the unsuspecting C programmer migrating to C++ (which is where many of us are coming
from). The task of writing efficient C++ programs requires C++ developers to acquire new performance
skills that are specific to C++ and that transcend the generic software performance principles. In C
programming, you are not likely to be blindsided by hidden overhead, so it is possible to stumble upon
good performance in a C program. In contrast, thisis unlikely to happen in C++: Y ou are not going to
achieve good performance accidentally, without knowing the pitfalls lurking about.

To be fair, we have seen many examples of poor performance that were rooted in inefficient object-
oriented (OO) design. The ideas of software flexibility and reuse have been promoted aggressively ever
since OO moved into the mainstream. However, flexibility and reuse seldom go hand-in-hand with
performance and efficiency. In mathematics, it would be painful to reduce every theorem back to basic
principles. Mathematicians try to reuse results that have already been proven. Outside mathematics,
however, it often makes sense to leverage special circumstances and to take shortcuts. In software design,
it is acceptable under some circumstances to place higher priority on performance than reuse. When you
implement the read () or write() function of adevice driver, the known performance requirements are
generally much more important to your software’ s success than the possibility that at some point in the
future it might be reused. Some performance problemsin OO design are due to putting the emphasis on the
wrong place at the wrong time. Programmers should focus on solving the problem they have, not on
making their current solution amenable to some unidentified set of possible future requirements.

Roots of Software Inefficiency

Silent C++ overhead is not the root of all performance evil. Even eliminating compiler-generated overhead
would not always be sufficient. If that were the case, then every C program would enjoy automatic
awesome performance due to the lack of silent overhead. Additional factors affect software performance in
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general and C++ performance in particular. What are those factors? Thefirst level of performance
classification isgiven in Figure 1.

Figure 1. High-level classification of software performance.

Software Performance

/
/
'

Design Coding

At the highest level, software efficiency is determined by the efficiency of two main ingredients:

Design efficiency Thisinvolves the program’s high-level design. To fix performance problems at
that level you must understand the program’ s big picture. To alarge extent, thisitem is language
independent. No amount of coding efficiency can provide shelter for abad design.

Coding efficiency Small- to medium-scale implementation issues fall into this category. Fixing
performance in this category generally involves local modifications. For example, you do not need
to look very far into a code fragment in order to lift a constant expression out of aloop and
prevent redundant computations. The code fragment you need to understand is limited in scope to
the loop body.

This high-level classification can be broken down further into finer subtopics, as shown in Figure 2.

Figure 2. Refinement of the design performance view.

Design

Algorithms & Data Stuctures Program Decompositior

Design efficiency is broken down further into two items:

Algorithms and data structures Technically speaking, every programis an algorithm in itself.
Referring to “agorithms and data structures” actually refers to the well-known subset of
algorithms for accessing, searching, sorting, compressing, and otherwise manipulating large
collections of data.

Oftentimes performance automatically is associated with the efficiency of the algorithms and data
structures used in a program, asif nothing else matters. To claim that software performance can be
reduced to that aspect alone isinaccurate. The efficiency of algorithms and data structuresis
necessary but not sufficient: By itself, it does not guarantee good overall program efficiency.



e Program decomposition Thisinvolves decomposition of the overall task into communicating
subtasks, object hierarchies, functions, data, and function flow. It isthe program’s high-level
design and includes component design as well as intercomponent communication. Few programs
consist of asingle component. A typical Web application interacts (via API) with aWeb server,
TCP sockets, and a database, at the very least. There are efficiency tricks and pitfalls with respect
to crossing the API layer with each of those components.

Coding efficiency can also be subdivided, as shown in Figure 3.

Figure 3. Refinement of the coding performance view.

Coding

Language System Libraries Compiler
Constructs Architectura Optimizations

We split up coding efficiency into four items:

e Language constructs C++ adds power and flexihility to its C ancestor. These added benefits do
not come for free—some C++ language constructs may produce overhead in exchange. We will
discuss this issue throughout the book. Thistopic is, by nature, C++ specific.

e System architecture System designers invest considerable effort to present the programmer with
an idedlistic view of the system: infinite memory, dedicated CPU, parallel thread execution, and
uniform-cost memory access. Of course, none of these istrue—it just feels that way. Developing
software free of system architecture considerationsis also convenient. To achieve high
performance, however, these architectural issues cannot be ignored since they can impact
performance drastically. When it comes to performance we must bear in mind that

o Memory isnot infinite. It is the virtual memory system that makes it appear that way.

o Thecost of memory access is nonuniform. There are orders of magnitude difference
among cache, main memory, and disk access.

o Our program does not have a dedicated CPU. We get atime slice only once in awhile.

o Onauniprocessor machine, paralel threads do not truly execute in parallel—they take
turns.

Awareness of these issues hel ps software performance.

e Libraries The choice of libraries used by an implementation can also affect performance. For
starters, some libraries may perform atask faster than others. Because you typically don't have
access to the library’ s source code, it is hard to tell how library calls implement their services. For
example, to convert an integer to a character string, you can choose between
sprintf(string, “%d”, 1);
or an integer-to-ASCI| function call [KR8g],
itoa(i, string);

Which one is more efficient? Is the difference significant?



There is also the option of rolling your own version even if a particular serviceis already available
inalibrary. Libraries are often designed with flexibility and reusability in mind. Often, flexibility
and reusability trade off with performance. If, for some critical code fragment, you choose to put
performance considerations above the other two, it might be reasonable to override alibrary
service with your own home-grown implementation. Applications are so diverse in their specific
needs, it is hard to design alibrary that will be the perfect solution for everybody, everywhere, all
thetime.

e Compiler optimizations Simply a more descriptive name than “miscellaneous,” this category
includes al those small coding tricks that don't fit in the other coding categories, such asloop
unrolling, lifting constant expressions out of loops, and similar techniques for elimination of
computational redundancies. Most compilers will perform many of those optimizations for you.
But you cannot count on any specific compiler to perform a specific optimization. One compiler
may unroll aloop twice, ancther will unroll it four times, and yet another compiler will not unroll
it at all. For ultimate control, you have to take coding matters into your own hands.

Our Goal

Many books and articles have extolled the virtues of C++ as alanguage supporting the OO paradigm. C++
is positioned as the latest cure for the software crisis. For those not familiar with the term, the software
crisisisour current inability to develop code that is simple enough to be understood, maintained, and
extended by a mere mortal, yet powerful enough to provide solutions to complex problems [CE95].
Developers who migrate from other structured languages toc C++ have been bombarded with information
pertaining to the use of C++ in creating highly flexible and reusable code that will lend itself nicely to easy
maintenance and extension. One important issue, however, has received little attention: run-time efficiency.
We will examine the relevant performance topics from the perspective of C++ programming. After reading
this book you should emerge with a clear understanding of the common C++ performance pitfalls and how
to avoid them without compromising the clarity and simplicity of your design. In fact, the high-
performance solution is frequently also the simplest solution. This book should aso help developers
produce C++ code as efficient asits C counterpart while still benefiting from the extended features of C++
and the inherent superiority of the OO paradigm. A famous physicist once said that an expert is one who
has made all possible mistakesin avery narrow field. Although making mistakes is a good way to learn,
learning from the mistakes of others (the authors, in this case) is even better.

A secondary goal of this book is to construct a one-stop shop for C++ performance issues. Asa C++
devel oper, the answers to your performance concerns are not readily available. They are scattered over a
long list of books and magazine articles that address different pieces of this puzzle. Y ou would have to
research thistopic and put it all together yourself. Not many developers are going to do that. We are too
busy. It will be helpful to have a one-stop shop that focuses entirely on the important topic of C++
performance.

Software Efficiency: Does It Matter?

In an era where processor speed doubles every 18 months (Moore's law), do we really need to worry about
software efficiency? The fact is that regardless of phenomenal advances in chip technology, software
efficiency is still aprominent concern. In 1971, the Intel 4004 was the first commercia processor to fit on
asingle chip. It was named a microprocessor. Since then, microprocessor technology has embarked on a
25-year streak of doubling processor speed every 18 months. Today's microprocessors are tens of
thousands of times faster than the Intel 4004. If processor speed was the answer to inefficient software, the
issue would have been resolved and long forgotten. Y et, software efficiency is still a concern with most
development organizations. Why?



Imagine that you are trying to sell your product, say a Web application server, to a Fortune 500 company.
They need 600 transactions per second to run their business online. Y our application server can support
only 60 transactions per second before running out of steam on the latest and greatest server hardware. If
the customer isto use your software, they need to string together a cluster of at least 10 serversto reach
their 600-transaction per second goal, raising the cost of your solution in terms of hardware, software
licenses, network administration, and maintenance. To make matters worse, the customer has invited two
of your competitors to pitch their own solutions. If a competitor has a more efficient implementation, they
will need less hardware to deliver the required performance, and they will offer a cheaper solution. The
speed of the processor is a constant in this situation—the software vendors in this story compete over the
same hardware. It is often the case that the most efficient solution wins the bid.

Y ou also must examine how processing speed compares to communication speed. If we can transmit data
faster than the computer can generate it, then the computer (processor plus software) is the new bottleneck.
The limitsimposed by physics might soon put the brakes on the fantastic growth of processor speed
[Lew1]. Not so for communication speed. Like processing speed, communication speed has enjoyed
phenomenal growth. Back in 1970, 4800 bits per second was considered high-speed communication.
Today, hundreds of megabits per second is common. The end of the road for communication speed is
nowherein sight [Lew?2].

Optical communication technology does not seem to have show-stopping technological roadblocks that
will threaten progress in the near future. Several research labs are already experimenting with 100-gigabit-
per-second all-optical networking. The biggest obstacle currently is not of atechnical nature; itisthe
infrastructure. High-speed networking necessitates the rewiring of the information society from copper
cablesto optical fiber. This campaign is already underway. Communication adapters are already faster
than the computing devices attached to them. Emerging network technologies such as 100 Mbps LAN
adapters and high-speed ATM switches make computer speed critical. In the past, inefficient software has
been masked by slow links. Popular communication protocols such as SNA and TCP/IP could easily
overwhelm a 16 Mbps token ring adapter, leaving software performance bottlenecks undetected. Not so
with 100 Mbps FDDI or Fast Ethernet. If 1,000 instructions are added to the protocol's send/receive path,
they may not degrade throughput on a token ring connection because the protocol implementation can still
pump data faster than the token ring can consume it. But an extra 1,000 instructions show up instantly as
degraded throughput on a Fast Ethernet adapter. Today, very few computers are capable of saturating a
high-speed link, and it is only going to get more difficult. Optical communication technology is now
surpassing the growth rate of microprocessor speed. The computer (processor plus software) is quickly
becoming the new bottleneck, and it's going to stay that way.

To make along story short, software performance isimportant and always will be. This oneis not going
away. As processor and communication technology march on, they redefine what "fast" means. They give
rise to anew breed of bandwidth- and cycle-hungry applications that push the boundaries of technology.
Y ou never have enough horsepower. Software efficiency now becomes even more crucial than before.
Whether the growth of processor speed is coming to an end or not, it will definitely trail communication
speed. This puts the efficiency burden on the software. Further advances in execution speed will depend
heavily on the efficiency of the software, not just the processor.

Terminology

Before moving on, here are afew words to clarify the terminology. "Performance" can stand for various
metrics, the most common ones being space efficiency and time efficiency. Space efficiency seeksto
minimize the use of memory in a software solution. Likewise, time efficiency seeks to minimize the use of
processor cycles. Time efficiency is often represented in terms of response time and throughput. Other
metrics include compile time and executable size.

The rapidly falling price of memory has moved the topic of space efficiency for its own sake to the back
burner. Desktop PCs with plenty of RAM (Random Access Memory) are common. Corporate customers
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are not that concerned about space issues these days. In our work with customers we have encountered
concerns with run-time efficiency for the most part. Since customers drive requirements, we will adopt
their focus on time efficiency. From here on, we will restrict performance to its time-efficiency
interpretation. Generally we will look at space considerations only when they interfere with run-time
performance, as in caching and paging.

In discussing time efficiency, we will often mention the terms "pathlength™ and "instruction count”
interchangeably. Both stand for the number of assembler language instructions generated by a fragment of
code. In aRISC architecture, if acode fragment exhibits a reasonable "locality of reference” (i.e., cache
hits), the ratio between instruction counts and clock cycles will approximate one. On CISC architectures it
may average two or more, but in any event, poor instruction counts always indicate poor execution time,
regardless of processor architecture. A good instruction count is necessary but not sufficient for high
performance. Conseguently, it is a crude performance indicator, but still useful. It will be used in
conjunction with time measurements to evaluate efficiency.

Organization of This Book

We start the performance tour close to home with areal-life example. Chapter 1 isawar story of C++ code
that exhibited atrocious performance, and what we did to resolve it. This example will drive home some
performance lessons that might very well apply to diverse scenarios.

Object-oriented design in C++ might harbor a performance cost. Thisiswhat we pay for the power of OO
support. The significance of this cost, the factors affecting it, and how and when you can get around it are
discussed in Chapters 2, 3, and 4.

Chapter 5 is dedicated to temporaries. The creation of temporary objects is a C++ feature that catches new
C++ programmers off guard. C programmers are not used to the C compiler generating significant
overhead "under the covers.” If you aim to write high-efficiency C++, it is essential that you know when
temporaries are generated by the C++ compiler and how to avoid them.

Memory management is the subject of Chapters 6 and 7. Allocating and deallocating memory on thefly is
expensive. Functions such as new() and delete() are designed to be flexible and general. They deal
with variable-sized memory chunks in a multithreaded environment. As such, their speed is compromised.
Oftentimes, you are in a position to make simplifying assumptions about your code that will significantly
boost the speed of memory allocation and deallocation. These chapters will discuss severa simplifying
assumptions that can be made and the efficient memory managers that are designed to leverage them.

Inlining is probably the second most popular performance tip, right after passing objects by reference. Itis
not assimple asit sounds. The inline keyword, just like register, isjust a hint that the compiler often
ignores. Situationsin which inline islikely to be ignored and other unexpected consequences are
discussed in Chapters 8, 9, and 10.

Performance, flexibility, and reuse seldom go hand-in-hand. The Standard Template Library is an attempt
to buck that trend and to combine these three into a powerful component. We will examine the
performance of the STL in Chapter 11.

Reference counting is a technique often used by experienced C++ programmers. Y ou cannot dedicate a
book to C++ performance without coverage of this technique, discussed in Chapter 12.

Software performance cannot aways be salvaged by a single "silver bullet" fix. Performance degradation
is often aresult of many small local inefficiencies, each of which isinsignificant by itself. It isthe
combination that results in a significant degradation. Over the years, while resolving many performance
bugsin various C++ products, we have come to identify certain bugs that seem to float to the surface
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frequently. We divided the list into two sets: coding and design inefficiencies. The coding set contains
"low-hanging fruit"—small-scale, local coding optimizations you can perform without needing to
understand the overall design. In Chapter 13 we discuss various items of that nature. The second set
contains design optimizations that are global in nature. Those optimizations modify code that is spread
across the source code, and are the subject of Chapter 14.

Chapter 15 covers scalability issues, unique performance considerations present in a multiprocessor
environment that we don't encounter on a uniprocessor. This chapter discusses design and coding issues
aimed at exploiting parallelism. This chapter will also provide some help with the terminology and
concepts of multithreaded programming and synchronization. We refer to thread synchronization concepts
in several other placesin the book. If your exposure to those conceptsis limited, Chapter 15 should help
level the playing field.

Chapter 16 takes alook at the underlying system. Top-notch performance a so necessitates a rudimentary
understanding of underlying operating systems and processor architectures. Issues such as caching, paging,
and threading are discussed here.
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Chapter 1. The Tracing War Story

Every software product we have ever worked on contained tracing functionality in one form or another.
Any time your source code exceeds afew thousand lines, tracing becomes essential. It isimportant for
debugging, maintaining, and understanding execution flow of nontrivial software. Y ou would not expect a
trace discussion in a performance book but the reality is, on more than one occasion, we have run into
severe performance degradation due to poor implementations of tracing. Even dlight inefficiencies can
have a dramatic effect on performance. The goal of this chapter is not necessarily to teach proper trace
implementation, but to use the trace vehicle to deliver some important performance principles that often
surface in C++ code. The implementation of trace functionality runsinto typical C++ performance
obstacles, which makes it a good candidate for performance discussion. It is ssmple and familiar. We don't
have to drown you in a sea of irrelevant details in order to highlight the important issues. Y et, simple or
not, trace implementations drive home many performance issues that you are likely to encounter in any
random fragment of C++ code.

Many C++ programmers define asimple Trace classto print diagnostic information to alog file.
Programmers can define a Trace object in each function that they want to trace, and the Trace class can
write a message on function entry and function exit. The Trace objects will add extra execution overhead,
but they will help a programmer find problems without using a debugger. If your C++ code happens to be
embedded as native code in a Java program, using a Java debugger to trace your native code would be a
challenge.

The most extreme form of trace performance optimization would be to eliminate the performance cost
altogether by embedding trace calls inside #i fde T blocks:

#ifdef TRACE

Trace t("'myFuction'); // Constructor takes a function name argument
t.debug('Some information message™);

#endif

The weakness of the #i fdef approach is that you must recompile to turn tracing on and off. Thisis
definitely something your customers will not be able to do unless you jump on the free software
bandwagon and ship them your source code. Alternatively, you can control tracing dynamically by
communicating with the running program. The Trace class implementation could check the trace state
prior to logging any trace information:

void
Trace: :debug(string &msg)

ifT (tracelsActive) {
// log message here
3

}

We don't care about performance when tracing is active. It is assumed that tracing will be turned on only
during problem determination. During normal operation, tracing would be inactive by default, and we
expect our code to exhibit peak performance. For that to happen, the trace overhead must be minimal. A
typical trace statement will look something along the lines of

t.debug(''’x = " + itoa(x)); // itoa() converts an int to ascii

Thistypical statement presents a serious performance problem. Even when tracing is off, we still must
create the string argument that is passed in to the debug () function. This single statement hides
substantial computation:



e Create atemporary string object from™x = **

e Cdl itoa(x)

e Create atemporary string object from the char pointer returned by itoa()

e Concatenate the preceding string objectsto create athird temporary string
e Destroy all three string temporaries after returning from the debug () cal

So we go to all thistrouble to construct three temporary string objects, and proceed to drop them all
over the floor when we find out that trace isinactive. The overhead of creating and destroying those
string and Trace objectsis at best hundreds of instructions. In typical OO code where functions are
short and call frequencies are high, trace overhead could easily degrade performance by an order of
magnitude. Thisis not a farfetched figment of our imagination. We have actually experienced it in areal-
life product implementation. It is an educational experience to delve into this particular horror story in
more detail. It is the story of an attempt to add tracing capability to a complex product consisting of a half-
million lines of C++ code. Our first attempt backfired due to atrocious performance.

Our Initial Trace Implementation

Our intent was to have the trace object log event messages such as entering a function, leaving a function,
and possibly other information of interest between those two events.

int myFunction(int x)

{
string name = "myFunction®;
Trace t(name);

string morelnfo = "more interesting info";
t.debug(morelnfo);

}; // Trace destructor logs exit event to an output stream

To enable this usage we started out with the following Trace implementation:

class Trace {

public:
Trace (const string &name);
~Trace ();

void debug (const string &msg);
static bool tracelsActive;

private:
string theFunctionName;

3

The Trace constructor stores the function's name.

inline
Trace: :Trace(const string &name) : theFunctionName(name)

ifT (TracelsActive) {
cout << "Enter function”™ << name << endl;
3

}

Additional information messages are logged via calls to the debug () method.



inline
void Trace: :debug(const string &msg)

ifT (TracelsActive) {
cout << msg << endl;
}

}

inline
Trace: :~Trace()

ifT (tracelsActive) {
cout << "Exit function " << theFunctionName << endl;
b

}

Once the Trace was designed, coded, and tested, it was deployed and quickly inserted into alarge part of
the code. Trace objects popped up in most of the functions on the critical execution path. On a subsequent
performance test we were shocked to discover that performance plummeted to 20% of its previous level.
Theinsertion of Trace objects has slowed down performance by afactor of five. We are talking about the
case when tracing was off and performance was supposed to be unaffected.

What Went Wrong

Programmers may have different views on C++ performance depending on their respective experiences.
But there are afew basic principles that we al agree on:

e |/Oisexpensive.
e Function call overhead is afactor so we should inline short, frequently called functions.
e Copying objectsis expensive. Prefer pass-by-reference over pass-by-value.

Our initial Trace implementation has adhered to all three of these principles. We avoided 1/O if tracing
was off, all methods were inlined, and all string arguments were passed by reference. We stuck by the
rules and yet we got blindsided. Obviously, the collective wisdom of the previous rules fell short of the
expertise required to develop high-performance C++.

Our experience suggests that the dominant issue in C++ performance is not covered by these three
principles. It isthe creation (and eventual destruction) of unnecessary objects that were created in
anticipation of being used but are not. The Trace implementation is an example of the devastating effect
of useless abjects on performance, evident even in the smplest use of aTrace object. The minimal usage
of aTrace object isto log function entry and exit:

int myFunction(int x)

{
string name = "myFunction®;
Trace t(name);

}:
This minimal trace invokes a sequence of computations:

e Createthe string name loca to myFunction.
e Invokethe Trace constructor.
e TheTrace constructor invokes the string constructor to create the member string.



At the end of the scope, which coincides with the end of the function, the Trace and two string objects
are destroyed:

e Destroy the string name.
e Invokethe Trace destructor.
e TheTrace destructor invokesthe string destructor for the member string.

When tracing is off, the string member object never gets used. Y ou could also make the case that the
Trace object itself is not of much use either (when tracing is off). All the computational effort that goes
into the creation and destruction of those abjectsis a pure waste. Keep in mind that thisis the cost when
tracing is off. This was supposed to be the fast lane.

So how expensive does it get? For a baseline measurement, we timed the execution of amillion iterations
of the function addOne ():

int addOne(int x) // Version O
{

}

return x+1;

Asyou can tell, addone () doesn't do much, which is exactly the point of a baseline. We are trying to
isolate the performance factors one at atime. Our main() function invoked addOne () amillion times
and measured execution time;

int main()

{
Trace: :tracelsActive = false;//Turn tracing off
//. ..
GetSystemTime(&tl); // Start timing
for (i =0; 1 < J; i++) {
y = addOne(i);
}
GetSystemTime(&t2); // Stop timing
// ...
}

Next, we added a Trace object to addOne and measured again to evaluate the performance delta. Thisis
Version 1 (seeFigure 1.1):

int addOne(int x) // Version 1. Introducing a Trace object

{

string name = "addOne';
Trace t(name);

return x + 1;

Figure 1.1. The performance cost of the Trace object.
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The cost of the for loop has skyrocketed from 55 msto 3,500 ms. In other words, the speed of addOne has
plummeted by afactor of more than 60. This kind of overhead will wreak havoc on the performance of any
software. The cost of our tracing implementation was clearly unacceptable. But eliminating the tracing
mechanism altogether was not an option—we had to have some form of tracing functionality. We had to
regroup and come up with a more efficient implementation.

The Recovery Plan

The performance recovery plan was to eliminate objects and computations whose values get dropped when
tracing is off. We started with the string argument created by addOne and given to the Trace
constructor. We modified the function name argument from astring object to aplain char pointer:

int addOne(int x) // Version 2. Forget the string object.
// Use a char pointer instead.
{
char *name = ""addOne'';
Trace t(name);
return x+1;
3

Along with that modification, we had to modify the Trace constructor itself to take a char pointer
argument instead of astring reference:

inline
Trace: :Trace(const char *name) : theFunctionName(name)// Version 2

if (tracelsActive) {
cout << "Enter function”™ << name << endl;
3

}

Similarly, the Trace: : debug () method was modified as well to accept aconst *char asan input
argument instead of astring. Now we don't have to create the name string prior to creating the



Trace object—one less object to worry about. This translated into a performance boost, as was evident in
our measurement. Execution time dropped from 3,500 ms to 2,500 ms (see Figure 1.2).

Figure 1.2. Impact of eliminating one string object.
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The second step is to eliminate the unconditional creation of the string member object contained within
the Trace object. From a performance perspective we have two equivalent solutions. One is to replace the
string object with aplain char pointer. A char pointer gets "constructed" by a simple assignment—
that's cheap. The other solution is to use composition instead of aggregation. Instead of embedding a
string subobject in the Trace object, we could replace it with astring pointer. The advantage of a
string pointer over astring object isthat we can delay creation of the string after we have verified
that tracing was on. We opted to take that route:

class Trace { //Version 3. Use a string pointer
public:
Trace (const char *name) : theFunctionName(0)
{
if (tracelsActive) { // Conditional creation

cout << "Enter function" << name < endl;
theFunctionName = new string(name);
}

}

private:

string *theFunctionName;

}:
The Trace destructor must also be modified to delete the string pointer:

inline
Trace: :~Trace()
{
it (tracelsActive) {
cout << "Exit function " << *theFunctionName << endl;
delete theFunctionName;



}

Another measurement has shown a significant performance improvement. Response time has dropped
from 2,500 msto 185 ms (see Figure 1.3).

Figure 1.3. Impact of conditional creation of the string member.
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So we have arrived. We took the Trace implementation from 3,500 ms down to 185 ms. Y ou may still
contend that 185 ms looks pretty bad compared to a 55-ms execution time when addOne had no tracing
logic at al. Thisis more than 3x degradation. So how can we claim victory? The point is that the origina
addOne function (without trace) did very little. It added one to its input argument and returned
immediately. The addition of any code to addOne would have a profound effect on its execution time. If
you add four instructions to trace the behavior of only two instructions, you have tripled your execution
time. Conversely, if you increase by four instructions an execution path already containing 200, you have
only degraded execution time by 2%. If addOne consisted of more complex computations, the addition of
Trace would have been closer to being negligible.

In some ways, thisis similar to inlining. The influence of inlining on heavyweight functionsis negligible.
Inlining plays amajor role only for simple functions that are dominated by the call and return overhead.
The functions that make excellent candidates for inlining are precisely the ones that are bad candidates for
tracing. It follows that Trace objects should not be added to small, frequently executed functions.

Key Points

e Object definitions trigger silent execution in the form of object constructors and destructors. We
call it "silent execution" as opposed to "silent overhead" because object construction and
destruction are not usually overhead. If the computations performed by the constructor and
destructor are always necessary, then they would be considered efficient code (inlining would
aleviate the cost of call and return overhead). As we have seen, constructors and destructors do
not always have such "pure" characteristics, and they can create significant overhead. In some



situations, computations performed by the constructor (and/or destructor) are left unused. We
should aso point out that thisis more of adesign issue than a C++ language issue. However, it is
seen less often in C because it lacks constructor and destructor support.

Just because we pass an object by reference does not guarantee good performance. Avoiding
object copy helps, but it would be helpful if we didn't have to construct and destroy the object in
thefirst place.

Don't waste effort on computations whose results are not likely to be used. When tracing is off, the
creation of the string member isworthless and costly.

Don't aim for the world record in design flexibility. All you need is a design that's sufficiently
flexible for the problem domain. A char pointer can sometimes do the simple jobs just as well,
and more efficiently, than astring.

Inline. Eliminate the function call overhead that comes with small, frequently invoked function
cals. Inlining the Trace constructor and destructor makes it easier to digest the Trace overhead.



Chapter 2. Constructors and Destructors

In an ideal world, there would never be a chapter dedicated to the performance implications of constructors
and destructors. In that ideal world, constructors and destructors would have no overhead. They would
perform only mandatory initialization and cleanup, and the average compiler would inline them. C code
such as

{
struct X x1;
init(&x1);
cleanup(&xl);
¥

would be accomplished in C++ by:

and the cost would be identical. That's the theory. Down here in the trenches of software development, the
reality is alittle different. We often encounter inheritance and composition implementations that are too
flexible and too generic for the problem domain. They may perform computations that are rarely or never
required. In practice, it is not surprising to discover performance overhead associated with inheritance and
composition. Thisis alimited manifestation of a bigger issue—the fundamental tension between code
reuse and performance. Inheritance and composition involve code reuse. Oftentimes, reusable code will
compute things you don't really need in a specific scenario. Any time you call functions that do more than
you really need, you will take a performance hit.

Inheritance

Inheritance and composition are two ways in which classes are tied together in an object-oriented design.
In this section we want to examine the connection between inheritance-based designs and the cost of
constructors and destructors. We drive this discussion with a practical example: the implementation of
thread synchronization constructs.2! In multithreaded applications, you often need to provide thread
synchronization to restrict concurrent access to shared resources. Thread synchronization constructs appear
in varied forms. The three most common ones are semaphore, mutex, and critical section.

s Chapter 15 provides more information on the fundamental concepts and terminology of multithreaded
programming.

A semaphore provides restricted concurrency. It allows multiple threads to access a shared resource up to a
given maximum. When the maximum number of concurrent threadsis set to 1, we end up with a specia
semaphore called a mutex (MUTual EXclusion). A mutex protects shared resources by allowing one and
only one thread to operate on the resource at any onetime. A shared resource typically is manipulated in
separate code fragments spread over the application's code.

Take a shared queue, for example. The number of elements in the queue is manipulated by both
enqueue () and dequeue () routines. Modifying the number of elements should not be done
simultaneously by multiple threads for obvious reasons.



Type& dequeue()

get_the_lock(queuelLock);
ﬁ&&berOfElements——;

release_the_ lock(queuelLock);

}

void enqueue(const Type& value)

get_the_lock(queuelLock);

numberOfElements++;

release_the lock(queuelLock);

}

If both enqueue () and dequeue () could modify numberOfElements concurrently, we easily could
end up with numberOfElements containing awrong value. Modifying this variable must be done
atomically.

The simplest application of a mutex lock appearsin the form of acritical section. A critical sectionisa
single fragment of code that should be executed only by one thread at atime. To achieve mutual exclusion,
the threads must contend for the lock prior to entering the critical section. The thread that succeedsin
getting the lock enters the critical section. Upon exiting the critical section,’?! the thread releases the lock to
allow other threads to enter.

2l we must point out that the Win32 definition of critical section is slightly different than ours. In Win32, a
critical section consists of one or more distinct code fragments of which one, and only one, can execute at
any one time. The difference between a critical section and a mutex in Win32 is that a critical section is
confined to a single process, whereas mutex locks can span process boundaries and synchronize threads
running in separate processes. The inconsistency between our use of the terminology and that of Win32 will
not affect our C++ discussion. We are just pointing it out to avoid confusion.

get_the_lock(CSLock);

{ // Critical section begins
... // Protected computation
} // Critical section ends

release_the_ lock(CSLock);

In the dequeue () exampleit is pretty easy to inspect the code and verify that every lock operationis
matched with a corresponding unlock. In practice we have seen routines that consisted of hundreds of lines
of code containing multiple return statements. If alock was obtained somewhere along the way, we had to
release the lock prior to executing any one of the return statements. As you can imagine, thiswas a

mai ntenance nightmare and a sure bug waiting to surface. Large-scal e projects may have scores of people
writing code and fixing bugs. If you add a return statement to a 100-line routine, you may overlook the fact
that alock was obtained earlier. That's problem number one. The second one is exceptions: If an exception
isthrown while alock is held, you'll have to catch the exception and manually release the lock. Not very
elegant.

C++ provides an elegant solution to those two difficulties. When an object reaches the end of the scope for
which it was defined, its destructor is called automatically. Y ou can utilize the automatic destruction to
solve the lock maintenance problem. Encapsulate the lock in an object and let the constructor obtain the
lock. The destructor will release the lock automatically. If such an object is defined in the function scope
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of a100-line routine, you no longer have to worry about multiple return statements. The compiler inserts a
call to the lock destructor prior to each return statement and the lock is aways released.

Using the constructor-destructor pair to acquire and release a shared resource [ES90, Lip96C] leads to lock
class implementations such as the following:

class Lock {

public:
Lock(pthread_mutex_t& key)
. theKey(key) { pthread_mutex_lock(&theKey);
}

~Lock() { pthread_mutex_unlock(&theKey); }
private:

pthread_mutex_t &theKey;
}:

A programming environment typically provides multiple flavors of synchronization constructs. The flavors
you may encounter will vary according to

e Concurrency level A semaphore allows multiple threads to share aresource up to agiven
maximum. A mutex allows only one thread to access a shared resource.

¢ Nesting Some constructs allow athread to acquire alock when the thread aready holds the lock.
Other constructs will deadlock on this lock-nesting.

¢ Notify When the resource becomes available, some synchronization constructs will notify all
waiting threads. Thisisvery inefficient as all but one thread wake up to find out that they were not
fast enough and the resource has already been acquired. A more efficient notification scheme will
wake up only a single waiting thread.

e Reader/Writer locks Allow many threads to read a protected value but allow only one to modify
it.

e Kerne/User space Some synchronization mechanisms are available only in kernel space.

e Inter/Intra process Typically, synchronization is more efficient among threads of the same
process than threads of distinct processes.

Although these synchronization constructs differ significantly in semantics and performance, they all share
the same lock/unlock protocoal. It is very tempting, therefore, to trandate this similarity into an inheritance-
based hierarchy of lock classes that are rooted in a unifying base class. In one product we worked on,
initially we found an implementation that looked roughly like this:

class Baselock {

public:
// (The LogSource object will be explained shortly)
BaselLock(pthread mutex_ t &key, LogSource &lsrc) {};
virtual ~BaseLock() {%}:

¥

The Baselock class, as you can tell, doesn't do much. Its constructor and destructor are empty. The
Baselock class wasintended as aroot class for the various lock classes that were expected to be derived
from it. These distinct flavors would naturally be implemented as distinct subclasses of BaseLock. One
derivation was the MutexLock:

class MutexLock : public BaselLock {

public:
MutexLock (pthread mutex_t &key, LogSource &lsrc);
~MutexLock();

private:
pthread_mutex_t &theKey;

11



LogSource &src;

}:
The MutexLock constructor and destructor are implemented as follows:

MutexLock: :MutexLock(pthread_mutex_ té& aKey, const LogSource& source)
. BaselLock(aKey, source),
theKey(akKey),
src(source)

{
pthread_mutex_lock(&theKey);

#iT defined(DEBUG)
cout << "MutexLock " << &aKey << " created at " << src.file() <<
"line" <<src.line() << endl;

#endif

}

MutexLock: : ~MutexLock() // Destructor

{
pthread _mutex_unlock(&theKey);

#if defined(DEBUG)
cout << "MutexLock " << &aKey << " destroyed at " << src.file()<<
"line" << src.line() << endl;

#endif

}

The MutexLock implementation makes use of a LogSource object that has not been discussed yet. The
LogSource object is meant to capture the filename and source code line number where the object was
constructed. When logging errors and trace information it is often necessary to specify the location of the
information source. A C programmer would use a (char *) for the filename and an int for theline
number. Our developers chose to encapsulate both in a LogSource object. Again, we had a do-nothing
base class followed by a more useful derived class:

class BaselogSource {
public:
BaselLogSource() {}
virtual ~BaselLogSource() {}

3

class LogSource : public BaselLogSource {
public:
LogSource(const char *name, int num) : Ffilename(name),
lLineNum(num) {}
~LogSource() {}

char *file(Q);

int lineQ);
private:

char *filename;

int lineNum;
3

The LogSource object was created and passed as an argument to the MutexLock object constructor. The
LogSource object captured the source file and line number at which the lock was fetched. This
information may come in handy when debugging deadlocks.
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Imagine that sharedCounter was an integer variable accessible to multiple threads and needing
serialization. We provided mutual exclusion by inserting alock object into the local scope:

{
MutexLock myLock(theKey, LogSource(__FILE_ , _ LINE_ ));

sharedCounter++;

}

The creation of the MutexLock and LogSource objects triggered the invocations of their respective base
classes as well. This short fragment invoked a number of constructors:

e BaselogSource
e LogSource

e Baselock

e MutexLock

After the sharedCounter variable was incremented, we encountered the end of the scope that triggers
the four corresponding destructors:

e MutexLock

e Baselock

e LogSource

e BaselogSource

All told, the protection of the shared resource had cost us eight constructors and destructors. The tension
between reuse and performance is a topic that keeps popping up. It would be interesting to find out what
the cost would be if we abandoned all these objects and devel oped a hand-crafted version that would
narrow down by doing exactly what we need and nothing else. Namely, it will just lock around the
sharedCounter update:

{
pthread mutex_lock(&theKey);
sharedCounter++;
pthread_mutex_unlock(&theKey) ;
}

By inspection alone, you can tell that the latter version is more efficient than the former one. Our object-
based design had cost us additional instructions. Those instructions were entirely dedicated to construction
and destruction of objects. Should we worry about those instructions? That depends on the context; if we
arein a performance critical flow, we might. In particular, additional instructions become significant if the
total cost of the computation is small and the fragment that executes those instructionsis called often
enough. It isthe ratio of instructions wasted divided by the total instruction count of the overall
computation that we care about. The code sample we just described was taken out of a gateway
implementation that routed data packets from one communication adapter to another. It was a critical path
that consisted of roughly 5,000 instructions. The MutexLock object was used a few times on that path.
That amounted to enough instruction-overhead to make up 10% of the overall cost, which was significant.

If we are going to use C++ and OO in a performance-critical application, we cannot afford such luxury.
Before we present a C++ based fix, we would quickly like to point out an obvious design overkill. If the
critical section is as simple as a one-statement integer increment, why do we need all this object machinery?
The advantages to using lock objects are

e Maintenance of complex routines containing multiple return points,
e Recovery from exceptions.
e  Polymorphism in locking.
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e Polymorphismin logging.

All those advantages were not extremely important in our case. The critical section had a clearly defined
single exit point and the integer increment operation was not going to throw an exception. The
polymorphism in locking and logging was also something we could easily live without. Interestingly, as
this code segment reveal s, developers are actually doing thisin practice, which indicates that the cost of
object construction and destruction is seriously overlooked.

So what about a complex routine where the use of the lock object actually makes sense? We would still
like to reduce its cost. First let's consider the LogSource object. That piece of information had cost us
four function calls: base and derived class constructors and destructors. Thisis aluxury we cannot afford
in this context. Often, when C++ performance is discussed, inlining is offered as a cure. Although inlining
could help here, it does not eliminate the problem. In the best-case scenario, inlining will eliminate the
function call overhead for all four constructors and destructors. Even then, the LogSource abject still
imposes some performance overhead. First, it is an extra argument to the MutexLock constructor. Second,
thereis the assignment of the LogSource pointer member of MutexLock. Furthermore, when the
LogSource object is created, some additional instructions are required to set up its virtual table pointer.

In acritical performance path, a common sense trade-off is called for. Y ou trade away marginal
functionality for valuable performance. The LogSource object has to go. In a constructor, the assignment
of amember datafield costs a small number of instructions even in the case of a built-in type. The cost per
member data field may not be much but it adds up. It grows with the number of data members that are
initialized by the constructor.

The fact that the code using the LogSource object was enclosed in an #i fdef DEBUG bracket provides
further evidence that using this object was not essential. The DEBUG compile flag was used only during
development test; the code that was shipped to customers was compiled with DEBUG turned off. When
executing in a production environment, we paid the price imposed by the LogSource object, but never
actually used it. Thiswas pure overhead. The LogSource should have been completely eliminated by
careful #ifdef of al remnants of it. That would include elimination of the pointer member of
MutexLock aswell asthe constructor argument. The partial #i fdef of the LogSource object was an
example of sloppy development. Thisis not terribly unusual; it isjust that your chances of getting away
with sloppy programming in C++ are dlim.

The next step isto eliminate the Baselock root of the lock class hierarchy. In the case of BaselLock, it
doesn't contribute any data members and, with the exception of the constructor signature, does not provide
any meaningful interface. The contribution of BaselLock to the overall class design is debatable. Even if
inlining takes care of the call overhead, the virtual destructor of Baselock imposes the cost of setting the
virtual table pointer in the MutexLock object. Saving a single assignment may not be much, but every
little bit helps. Inlining the remaining MutexLock constructor and destructor will eliminate the remaining
two function calls.

The combination of eliminating the LogSource class, the BaselLock class, and inlining MutexLock

constructor and destructor will significantly cut down the instruction count. It will generate code that is
amost as efficient as hand-coded C. The compiler-generated code with the inlined MutexLock will be
equivalent to something like the following pseudocode:

{
MutexLock: :theKey = key;
pthread_mutex_lock(&MutexLock: :theKey) ;
sharedCounter++;
pthread_mutex_unlock(&MutexLock: :theKey) ;
}
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The above C++ code fragment is almost identical to hand-coded C, and we assumed it would be just as
efficient. If that is the case, then the object lock provides the added power of C++ without loss of
efficiency. To validate our assumption, we tested three implementations of mutex locks:

e Directcalstopthread _mutex_lock() and pthread_mutex_unlock()
e A standalone mutex object that does not inherit from a base class
e A mutex object derived from a base class

In the first test we simply surrounded the shared resource with apair of pthread _mutex_ lock() and
pthread mutex_unlock() cdls

int main()// Version 1

{
}}-Start timing here
for (i = 0; 1 < 1000000; i++) {
pthread mutex_lock(&mutex);
sharedCounter++;
pthread _mutex_unlock(&mutex) ;
ks
// Stop timing here
}

In Version 2 we used alock object, Simp leMutex, using the constructor to lock and the destructor to
unlock:

int main() // Version 2

{
}}-Start timing here
for (i = 0; 1 < 1000000; i++) {
SimpleMutex m(mutex);
sharedCounter++;
ks
// Stop timing here
}

SimpleMutex wasimplemented as follows:

class SimpleMutex // Version two. Standalone lock class.

{
public:
SimpleMutex(pthread_mutex_t& lock) : myLock(lock) {acquire():}
~SimpleMutex() {release();}
private:
int acquire() {return pthread mutex_lock(&myLock);}
int release() {return pthread_mutex_unlock(&myLock);}

pthread_mutex_t& mylLock;
}:

Inheritance was added in Version 3:

class BaseMutex // Version 3. Base class.

{
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public:

BaseMutex(pthread_mutex_t& lock) {};
virtual ~BaseMutex() {}:

}:

class DerivedMutex: public BaseMutex // Version 3.

{

public:
DerivedMutex(pthread_mutex_t& lock)
: BaseMutex(lock), myLock(lock) {acquire();}
~DerivedMutex() {release();}

private:
int acquire() {return pthread_mutex_ lock(&myLock);}
int release() {return pthread_mutex_unlock(&myLock);}
pthread mutex_t& mylLock;

}:

In the test loop we replaced Simp leMutex with the DerivedMutex:

int main() // Version 3

}

// Start timing here

for (i = 0; 1 < 1000000; i++) {
DerivedMutex m(mutex);
sharedCounter++;

// Stop timing here

Thetiming results of running amillion iterations of the test loop validated our assumption. Versions 1 and
2 executed in 1.01 seconds. Version 3, however, took 1.62 seconds. In Version 1 we invoked the mutex
calls directly—you cannot get more efficient than that. The moral of the story is that using a standalone
object did not exact any performance penalty at all. The constructor and destructor were inlined by the
compiler and this implementation achieved maximum efficiency. We paid a significant price, however, for
inheritance. The inheritance-based lock object (Version 3) degraded performance by roughly 60% (Figure

2.1).

Figure 2.1. The cost of inheritance in this example.
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More often than not, the creation and destruction of objects will exact a performance penalty. In an
inheritance hierarchy, the creation of an object will trigger the creation of its ancestors. The same goes for
object destruction. It follows that the cost associated with an object is directly related to the length and
complexity of its derivation chain. The number of objects created (and later destroyed) is proportional to
the complexity of the derivation.

Thisis not to say that inheritance is fundamentally a performance obstacle. We must make a distinction
between the overall computational cost, required cost, and computational penalty. The overall
computational cost isthe set of all instructions executed in a computation. The required cost is that subset
of instructions whose results are necessary. This part of the computation is mandatory; computational
penalty istherest. Thisisthe part of the computation that could have been eliminated by an aternative
design or implementation. To make the point more concrete, let'slook at the Simp leMutex classasan
example:

class SimpleMutex

{
public:
SimpleMutex(pthread_mutex_t& lock) : myLock(lock) {acquire();}

~SimpleMutex() {release();}

private:
int acquire() {return pthread_mutex_lock(&myLock);}
int release() {return pthread_mutex_unlock(&myLock);}

pthread_mutex_t& mylLock;
}:

The SimpleMutex constructor harbors the following overall computational cost:

e Initialize the myLock member
e Cdltheacquire() method
e Invokepthread mutex_ lock() withtheacquire() method

Thethird item is the required cost. Regardless of the design options, one way or another, you would have
to call pthread_mutex_lock() inorder to lock the resource. The first item, setting the myLock
member, is computational penalty. It is our object-based design that forced us to do that. Failing to inline
theacquire() cal would result in additional penalty. In practice, more than likely compilers will
eliminate that penalty by inlining.



So we cannot make a blanket statement that complex inheritance designs are necessarily bad, nor do they
always carry a performance penalty. All we can say isthat overall cost grows with the size of the
derivation tree. If al those computations are valuable then it is al required cost. In practice, inheritance
hierarchies are not likely to be perfect.2! In that case, they are likely to impose a computational penalty.

Bl in this context, software perfection means you compute what you need, all of what you need, and nothing
but what you need.

Composition

Like inheritance, object composition raises similar performance concerns with regard to object creation
and destruction. When an object is created (destroyed), all its contained member objects must be created
(destroyed) as well. For instance, the Trace object discussed in the previous chapter contains a member
object of classstring.

class Trace

{

string theFunctionName;

¥

When you construct an object of type Trace, the constructor invokes the string constructor to initialize
the string data member. This behavior is recursive: If class A contains amember of classB and B
contains a C, the constructor for A will invoke the construction of aB object which, in turn, will trigger that
of aC object. Since at each level in the composition (containment) hierarchy there may be multiple
attributes, the composition hierarchy generates atree, not asimplelist. The overall cost of composition is
therefore related to the size of this composition tree, which can become quite large. Again, we must
emphasize that "cost" does not necessarily mean "overhead." If the program needs the full-blown
functionality of the contained object, then there is no overhead. It is just what you have to do. On the other
hand, the Trace example (as shown in the previous chapter) is one example where "cost" and "overhead"
actually coincided. We did not need the power of astring object to represent the name of the function
that is being traced. We never did anything too sophisticated with that object. We easily could have
replaced it with achar pointer. A char pointer is much cheaper to construct than astring object. Sadly,
there are segments of the C++ programming community that seem to equate failure to use the more
complex datatypes of C++ with alack of programming sophistication, which resultsin overkill rather than
adherence to a prime mantra: "Use a solution that is as simple as possible and no simpler.”

Y ou can imagine that in complex hierarchies with large derivation and composition trees, the cost of
constructing and destroying an object can skyrocket. Thisis something to keep in mind during the design
phase if thereis agood chance that this hierarchy may cometo life during a performance-sensitive flow.

The creation and destruction of contained objects is another issue worth consideration. There is no way for
you to prevent the creation (destruction) of subobjects when the containing object is created (destroyed).
Thisis automatically imposed by the compiler. Take our earlier Trace example:

class Trace {
public:

Trace (const char *name);
private:

string theFunctionName;

3
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The creation of aTrace object will create the string subobject. The Trace destructor will similarly
destroy it. It is automatic and you cannot prevent it with thisimplementation. To gain better control over
the creation and destruction of a subobject, we can replace it with a pointer:

class Trace {
public:
Trace (const char *name);
// ...
private:
string *theFunctionName;
}:

Now we are in command of creation and destruction of the string object. We still have the option of
performing afull-blown initiaization. Thisform will construct a new string object and set a pointer to it:

Trace: :Trace(char *name) : theFunctionName(new string(name))

{
}

We a so have the option of apartia initialization. We assign an invalid default value to these pointers
indicating that these objects must be constructed prior to being used. Our anticipated usage pattern was
such that tracing was normally off and the Trace objects created were rarely used. Minimizing the
overhead of creation and destruction was therefore critical:

Trace::Trace (const char *name) : theFunctionName(0)

{
ifT (tracelsActive) {

theFunctionName = new string(name);

}

The first and second form were very inefficient because of the usage pattern. In the typical scenario tracing
would be off and the effort to construct astring object isworthless. The third form was best as assigning
zero to apointer is cheaper than constructing a brand-new object. Note that it is the usage pattern that
dictates which form is most efficient. If our usage pattern was such that tracing is always on, the first form
(containing subobjects, not pointers) would be best. It would be more efficient to embed the string
object in the Trace object since it would consume stack memory as opposed to heap memory. Heap
memory is far more expensive to allocate and free. Stack-based memory is allocated at compiletime and is
freed during the stack cleanup part of afunction call return.

Lazy Construction

Performance optimization often has to strike a delicate balance between competing forces. Thisis perhaps
why it isreferred to as optimization as opposed to performance maximization. Performance optimization
often requires the sacrifice of some other software goal. Important goals such as flexibility, maintainability,
cost, and reuse must often give way to the demand for performance. It is unusua when a performance fix,
in an otherwise high-quality piece of code, does not compromise any other software devel opment goals.
Sometimes we are fortunate when the elimination of simple coding mistakes results in higher performance
without any sacrifice. The first optimization we are about to show is one such example. It eliminates the
creation (and eventual destruction) of objects from code paths where they are never used.
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If you are going to instantiate an object in a performance-critical path, you ought to consider the cost
factors. The cheapest object, however, is the one that's never instantiated.

In C, Pascal, and other popular languages, data types must be defined at the beginning of a code block. We
get into the habit of defining al the variables needed in aroutine right up front at the beginning of that
routine:

void myFunction()

it
Int 1;
int j;
compute(i ,j)
;éiurn;

¥

In C++, that habit of automatically defining all objects up front could be wasteful—you may construct
objects that you end up not using. This happensin practice. In our C++ code we had a class DataPacket
that allocated and deallocated memory on the fly:

class DataPacket

{
public:
DataPacket(char *data, int sz) : size(sz) {
buffer = new char[sz];

}

~DataPacket() {
delete [] buffer;

. // other public member functions
private:
char *buffer;
. // other private members
}:

Partly due to memory allocation and deallocation, DataPacket was expensive to construct and destroy.
Its cost was upwards of 400 instructions, which was significant in our context. It wasused in a
performance-critical path that routed data from one adapter to another:

void routeData(char *data, int size)

{
DataPacket packet(data, size);
bool direction = get_direction();
- // Some computation
ifT (UPSTREAM == direction) {// data going upstream
computeSomething(packet);
} else { // data going downstream
// packet is not used in this scope.
}
}

Object packet was used if and only if data was going upstream, which was 50% of the time. When data
headed downstream, packet was not used at all. Object packet, however, was constructed
unconditionally at the beginning of the scope. Half the time, this was a perfect waste of computing cycles.
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The solution here, as you can imagine, was very easy. Object packet should be created if and only if itis
actually needed. The definition of packet ought to be moved inside the scope that uses it, when dataiis
going upstream:

void routeData(char *data, int size)

{
- // Delete definition of packet
bool direction = get direction();
ifT (UPSTREAM == direction) {// data going upstream
DataPacket packet(data, size); // Add definition of packet
// here...
computeSomething(packet);
} else { // data going downstream
// packet is not used in this scope.
}
}

Although the practice of delaying variable creation until its first usage has been preached by the C++
language experts since the language inception, this coding mistake was detected in real product code. The
compatibility between C++ and C has been touted as one of C++'s advantages, but thisis an areawhere
that compatibility creates stylistic discontinuity. Adherence to the now obsolete C declaration syntax in
C++ can have significant performance costs. Unfortunately, it is afact that such trivial mistakes often do
happen in practice. Part of C++'s being a better C isits ability to delay variable creation.

It isworth noting that the definition of variables at the beginning of any scope are allowed in C aswell. It
isjust that C programmers tend to define al of the variables right at the beginning of the function scope,

since thereis no run-time cost in a C variable definition. Thisis not the case with C++ where care must be
taken with regard to the placement of object definitions.

Redundant Construction

Along the lines of simple but costly coding mistakes, here's another example of pure overhead. It isthe
double construction of a contained object [Mey97 item 12], [Lip91].

Class Person contains an object of classstring:

class Person {
public:
Person (const char *s) { name = s; }// Version 0

private:
string name;
}:
Consider the following implementation of the Person default constructor:

Person (const char *s) { name = s; }

The Person object must be initiaized before the body of the Person constructor is executed. The
contained string object does not appear in the Person: :Person(char®) initidization list (in this
case there was none). Hence, the compiler must insert a call to invoke the string default constructor, to
initialize the string member object properly. The body of the Person constructor is then executed. The
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statement name = s; assignsthe char pointer s to the left-hand side object of type string. The
string: :operator=(const char®) isinvoked to execute that assignment. The computation
performed by the assignment operator essentially overwrites the result of the default string constructor
invoked earlier during initialization. The computational effort contained in the default string constructor
isthrown away in its entirety.

Many optimizations require some kind of atrade-off. Y ou often trade speed for clarity, simplicity,
reusability, or some other metric. But in this example, optimization requires no sacrifice at all. Y ou can
rewrite the Person constructor implementation, claiming back the lost speed and trading away nothing.
Y ou achieve that by specifying an explicit initialization of the string member name.

Person: :Person(const char *s) : name(s) {} // Version 1.
This constructor will generate the exact same Person object with the exception of improved performance.
All we get hereisasinglecal to string: :string(const char *) toinitialize name with s. We
tested the performance difference by timing the following loop:
for (i = 0; 1 < MILLION; i++) {
Person p(*'Pele™);
}
The chart in Figure 2.2 compares the execution time of Version 0 (silent initialization plus explicit

assignment) to that of Version 1 (explicit initialization only).

Figure 2.2. Overhead of a silent initialization is negligible in this particular scenario.
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Fortunately, the default string constructor is very cheap, making thisinefficiency almost negligible. You
are not always going to be that lucky, so don't count on it.

Suppose you decided, for some reason, to bypass the standard string implementation and roll your own
instead. Welll call it SuperString:

class SuperString

{

public:
SuperString(const char *s = 0);
SuperString(const SuperString &s);
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SuperString& operator=(const SuperString& s);
~SuperString() {delete [] str;}

private:
char *str;

3

inline
SuperString: :SuperString(const char *s)
: str(0)

if (s 1=0) {
str = new char[strlen(s)+1];
strcpy(str,s);

}

inline

SuperString: :SuperString(const SuperString &s)
: str(0)

{

if (s.str) {
str = new char[strlen(s.str)+1];
strcpy(str,s.str);

}

SuperString& SuperString: :operator=(const SuperString& s)

{
if (str '= s.str) {

delete [] str;

if (s.str) {
str = new char[strlen(s.str)+1];
strcpy(str,s.str);

else str = 0;

}

return *this;

}

Furthermore, you have decided to replace the string member with aSuperString inyour Person
implementation:

class Person {
public:
Person (const char *s) { name = s; }// Version 2

private:
SuperString name;

}:

Because you did not provide a SuperString assignment operator that accepts a char pointer argument,
the assignment operator demands a SuperString object reference as an argument. Consequently, the
Statement

name = s;
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in the Person constructor will trigger the creation of atemporary SuperString object. The compiler
will convert the char pointer s to aSuperString by invoking the appropriate SuperString
constructor. Using pseudocode, we have the following transformation of the Person: :Person(char®)
implementation

Person: :Person(const char *s)
{
name.SuperString: :SuperString(); // Constructor:

Initialize
// member "name'.

SuperString _temp; // Temporary object.
_temp.SuperString: :SuperString(s); // Construct a
SuperString
// object from ''s".
name.SuperString: :operator=(_temp); // Assign _temp to
"name" .
_temp.SuperString: :~SuperString(); // Destructor for
temporary
// object.

}

The content of the temporary SuperString object (temp) isassigned to member name viainvocation
of the SuperString assignment operator. It is then followed by invocation of the SuperString
destructor to tear down the temporary object.

Overall we get two SuperString constructors, one call to the assignment operator and another to the
destructor. The performance damage in this implementation is much more severe (see Figure 2.3). Version
3fixesit by explicit initialization of the SuperString member:

Person: :Person(const char *s) : name(s) {}+} // Version 3. Explicit
// initialization

Figure 2.3. More significant impact of silent initialization.
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Version 2 isthe one using both silent initialization plus an explicit assignment in the constructor body.
Version 3 isthe one doing an explicit initialization and no assignment. In the case of our home-grown
SuperString, Version 3 is more than twice as fast. The performance damage would have been less
severe had an assignment operator been provided that takes a char pointer as an argument. That would
have eliminated the need for atemporary SuperString object. It isinteresting to note that Version 3isa
little faster than the corresponding version using the compiler string implementation (Version 1). Our
home-grown SuperString does not provide anything near the rich functionality of the string class. It
is often the case that code runs faster if it does not have to provide much flexibility.

Key Points

e Constructors and destructors may be as efficient as hand-crafted C code. In practice, however,
they often contain overhead in the form of superfluous computations.

e The construction (destruction) of an object triggers recursive construction (destruction) of parent
and member objects. Watch out for the combinatorial explosion of objects in complex hierarchies.
They make construction and destruction more expensive.

e Make sure that your code actually uses all the objects that it creates and the computations that they
perform. We would encourage people to peer inside the classes that they use. Thisadviceis not
going to be popular with OOP advocates. OOP, after all, preaches the use of classes as
encapsulated black-box entities and discourages you from looking inside. How do we balance
between those competing pieces of advice? There isno simple answer because it is context
sensitive. Although the black-box approach works perfectly well for 80% of your code, it may
wreak havoc on the 20% that is performance critical. It is aso application dependent. Some
application will put a premium on maintainability and flexibility, and others may put performance
considerations at the top of the list. As a programmer you are going to have to decide the question
of what exactly you are trying to maximize.

e Theobject life cycleis not free of cost. At the very least, construction and destruction of an object
may consume CPU cycles. Don't create an object unless you are going to useit. Typicaly, you
want to defer object construction to the scope in which it is manipul ated.

e Compilers must initialize contained member objects prior to entering the constructor body. Y ou
ought to use the initialization phase to complete the member object creation. Thiswill save the
overhead of calling the assignment operator later in the constructor body. In some cases, it will
also avoid the generation of temporary objects.
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Chapter 3. Virtual Functions

The evolution of programming languages tended to make the programming task easier by shifting some
burden from the programmer to the compiler, interpreter, assembler, or linker. Programs are becoming
easier to develop, maintain, and extend. The problem with this progressisthat it is often a zero-sum game
where gains in one area mean losses in another. In particular, advances in programming often translate into
loss of raw speed. Dynamic binding of function calls is one among many contributions C++ has madeto C
programming. It shifts the burden of type resolution from the programmer to the compiler, which is good.
On the other hand, it can have a negative impact on cost, which is what we intend to examine.

Virtual Function Mechanics

If you really wanted to avoid virtual functions, you could emulate dynamic binding by providing your own
type resolution code. Suppose you are maintaining a class hierarchy of zoo animals [Lip91], where
ZooAnimal isyour base class:

class ZooAnimal {
public:

virtual void draw();

int resolveType() {return myType;}
private:

int myType;

}

The rest of the animalsin the zoo are derived from ZooAnimal. The resolveType() method will
enable you to distinguish aBear from aMonkey at run-time.

class Bear : public ZooAnimal {

public:
Bear (const char *name) : myName(name), myType(BEAR) {}
void draw();

}:
Each animal sets its appropriate typein its constructor.
If you wanted to draw al animalsin the zoo, you would end up with something along the lines of [Lip91]:

void drawAllAnimals (ZooAnimal *pz) // pointer to first animal iIn the
// list

for (ZooAnimal *p=pz; p ;p = p->next) {
switch (p->resolveType()) {

case BEAR:
( (Bear *) p)->draw();
break;

case MONKEY:
((Monkey *) p)->draw();
break;
. // Handle all other animals currently in the zoo.
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}

This code is a maintenance headache. Any time an animal leaves the zoo, you'll have to remove it from the
switch statement, and any time a new animal arrives, you'll have to add it. Dynamic binding of avirtual
function allows you to divorce your code from that dependency. Because ZooAnimal : :draw() isa
virtual function, you can take advantage of dynamic binding at run-time:

void drawAllAnimals (ZooAnimal *pz) // pointer to first animal in the
// list
{

for (ZooAnimal *p=pz; p ;p = p->next) {
p->draw();

This code can still distinguish aBear from Monkey. How doesit do that? To facilitate late binding we
must have away of resolving avirtual function call a run-time, as opposed to compile-time. If class X
defines avirtua function or is derived from such class, avirtual function table is generated for class X
(vtbl) by the compiler. The virtual function table holds the pointers to all the virtual functions defined
for this particular class. There's one table per class and each object of that class contains a hidden pointer
to it—hidden because only the compiler knows the offset of the vptr inside the object [Lip96l1]. The
compiler inserts code into the object constructor to initiaize the vptr properly.

Virtua functions seem to inflict a performance cost in several ways:

e Thevptr must beinitiaized in the constructor.

e A virtual function isinvoked via pointer indirection. We must fetch the pointer to the function
table and then access the correct function offset.

e Inlining isacompile-time decision. The compiler cannot inline virtual functions whose resolution
takes place at run-time.

In fairness to C++, the first two items should not be considered a performance penalty. One way or another,
you would have to pay that price even if you bent over backwards to avoid dynamic binding. The cost of
setting the vptr in the constructor is equivalent to initializing the type member in our Bear
implementation:

class Bear : public ZooAnimal {
Bear (const char *name) : myName(name), myType(BEAR) {}
}:

The cost of the second item, indirect function invocation, is equivalent to the switch statement logic
necessary to distinguish Bear : :draw() fromMonkey: :draw().

switch (p->resolveType()) {
case BEAR:
( (Bear *) p)->draw();
break;
case MONKEY:
((Monkey *) p)->draw();
break;
. // Handle all other animals currently in the zoo.
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Thetrue cost of virtual functions then boils down to the third item only. As Meyers noted in Item 24 of
[Mey96], the inability to inline avirtual function isits biggest performance penalty.

In some casesit is possible to resolve a virtual function invocation at compile-time [Lip96l], but thisisthe
exception (thisis discussed in more detail in Chapters 8-10). In the mgjority of virtual function invocations,
resolution can happen only at run-time because the type of object whose function is being invoked cannot
be determined at compile-time. That inability to resolve at compile-time interacts negatively with inlining.
Inlining is a compile-time decision that requires knowledge of the specific function. If you cannot
determine what function to invoke at compile-time (asis the case with atypical virtual function), you
cannot inline.

Evaluating the performance penalty of avirtual function is equivalent to evaluating the penalty resulting
from failure to inline that same function. This penalty does not have afixed cost. It is dependent on the
complexity of the function and the frequency with which it isinvoked. On one end of the spectrum are the
short functions that are invoked often. Those benefit the most from inlining, and failing to do so will result
in aheavy penalty. At the other end of the spectrum are complex functions that are seldom invoked.
Inlining and its performance implications are discussed in more detail in Chapters 8-10.

When you throw in multiple inheritance and/or virtual inheritance, object creation involves an additional
cost. Thisadditional cost comes from having to set multiple vptrs and added indirection of virtual
function invocation. The object layout under multiple and virtual inheritance is an interesting issue, but the
performance implications are minor and unlikely to have significant performance impact in typical code.
These issues will not be pursued further here. An informative discussion of these issues appearsin "Inside
the Object Model" [Lip96l].

If aspecific virtual function creates a performance problem for you, what are your options? To eliminate a
virtual call you must allow the compiler to resolve the function binding at compile-time. Y ou bypass
dynamic binding by either hard-coding your class choice or passing it as atemplate parameter. We will
discuss these options next with a concrete example.

Templates and Inheritance

Virtua function calls that can be resolved only at run-time will inhibit inlining. At times, that may pose a
performance problem that we must solve. Dynamic binding of afunction call is a consequence of
inheritance. One way to eliminate dynamic binding isto replace inheritance with a template-based design.
Templates are more performance-friendly in the sense that they push the resolution step from run-time to
compile-time. Compile-time, as far as we are concerned, is free.

The design space for inheritance and templates has some overlap. We will discuss one such example.

Suppose you wanted to develop a thread-safe string class that may be manipulated safely by concurrent
threads in a Win32 environment [BW97]. In that environment you have a choice of multiple
synchronization schemes such as critical section, mutex, and semaphores, just to name afew. Y ou would
like your thread-safe string to offer the flexibility to use any of those schemes, and at different times you
may have areason to prefer one scheme over another [BW97]. Inheritance would be a reasonable choice to
capture the commonality among synchronization mechanisms.

The Locker abstract base class will declare the common interface:

class Locker {
public:

Locker() {}
virtual ~Locker() {}
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virtual void lock() = 0;
virtual void unlock() = 0;

¥
CriticalSectionLock and MutexLock will be derived from the Locker base class:

class CriticalSectionLock : public Locker {... };
class MutexLock : public Locker {... };

Because you prefer not to re-invent the wheel, you made the choice to derive the thread-safe string from
the existing standard string. The remaining design choices are:

e Hard coding. You could derive three distinct classes from string: CriticalSectionString,
MutexString, and SemaphoreString, each classimplementing its implied synchronization
mechanism.

e Inheritance. You could derive asingle ThreadSafeString class that contains a pointer to a
Locker object. Use polymorphism to select the particular synchronization mechanism at run-time.

e Templates. Create atemplate-based string class parameterized by the Locker type.

We will explore each design option in more detail.
Hard Coding

The standard string classwill serve as abase class. Each class derived from it makes a commitment to a
specific synchronization mechanism. Takethe CriticalSectionString, for example

class CriticalSectionString : public string {
public:

int lengthQ);
private:

CriticalSectionLock cs;

¥

int CriticalSectionString::length(Q)

{
cs.lockQ)

int len = string::length();
cs.unlock(Q);

return len;

}

Y ou are getting the actual string length from the string parent class, but you are wrapping it in acritical
section to protect the integrity of the computation. MutexString and SemaphoreString are
implemented similarly using mutex and semaphore, respectively.

This design choice has a performance advantage. Even though the 1ock () and unlock() methods are
virtual functions, they can be resolved statically by a reasonable compiler. Each of the three thread-safe
string classes has committed at compile-time to a particular synchronization class. The compiler, therefore,
can bypass the dynamic binding and choose the correct 1ock () or unlock() method to use. More
importantly, it allows the compiler to inline those calls. The downside to this design choice is that you
need to write a separate string class for each synchronization flavor, which resultsin poor code reuse.

Inheritance
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Implementing a separate string class for each synchronization mechanism is a pain. Alternatively, you can
factor out the synchronization choice into a constructor argument:

class ThreadSafeString : public string {
public:
ThreadSafeString (const char *s, Locker *lockPtr)
: string(s), pLock(lockPtr) {}
int lengthQ);
private:
Locker *plLock;

};
The length() method is now implemented as follows:

int ThreadSafeString::length()

{
pLock->lock()
int len = string::length();
pLock->unlock();
return len;
}

This class can use al available synchronization schemes depending on the Locker pointer given to its
constructor. Y ou can use acritical section, asin:

{

CriticalSectionLock cs;
ThreadSafeString csString("'Hello™, &cs);

}

or you may elect to go with amutex lock, asin:

{

MutexLock mtx;
ThreadSafeString csString("'Hello™, &mtx);

}

This implementation is more compact than the previous one. It does suffer a performance penaty: The
lock() and unllock() virtual calls can only be resolved at execution time and consequently cannot be
inlined

Templates

The template-based design combines the best of both worlds—reuse and efficiency. The
ThreadSafeString isimplemented as atemplate parameterized by the Locker template argument:

template <class LOCKER>
class ThreadSafeString : public string {
public:
ThreadSafeString(const char *s) : string(s) {}

int lengthQ);
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private:
LOCKER lock;

};
The length method implementation is similar to the previous ones:

template <class LOCKER>
inline
int ThreadSafeString<LOCKER>::length()

{
lock.lock();

int len = string::length();
lock.unlock();

return len;

}
If you want critical section protection, you will instantiate the template with aCriticalSectionLock:

{

ThreadSafeString <CriticalSectionLock> csString = "hello";
}

or you may go with amutex:

{
ThreadSafeString <MutexLock> mtxString = "hello";

}

This design also provides arelief from the virtual function callsto lock() and unlock(). The
declaration of aThreadSafeString selects a particular type of synchronization upon template

instantiation time. Just like hard coding, this enables the compiler to resolve the virtual calls and inline
them.

Asyou can see, templates can make a positive performance contribution by pushing computations out of
the execution-time and into compile-time, enabling inlining in the process. If you think of templates as
glorified macros, you will definitely change your mind after reading Todd Veldhuizen's article on
expression templatesin "C++ Gems" [Lip96C].

Key Points

e Thecost of avirtual function stems from the inability to inline calls that are dynamically bound at
run-time. The only potential efficiency issueisthe speed gained frominlining if thereis any.
Inlining efficiency is not an issue in the case of functions whose cost is not dominated by call and
return overhead.

e Templates are more performance-friendly than inheritance hierarchies. They push type resolution
to compile-time, which we consider to be free.
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Chapter 4. The Return Value Optimization

Anytime you can skip the creation and destruction of an object, you are looking at a performance gain. In
this chapter we will discuss an optimization often performed by compilers to speed up your source code by
transforming it and eliminating object creation. This optimization is referred to as the Return Value
Optimization (RVO). Prior to delving into the RV O we need to understand how return-by-value works. We
will walk through it with a simple example.

The Mechanics of Return-by-Value

The Complex class implements a representation for complex numbers:

class Complex

// Complex addition operator
friend Complex operator+(const Complex&, const Complex&);
public:
// Default constructor.
// Value defaults to 0 unless otherwise specified.
Complex (double r = 0.0, double 1 = 0.0) : real (r), imag (i) {}

// Copy constructor
Complex (const Complex& c) : real (c.real), imag (c-imag) {}

// Assignment operator
Complex& operator= (const Complex& c);

~Complex() {}
private:

double real;
double imag;

3

The addition operator returnsaComplex object by value, asin:

Complex operator+ (const Complex& a, const Complex& b)
Complex retval;

retVal.real = a.real + b.real;
retVal .imag = a.imag + b.imag;

return retval;

}
Suppose c1, c2, and c3 are Comp lex and we execute
c3 = cl + c2;

How do we get thevalue of c1 + c2 into c3? One popular technique [Lip96I] used by compilersisto
create atemporary __ result object and passit into Complex: :operator+() asathird argument. It is
passed by reference. So the compiler rewrites
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Complex& Complex::operator+ (const complex& cl, const Complex& c2)

into a dightly different function:

void Complex Add (const Complex& _ result,
const Complex& ci,
const Complex& c2)

Now the original source statement
c3 = cl + c2;

is transformed into (pseudocode):

struct Complex __ tempResult; // Storage. No constructor here.
Complex_Add(__tempResult,cl,c2); // All arguments passed by
reference.

c3 = __ tempResult; // Feed result back into

// left-hand-side.
This return-by-value implementation opens up an optimization opportunity by eliminating the local object

RetVal (inside operator+()) and computing the return value directly into the __tempResult
temporary object. Thisisthe Return Value Optimization.

The Return Value Optimization

Without any optimization, the compiler-generated (pseudo) code for Complex_Add() is

void Complex_ Add(const Complex& _ tempResult,
const Complex& ci,
const Complex& c2)

{
struct Complex retval;
retVal .Complex::Complex(); // Construct retVval
retVal.real = a.real + b.real;
retvVal.imag = a.imag + b.imag;
__tempResult.Complex::Complex(retVal);// Copy-construct

// __tempResult

retVal .Complex: :~Complex(); // Destroy retval
return;

}

The compiler can optimize Complex_Add () by eliminating the local object retVal and replacing it
with ___tempResult. Thisisthe Return VVaue Optimization:

void Complex_ Add (const Complex& _ tempResult,
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const Complex& ci,
const Complex& c2)

{

__tempResult._Complex::Complex(); // Construct
___tempResult

__tempResult.real = a.real + b.real;

__tempResult.imag = a.imag + b.imag;

return;
}

The RVO dliminated the local retVal object and therefore saved us a constructor as well as a destructor
computation.

To get anumerical feel for al this efficiency discussion, we measured the impact of RV O on execution
speed. We coded two versions of operator+(), one of which was optimized and the other not. The
measured code consisted of amillion loop iterations:

int main ()

{
Complex a(1,0);
Complex b(2,0);
Complex c;

// Begin timing here

for (int i = 1000000; 1 > 0; 1i--) {
c=a+b;

>

// Stop timing here
}

The second version, without RV O, executed in 1.89 seconds. The first version, with RV O applied was
much faster—1.30 seconds (Figure 4.1).

Figure 4.1. The speed-up of RVO.
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Compiler optimizations, naturally, must preserve the correctness of the original computation. In the case of
the RV O, thisis not aways easy. Since the RV O is not mandatory, the compiler will not perform it on
complicated functions. For example, if the function has multiple return statements returning objects of
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different names, RV O will not be applied. Y ou must return the same named object to have a chance at the
RVO.

One compiler we tested refused to apply the RV O to this particular version of operator+:

Complex operator+ (const Complex& a, const Complex& b)
// operator+ version 1.

{
Complex retval;
retVal . .real = a.real + b.real;
retVal .imag = a.imag + b.imag;
return retval;

3

It did, however, apply the RV O to this version:

Complex operator+ (const Complex& a, const Complex& b)
// operator+ version 2.

double r
double i

a.real + b.real;
a.imag + b.imag;

return Complex (r,i);

}

We speculated that the difference may lie in the fact that Version 1 used a named variable (retval) asa
return value whereas Version 2 used an unnamed variable. Version 2 used a constructor call in the return
statement but never named it. It may be the case that this particular compiler implementation chose to
avoid optimizing away named variables.

Our speculation was boosted by some additional evidence. We tested two more versions of operator+:

Complex operator+ (const Complex& a, const Complex& b) // operator+
// version 3.

Complex retval (a.real + b.real, a.imag + b.imag);

return retval;

}
and

Complex operator+ (const Complex& a, const Complex& b) // operator+
// version 4.
{

}

return Complex (a.real + b.real, a.imag + b.imag);

As speculated, the RVO was applied to Version 4 but not to Version 3.

In addition, you must also define a copy constructor to “turn on" the Return Value Optimization. If the
classinvolved does not have a copy constructor defined, the RVO is quietly turned off.

Computational Constructors
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When the compiler fails to apply the RVO, you can give it a gentle nudge in the form of the computational
constructor (originally attributed to J. Shopiro [Car92, Lip96l].) Our compiler did not apply the RVO to
Version 1:

Complex operator+ (const Complex& a, const Complex& b)
// operator+ version 1.

{
Complex retval;
retVal . .real = a.real + b.real;
retVal .imag = a.imag + b.imag;
return retval;

3

This implementation created a default Comp I ex object and deferred setting its member fields. Later it
filled in the member data with information supplied by the input objects. The production of the Complex
retVal object is spread over multiple distinct steps. The computational constructor collapses these steps
into asingle call and eliminates the named local variable:

Complex operator+ (const Complex& a, const Complex& b) // operator+
// version 5.
{

}

return Complex (a, b);

The computational constructor used in Version 5 constructs a new Comp lex object by adding its two input
arguments:

Complex::Complex (const Complex& x, const Complexé& y)
: real (X.real+y.real), imag (x-imag + y.imag)
{

}

Now a compiler is more likely to apply the RVO to Version 5 than to Version 1 of the addition operator. If
you wanted to apply the same idea to the other arithmetic operators, you would have to add a third
argument to distinguish the signatures of the computational constructors for addition, subtraction,
multiplication, and division. Thisis the criticism against the computational constructor: It bends over
backwards for the sake of efficiency and introduces "unnatural” constructors. Our take on this debate is
that there are times and places where performance issues overwhelm all other issues. Thisissue is context-
sensitive and does not have one right answer.

Key Points

e If you must return an object by value, the Return Value Optimization will help performance by
eliminating the need for creation and destruction of alocal object.

e Theapplication of the RVO is up to the discretion of the compiler implementation. Y ou need to
consult your compiler documentation or experiment to find if and when RVO is applied.

e Youwill have abetter shot at RV O by deploying the computational constructor.
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Chapter 5. Temporaries

In the large collection of performance issues, not all issues are of equal weight. The significance of a
performance item is directly proportional to its cost and the frequency with which it appearsin atypical
program. It is conceivable that you could write highly efficient C++ code without having a clue about the
intricacies of virtual inheritance and the (small) influence it has on execution speed. The generation of
temporary objects, on the other hand, definitely does not belong in the category of potentialy low-impact
concepts. The likelihood of writing efficient code is very small unless you understand the origins of
temporary objects, their cost, and how to eliminate them when you can.

Temporary objects may come as a surprise to new C++ developers, as the objects are silently generated by
the compiler. They do not appear in the source code. It takes atrained eye to detect code fragments that
will cause the compiler to insert temporary objects "under the covers.”

Next, we enumerate a few examples where temporary objects are likely to pop up in compiler-generated
code.

Object Definition

Say that classRational isdeclared asfollows:

class Rational

{
friend Rational operator+(const Rational&, const Rational&);
public:

Rational (int a =0, intb=1) : m@), n(b) {+
private:

int m; // Numerator

int n; // Denominator
}:

We can instantiate objects of type Rational in severa equivalent ways.

Rational r1(100); // 1
Rational r2 = Rational (100); // 2
Rational r3 = 100; // 3

Only the first form of initialization is guaranteed, across compiler implementations, not to generate a
temporary object. If you use forms 2 or 3, you may end up with atemporary, depending on the compiler
implementation. Take form 3 for example:

Rational r3 = 100; // 3

Thisform may lead the compiler to usethe Rational : :Rational (int, int) constructor to turn the
integer 100 into atemporary object of type Rational, and then to use the copy constructor to initialize
3 from the newly created temporary:

{ // C++ pseudo code
Rational r3;
Rational _temp;

_temp.Rational: :Rational (100,1); // Construct the temporary
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r3.Rational: :Rational (_temp); // Copy-construct r3
_temp.Rational::~Rational(); // Destroy the temporary

¥

The overall cost here istwo constructors and one destructor. In the first form,
Rational r1(100); // 1

we pay only the cost of one constructor.

In practice, however, most compilers should optimize the temporary away, and the three initialization
forms presented here would be equivalent in their efficiency.

Type Mismatch

The previous example is a special case of the more general type mismatch. Wetried to initialize an object
of type Rational with an integer. The generic case of type mismatch is any time an object of type X is
expected and some other type is provided. The compiler needs, somehow, to convert the provided type into
the expected object of type X. A temporary may get generated in the process. Look at the following:

{

Rational r;
r = 100;

}

Our Rational classdid not declare an assignment operator that takes an integer parameter. The compiler,
then, expectsaRational object on the right-hand side that will be bit-blasted to the left-hand side. The
compiler must find away to convert the integer argument we provided into an object of type Rational.
Fortunately (or unfortunately for performance), we have a constructor that knows how to do that:

class Rational

{

public:
// If only one integer is provided, the second one will default
// to 1.
Rational (int a =0, int b =1) : m(a), n(b) {+

}:

This constructor knows how to create aRational object from an integer argument. The source statement
r = 100;

is transformed into the following C++ pseudocode:

Rational _temp; // Place holder for temporary

_temp.Rational: :Rational (100,1); // Construct temporary
r.Rational : :operator=(_temp); // Assign temporary to r
temp.Rational::~Rational(); // Destroy the temporary
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This liberty taken by the compiler to convert between typesis a programming convenience. There are
regions in your source code where convenience is overwhelmed by performance considerations. The new
C++ standard gives you the ability to restrict the compiler and forbid such conversions. Y ou do that by
declaring a constructor explicit:

class Rational

{
public:
explicit Rational (int a =0, intb=1) : m@), n(b) {+

¥

The explicit keyword tells the compiler that you oppose usage of this constructor as a conversion
constructor.

Alternatively, this type of temporary object can aso be eliminated by overloading the
Rational : :operator=() function to accept an integer as an argument:

class Rational {
public:
- // as before
Rationalé& operator=(int a) {m=a; n=1; return *this; }

3

The same principle can be generalized for all function calls. Let g() be an arbitrary function call taking a
string reference as an argument:

void g(const string& s)
{

}

Aninvocation of g(*'message"") will trigger the creation of atemporary string object unless you
overload g() to accept achar * asan argument:

void g(const char* s)

{
}

Cargil [Car92] points out an interesting twist on the type mismatch temporary generation. In the following
code fragment the operator+() expectstwo Complex objects as arguments. A temporary Complex
object gets generated to represent the constant 1.0:

Complex a, b;

%é; (int i; 1 < 100; i++) {
a=1i*b + 1.0;

}

The problem is that thistemporary is generated over and over every iteration through the loop. Lifting
constant expressions out of aloop isatrivial and well-known optimization. The temporary generation in a
= b + 1.0;isacomputation whose value is constant from one iteration to the next. In that case, why
should we do it over and over? Let'sdo it once and for al:

Complex one(1.0);
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for (int 1 = 0; 1 < 100; i++) {
a = i1*b + one;
b

We turned the temporary into a named Comp I ex object. It cost us one construction, but it still beats a
temporary construction for every loop iteration.

Pass by Value

When passing an object by value, the initialization of the formal parameter with the actual parameter is
equivalent to the following form [ES90]:

T formalArg = actualArg;

where T isthe class type. Suppose g() is some function expecting a T argument when invoked:

void g (T formalArg)
{

}

A typical invocation of g() may look like:

T t;
g(t);

The activation record for g() has a place holder on the stack for itslocal argument formalArg. The
compiler must copy the content of object t into g()'s formalArg on the stack. One popular technique of
doing thiswill generate atemporary [Lip96l].

The compiler will create atemporary object of type T and copy-construct it using t as an input argument.
This temporary will then be passed to g() as an actua argument. This newly created temporary object is
then passed to g() by reference. In C++ pseudocode, it looks something like:

T _temp;
temp.T::T(t); // copy construct _temp from t

5(_temp); // pass _temp by reference
_temp.T::~T(); // Destroy _temp

Creating and destroying the temporary object is relatively expensive. If you can, you should pass objects
by pointer or reference to avoid temporary generation. Sometimes, however, you have no choice but to
pass an object by value. For a convincing argument, see Item 23 in [Mey97].

Return by Value

Ancther path that |eads to temporary object creation is function return value. If you code a function that
returns an object by value (as opposed to areference or pointer), you can easily end up with atemporary.
Consider £() asasimple example:
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string TQ
string s;

... // Compute "s"
return s;

}

Thereturn value of () isan object of type string. A temporary is generated to hold that return value.
For example:

String p;

O

p

The temporary object holding £()'sreturn value is then assigned to the left-hand side object p. For amore
concrete example consider the string operator+. Thisoperator will implement the intuitive
interpretation of string "+ operation. It takes two input string objects and returnsanew string
object representing the result of concatenating the given strings. A possible implementation of this
operator may look likethis:

string operator+ (const string& s, const string& p)

{
char *buffer = new char[s.length() + p.length() + 1];
strcpy(buffer,s.str); // Copy Tirst character string
strcat(buffer,p.str); // Add second character string
string result(buffer); // Create return object
delete buffer;
return result;

}

The following code segment is atypical invocation of the string operator+:

{

string s1 = "Hello";

string s2 = "World";

string s3;

s3 = sl + s2; // s3 <- "HelloWorld"
}
The statement:

s3 = sl + s2;
triggers severa function calls:

e operator+(const string &, const string &); ==> String addition operator. Thisis
triggered by s1+ s2.

e string::string(const char *);==>Constructor. Executestring result(buffer)
inside operator+().

e string::string(const string &);==>We need atemporary object to hold the return
value of operator+(). The copy constructor will create this temporary using the returned
result string.
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e string::~string() ; ==>Beforethe operator+() function exits, it destroysthe resul t
string object whose lifetimeis limited to the local scope.

e string::operator=(const string &); ==> The assignment operator isinvoked to
assign the temporary produced by operator+() to the left-hand side object s3.

e string::~string(); ==> Thetemporary object used for the return value is destroyed.

Six function call invocations is a hefty price for one source code statement. Even if most of them are
inlined, you till have to execute their logic. The return-value optimization discussed in Chapter 4 can help
us eliminate the result string object. That takes care of a constructor and destructor call. Can we aso
eliminate the temporary object? That will eliminate two more function calls.

Why does the statement:
s3 = sl + s2;

generate atemporary in the first place? Because we do not have the liberty of clobbering the old contents
of string s3 and overwrite it with the new content of s1+s2. The assignment operator is responsible
for the transition of string s3 from old content to new content. The compiler does not have permission
to skip string: :operator=() and hence atemporary isamust. But what if s3 isabrand new
string object with no previous content? In this case there is no old content to worry about and the
compiler could use the s3 storage instead of the temporary object. The result of s1+s2 iscopy-
constructed directly into the string s3 object. s3 has taken the place of the temporary, which isno
longer necessary. To make along story short, the form:

{

string s1 = "Hello";

string s2 = "World";

string s3 = sl1 + s2; // No temporary here.
}
is preferable to the form:
{ _

string s1 = "Hello";

string s2 = "World";

string s3;

s3 = sl + s2; // Temporary generated here.
}

Eliminate Temporaries with op=Q

In the previous discussion we have supplied the compiler with an existing object to work with so it will not
invent atemporary one. That same idea can get recycled in other situations as well. Suppose that s3 does
have a previous value and we are not in position to initialize s3 from scratch with:

string s3 = sl + s2;

If we are looking at the case:

{
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string sl1,s2,s3;
s3 = sl + s2;
3

we can il prevent the creation of atemporary. We can do that by using the string operator+=()
and rewriting the code to use += instead of +, so

s3 = sl + s2; // Temporary generated here
isrewritten as:

s3 = sl; // operator=(). No temporary.
s3 += s2; // operator+=(). No temporary.

If string: :operator+=() and operator+() areimplemented in a consistent fashion (both
implementing "addition," as they should) then the two code fragments are semantically equivaent. They
differ only in performance. Although both invoke a copy constructor and an operator function, the former
creates atemporary object where the latter does not. Hence the latter is more efficient.

As pointed out in [Mey96]:
sb = sl + s2 + s3 + s4; // Three temporaries generated.

is much more elegant than:

sb = s1;
sb += s2;
sb += s3;
sb += s4;

But on a performance-critical path you need to forgo elegance in favor of raw performance. The second,
"ugly" formis much more efficient. It creates zero temporaries.

Key Points

e A temporary object could penalize performance twice in the form of constructor and destructor
computations.

e Declaring aconstructor explicit will prevent the compiler from using it for type conversion
behind your back.

e A temporary object is often created by the compiler to fix atype mismatch. Y ou can avoid it by
function overloading.

e Avoid object copy if you can. Pass and return objects by reference.

e You can eliminate temporaries by using <op>= operators where <op> may be +, -, *, or /.
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Chapter 6. Single-Threaded Memory Pooling

Frequent memory allocation and deallocation can play a significant role in degrading application
performance. The performance degradation stems from the fact that the default memory manager is, by
nature, general purpose. An application may use memory in avery specific way and pay a performance
penalty for functionality it does not need. Y ou could counter that by devel oping specialized memory
managers. The design space for special-purpose memory managers is multidimensional. At least two
dimensions easily come to mind: size and concurrency. The size dimension has two distinct points:

e Fixed-size Memory managers that allocate memory blocks of asingle fixed size.
e Variable-size Memory managers that allocate memory blocks of any size. Request size is not
known in advance.

Similarly, the concurrent dimension has two points as well:

e Single-threaded The memory manager is confined to a single thread. The memory is used by a
single thread and does not cross thread boundary. This classis not concerned with multiple threads
stepping on one another.

e Multithreaded This memory manager is used by multiple threads concurrently. The
implementation will have code fragments whose exceution is mutually exclusive. Only one thread
can execute in any of these fragments at any point in time.

Right now we already have four distinct flavors of speciaized managers: those corresponding to the
product of the size dimension, {fixed, variable}, with the concurrent dimension, { single-threaded,
multithreaded} . In this chapter we will examine the single-threaded dimension of special-purpose
managers and their performance implications. Our goal, of course, is to develop alternative memory
managers that are much faster than the default one. At the same time, we don't want to develop too many
speciaized managers. The ultimate goal is to combine speed with as much flexibility and code reuse as we
can.

Version 0: The Global new® and delete()

The default memory manager is, by design, a general-purpose one. Thisiswhat you get when you call the
global new() and delete(). Theimplementation of these two functions cannot make any simplifying
assumptions. They manage memory in the process context, and since a process may spawn multiple
threads, new() and de lete() must be able to operate in a multithreaded environment. In addition, the
size of memory requests may vary from one request to the next. Thisflexibility trades off with speed. The
more you have to compute, the more cyclesit is going to consume.

It is often the case that client code does not need the full power of the global new() and delete(). It

may be that client code only (or mostly) needs memory chunks of specific size. It may be that client code
operates in a single-threaded environment where the concurrency protection provided by the default new()
and delete() isnot really necessary. If thisis the case, utilizing the full power of those functionsisa
waste of CPU cycles. You can gain significant efficiency by tailoring a memory allocation schemeto

better match your specific requirements.

Say that your code requires frequent allocations and deallocations of objects representing rational numbers:

class Rational {
public:
Rational (int a =0, int b =1) : n(a), d(b) {+



private:
int n; // Numerator
int d; // Denominator

}:
To measure a baseline performance of the global new() and delete () we executed the following test:

int main()

{
Rational *array[1000];
}}-Start timing here

for (int j = 0; jJ < 500; j++) {

for (int 1 = 0; 1 < 1000; i++) {
array[i] = new Rational(i);
}

for (i = 0; i < 1000; i++) {
delete array[i];
}

}

// Stop timing here

}

Each iteration of the outermost loop executes a thousand allocations and deallocations of Rational
objects. Five hundred iterations yield amillion operations.

Thetime elapsed for this code fragment was 1,500 milliseconds. What kind of speed can we gain by
tailoring a specific Rational memory manager? To answer the question we need to roll our own memory
manager and overload the new() and dellete () methodsfor the Rational class.

Version 1: Specialized Rational Memory Manager

To avoid frequent hits to the default manager, the Rational class will maintain a static linked list of
preallocated Rational objects, which will serve as the freelist of available objects. When we need a new
Rational object, wewill get one from the free list. When we are done with an object, we will return it to
the freelist for future alocations.

We declare a helper structure to link adjacent elements on the free list.

class NextOnFreeList {
public:

NextOnFreeList *next;
}:

Thefreelist isdeclared asalinked list of NextOnFreeList elements.

class Rational {

static NextOnFreeList *freelList;

3
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If thefreelistisalist of NextOnFreelL i st structures, you may wonder where the Rational objects
reside. Although each element on the freelist is declared asaNextOnFreeList structure, itisalso a
Rational object. When we create an element, we allocate it big enough to contain aRational object.
To step from one object to the next, we will use the first few bytes of each Rational object to point to
the next object on the free list. We do that by casting the object into a pointer of type NextOnFreeList.

Thefreelist, then, will have adual role as a sequence of Rational objects aswell as a sequence of
NextOnFreelList elements (Figure 6.1).

Figure 6.1. A free list of Rational objects.
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Thefreelist is declared as a static member of the Rational class. The static freelist is manipulated by
theRational new() and delete() operators. These operators overload the global ones.

class Rational {
public:
Rational (int a =0, intb=1) : n(d), db) {+

inline void *operator new(size_t size);
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inline void operator delete(void *doomed, size t size);

static void newMemPool () { expandTheFreeList(); }
static void deleteMemPool();

private:
static NextOnFreeList *freelList; // A free list of
// Rational objects.
static void expandTheFreeList();
enum { EXPANSION_SIZE = 32};

int n; // Numerator
int d; // Denominator

¥

Operator new() dlocates anew Rational object from the freelist. If the freelist is empty, it will get
expanded. We pick off the head of the free list and return it after adjusting the free list pointer.

inline
void * Rational::operator new(size_t size)

{
if (0 == freeList) {// ITf the list is empty, fill it up.
expandTheFreeList();
}

NextOnFreeList *head = freelList;
freeList = head->next;

return head;

}

Operator delete() returnsaRational object to the freelist by simply adding it to the front of the free
list.

inline
void Rational: :operator delete(void *doomed, size t size)

{

NextOnFreeList *head = static_cast <NextOnFreeList *> doomed;
head->next = freeList;
freeList = head;

}

When the free list is exhausted, we must alocate more Rational objects from the heap. Thereisalittle
subtlety here that should be pointed out. Switching between Rational and NextOnFreeList typesis
dightly dangerous. We need to make sure that the elements of the freelist are large enough to serve as
either type. When we populate the free list with Rational objects, we have to remember to compare the
size of Rational to the size of NextOnFreelL ist and allocate the larger of the two.

void Rational::expandTheFreeList()
{
// We must allocate an object large enough to contain the next
// pointer.
size_t size = (sizeof(Rational) > sizeof(NextOnFreeList *)) ?
sizeof(Rational) : sizeof(NextOnFreelList *);

NextOnFreeList *runner =
static_cast <NextOnFreeList *> new char [size];

freeList = runner;



for (int i = 0; i < EXPANSION SIZE; i++) {
runner->next =
static_cast <NextOnFreelList *> new char [size];
runner = runner->next;

}

runner->next = 0;

}

Thisimplementation of expandTheFreelList(), initsaf, isnot optimal. It invokes operator new
multiple times, once per free list element. It would be more efficient to invoke operator new once, get a
large block of memory, and slice it ourselves into multiple elements [Mey97]. Inisolation, thisis a correct
observation. In reality, however, we build a memory manager with the idea that expanding and shrinking it
will be performed very infrequently, otherwise we must revisit the implementation and fix it. Our
implementation is such that the free list never shrinks; it will grow to a steady-state size and stay there. If
you want to implement a more efficient version of expandTheFreeList(), thereisno harmin it, but it
isnot likely to have an effect on overall performance.

void Rational: :deleteMemPool ()

{
NextOnFreeList *nextPtr;
for (nextPtr = freeList; nextPtr !'= NULL; nextPtr = freeList) {
freeList = freelList->next;
delete [] nextPtr;
3
3

We repeated the following performance test, but this time, the use of new and de lete invokes the
overloaded operators of the Rational class:

NextOnFreeList *Rational::freeList = 0;

int main()

{

Rational *array[1000];
Rational : :newMemPool () ;
// Start timing here
for (int j = O;
for (int i =
array[i]
b

for (i = 0; i < 1000; i++) {
delete array[i];
}

i < 1000; i++) {
new Rational(i);

J < 500; j++) {
0;

}

// Stop timing here

Rational: :deleteMemPool ();

}

The new() and delete() calls now result in invocations of the Rational : zoperator new() and
delete() calsthat we implemented. The execution time of the loop dropped from 1,500 milliseconds to
43 milliseconds. This is more than an order-of-magnitude improvement (Figure 6.2).
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Figure 6.2. Global new() and delete() compared to a Rational memory pool.

2,000
1,500

1,500
w
=]
=
(]

® 1,000
Rz
=

500

43
0 . .
Version 0 Version 1

Where does the speed gain come from? Since we are in a single-threaded environment, our Rational
memory management routines do not bother with concurrency issues. We do not protect memory

mani pul ation because we don't have any critical sectionsto worry about. We also take advantage of the
fact that all allocations are of fixed size—the size of aRational object. Fixed-size allocations are much
simpler; there are alot less computations to perform (like finding the next available memory chunk big
enough to satisfy the request). We simply adjust the free list pointer, and we are done.

Version 2: Fixed-Size Object Memory Pool

Version 1islimited to managing Rational objects only. What if we wanted a memory manager for some
other class of a different size? Duplicating the memory management logic for every classwill be an
unnecessary waste of developer time. If we look at the implementation of the Rational memory manager,
it becomes apparent that the memory management logic is really independent of the particular Rational
class. The only dependency is the size of the class object—a good candidate for a template implementation
of amemory pool. The memory pool will manage a pool of available objects of a certain type. A template
implementation would allow usto vary the specific class that we are managing.

template < class T >

class MemoryPool {

public:
MemoryPool (size_t size = EXPANSION_SIZE);
~MemoryPool ();

// Allocate a T element from the free list.
inline void* alloc (size_t size);

// Return a T element to the free list.

inline void free (void *someElement);
private:

// next element on the free list.

MemoryPool<T> *next;

// 1f the freelList is empty, expand it by this amount.
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enum { EXPANSION_SIZE = 32};

// Add free elements to the free list
void expandTheFreeList(int howMany = EXPANSION_SIZE);

3

TheMemoryPool constructor initializes the free list. The size argument specifies the initial length of the
freelist.

template < class T >
MemoryPool < T > :: MemoryPool (size_t size)

{
}

expandTheFreelList(size);

The destructor marches down the free list and deletes all its elements.

template < class T >
MemoryPool < T > :: ~MemoryPool ()

{

MemoryPool<T> *nextPtr = next;

for (nextPtr = next; nextPtr != NULL; nextPtr = next) {
next = next->next;
delete [] nextPtr;

}

Theal loc() member function allocates space large enough for a T element. If the free list has been
depleted, we call expandTheFreeList() to replenish it.

template < class T >
inline
void* MemoryPool < T > :: alloc (size_t)

{
if (Inext) {
expandTheFreeList();
}

MemoryPool<T> *head = next;
next = head->next;

return head;

}

The free() member function deallocatesa T element by placing it back on the free list.
template < class T >

inline

void MemoryPool < T > :: free (void *doomed)

{

MemoryPool<T> *head = static_cast <MemoryPool<T> *> doomed;

head->next = next;
next = head;
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expandTheFreeList() isused to add new elementsto the free list. The new elements are allocated
from the heap and stitched together into alinked list. This member function is called when the freelist is
depleted.

template < class T >
void MemoryPool < T > :: expandTheFreeList(int howMany)

// We must allocate an object large enough to contain the

// next pointer.

size_t size = (sizeof(T) > sizeof(MemoryPool<T> *)) ?
sizeof(T) : sizeof(MemoryPool<T> *);

MemoryPool<T> *runner = static_cast <MemoryPool<T> *> new char
[size];

next = runner;
for (int i = 0; 1 < howMany ; i++) {
runner->next =
static_cast <MemoryPool<T> *> new char [size];
runner = runner->next;

}

runner->next = 0;

}

TheRational classno longer needs to maintain its own freelist. This responsibility is delegated to the
MemoryPool class.

class Rational {
public:
Rational (int a =0, intb=1) : n(d), db) {+

void *operator new(size_t size) { return memPool->alloc(size); }
void operator delete(void *doomed,size_t size)
{ memPool->free(doomed); }

static void newMemPool () { memPool = new MemoryPool <Rational>; }
static void deleteMemPool () { delete memPool; }
private:
int n; // Numerator
int d; // Denominator

static MemoryPool <Rational> *memPool ;

¥

We eliminated the static freeL i st member pointer plusits related functions and replaced it with a
pointer to amemory pool. In the preceding Rational implementation, the template memory pool was
specialized in its definition to be aRational memory pool.

Our test loop is amost identical to the previous one:

MemoryPool <Rational> *Rational::memPool = O;

int main()

{

Rational *array[1000];

Rational : :newMemPool () ;
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// Start timing here
for (int j = 0; j < 500; j++) {
for (int 1 = 0; 1 < 1000; i++) {
array[i] = new Rational(i);
}

for (i = 0; i < 1000; i++) {
delete array[i];
}

}
// Stop timing here

Rational: :deleteMemPool ();

}

We expected this measurement to be identical to the previous Rational freelist memory manager
(Version 1), which executed the loop in 43 milliseconds. For some reason, the template version (Version 2)
of the memory pool clocked in at 63 ms (Figure 6.3), alittle slower than the previous version. Also, the
assembler code generated for Version 2 had some extrainstructions. Still, it beats the globa new() and
delete() by more than an order of magnitude.

Figure 6.3. Adding a template memory pool for generic objects.
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So far, we have focused on a single point in the design space of memory allocation. That was the specific
problem of fixed-size alocations in a single-threaded environment. We now extend our options by
expanding in the size dimension. We stay in the realm of single-threaded memory pools but relax the
assumption that all alocations are of the same size.

Version 3: Single-Threaded Variable-Size Memory Manager

Speeding up the allocation and deallocation of fixed-size memory will only take you so far. Thereis aclass
of applications that require variable-size memory allocations. A Web server implementation is a perfect

52



example. Typical implementations of a Web server are gigantic string crunchers. If you peek into the code
you'll find that the handling of asingle HTTP request requires alarge number of string surgeries. Many of
those calls require space alocation to create new or duplicated strings. Furthermore, you cannot tell in
advance how many string allocations would be necessary and of what size. Potentially, strings are
unbounded. The nature of string manipulations is dictated by the content of the particular HTTP reguest. A
fixed-size memory manager would fall short of the requirement. Relying on the globa new() and
delete(), however, is out of the question. The global new() and delete() are expensive. They
consume hundreds of instructions and moreover, they contain mutually exclusive critical sections that
prevent concurrent thread execution and consequently hurt scalabilty. It would damage the speed and
scalability of aWeb server. Thisis a perfect place for a home-grown, variable-size memory manager.

There are many ways to implement a variable-size memory manager [ALG95]. The one we used in our
Web server is discussed next.

The MemoryChunk class replaces the NextOnFreelList classwe used in earlier versions. It isused to
string together chunks of memory of varying sizes into a sequence of chunks.

class MemoryChunk {

public:
MemoryChunk (MemoryChunk *nextChunk, size_t chunkSize);
~MemoryChunk() {delete mem; }

inline void *alloc (size_t size);
inline void free (void* someElement);

// Pointer to next memory chunk on the list.
MemoryChunk *nextMemChunk() {return next;}

// How much space do we have left on this memory chunk?
size_t spaceAvailable()
{ return chunkSize - bytesAlreadyAllocated; }

// this is the default size of a single memory chunk.
enum { DEFAULT_CHUNK_SIZE = 4096 };

private:
MemoryChunk *next;
void *mem;

// The size of a single memory chunk.
size_t chunkSize;

// This many bytes already allocated on the current memory chunk.
size_t bytesAlreadyAllocated;

}:

TheMemoryChunk classis acleaner version of NextOnFreelList. It separates the next pointer from
the actual memory used for the allocated object. It uses explicit next and mem pointers, with no need for
casting. It isgiven pictorialy in Figure 6.4.

Figure 6.4. Variable-size memory free list.
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The MemoryChunk constructor first determines the appropriate size of the memory block. It usesthis size
to allocate its private storage from the heap. The constructor also makes the next member point to the
nextChunk input argument. The nextChunk isthe previous head of the linked list. Effectively, we are
making the newly constructed MemoryChunk the new head of the linked list of MemoryChunk objects.
The number of bytes already allocated on this chunk is set to O since thisis abrand new MemoryChunk:

MemoryChunk: :MemoryChunk(MemoryChunk *nextChunk, size t reqSize)

{
chunkSize = (reqSize > DEFAULT_CHUNK_SIZE) ?
reqSize : DEFAULT_CHUNK_SIZE;
next = nextChunk;
bytesAlreadyAllocated = O;
mem = new char [chunkSize];
}

The destructor deletes the memory obtained by the constructor:

MemoryChunk :: ~MemoryChunk() { delete [] mem; }

A memory allocation request is handled by the al loc() method. It returns a pointer to available space in
the MemoryChunk private storage pointed to by mem. It keeps track of available space by updating the
number of bytes already allocated in this block.

void* MemoryChunk :: alloc (size_t requestSize)

{
void *addr = static_cast <void*>
(static_cast <size t> mem + bytesAlreadyAllocated);
bytesAlreadyAllocated += requestSize;
return addr;

}

In this implementation we do not bother freeing memory fragments on the fly. The whole memory chunk
gets deallocated and sent back to the heap when the object is del eted:

inline void MemoryChunk :: free (void *doomed) {}

TheMemoryChunk isjust ahelper class. It is used by the ByteMemoryPool classto implement a
variable-size memory manager:

class ByteMemoryPool {



public:
ByteMemoryPool (size_t initSize =
MemoryChunk: :DEFAULT_CHUNK_SIZE);
~ByteMemoryPool ();

// Allocate memory from private pool.
inline void *alloc (size_t size);

// Free memory previously allocated from the pool
inline void free (void* someElement);
private:
// A list of memory chunks. This is our private storage.
MemoryChunk *listOfMemoryChunks;

// Add one memory chunk to our private storage
void expandStorage(size_t regSize);

3

Although the list of memory chunks may contain more than a single chunk, only the first chunk has
memory available for alocation. The rest of the chunks represent memory that has already been all ocated.
Thefirst element of the list is the only chunk capable of alocating available memory.

The constructor takes an initSize argument to specify the size of asingle memory chunk. It setsthe size
of asingle memory chunk accordingly. The expandStorage () method sets 1 i stOfMemoryChunks to
point to an allocated MemoryChunk object:

// Construct the ByteMemoryPool object. Build the private storage.
ByteMemoryPool :: ByteMemoryPool (size t initSize)

expandStorage(initSize);

}
The destructor marches down the list of memory chunks and deletes them:

ByteMemoryPool :: ~ByteMemoryPool ()

{
MemoryChunk *memChunk = listOfMemoryChunks;

while (memChunk) {
listOfMemoryChunks = memChunk->nextMemChunk();
delete memChunk;
memChunk = listOfMemoryChunks;

}
}

ByteMemoryPool : zal loc() guarantees that we have sufficient space available, and then delegates the
allocation task to the MemoryChunk at the top of the list:

void* ByteMemoryPool :: alloc (size_t requestSize)
{
size_t space = listOfMemoryChunks->spaceAvailable();
if ( space < requestSize ) {
expandStorage(requestSize);
}

return listOfMemoryChunks->alloc(requestSize);
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The implementation of ByteMemoryPool : :al loc() is somewhat more complex than our previous
equivalent implementations of MemoryPool<T>: :alloc(), and theRational : :operator new().
TakeMemoryPool<T>: :alloc(), for example. We check the state of the freelist. If it is empty, we
replenish it. Compu-tationally, al we need to do then isto return the element to the top of the freelist.
That's fast and easy. There's alot more we need to compute in the case of ByteMemoryPool - alloc().
Since we are dealing with unknown request size, we have to make sure that we have sufficient space
available in the MemoryChunk. If not, we must call expandStorage() to allocate a new
MemoryChunk and push it on top of thelist of chunks. Either way, we are now guaranteed to have enough
room to satisfy the request. Next, we call MemoryChunk: zal loc() to compute the memory address to
be returned to the caller and to adjust its bookkeeping to reflect the number of bytes already allocated in
that chunk. All these extra computations will degrade performance to some extent. That's the price of
extended functionality.

Freeing previously allocated memory is delegated to the MemoryChunk on top of the list:

inline
void ByteMemoryPool :: free (void *doomed)

listOfMemoryChunks->free(doomed) ;
}

Recadll that the MemoryChunk: : Free() method is very simple—it does nothing. Why are we so lazy
when it comes to freeing memory? Because this implementation of ByteMemoryPool does not reuse
memory that was previously allocated. If we need more memory, we will create anew chunk and use it for
future alocations. The memory is released back to the heap upon pool destruction. The
ByteMemoryPool destructor releases all the memory chunks back to the heap.

Thisis not as wasteful asit sounds. We used this scheme to handle HTTP requests. A ByteMemoryPool
object was created at the beginning of each request. The memory chunk size was 4,096 bytes and that was
good enough for 99% of HTTP requests. So in the typical case, we never had to expand our private storage
because a single chunk was sufficient. Since the handling of an HTTP request is a very short-lived task,
thereis no need to worry about freeing and reusing private memory on the fly. It was much more efficient
to unload the whole chunk at once during pool destruction (at the end of arequest). Thisis yet another
example of a message that is repeated in various forms throughout the book: Special circumstances allow
for simplifying assumptions. Simplifying assumptions, in turn, provide opportunities for significant
optimizations. Y ou don't want to use solutions that were meant for bigger problems. Another issue that
pops up hereisthat performance sometimes compromises reuse. To boost performance you sometimes
need to tailor niche solutions for special circumstances. Those solutions don't tend to be very flexible or
reusable outside of their intended, narrow domain.

In the unlikely case that our storage chunk was exhausted, we expand it by creating a new memory chunk
and adding it to the top of the list of memory chunks.

void ByteMemoryPool :: expandStorage(size_t regSize)

{
}

listOfMemoryChunks = new MemoryChunk(listOfMemoryChunks, reqSize);
To test this memory manager, we modified the Rational class implementation by replacing the
MemoryPool<Rational> object with aByteMemoryPool:
class Rational {
public:

Rational (int a =0, intb=1) : n(d), db) {+

void *operator new(size_t size) {return memPool->alloc(size);}
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void operator delete(void *doomed,size_t size)
{memPool->free(doomed) ;}

static void newMemPool () { memPool = new ByteMemoryPool;}
static void deleteMemPool () { delete memPool; }
private:
int n; // Numerator
int d; // Denominator

static ByteMemoryPool *memPool;

3

With this implementation of the memory pool, we measured our test loop one more time, allocating and
deallocating Rational objects:

MemoryPool <Rational> *Rational::memPool = 0O;

int main()

{

Rational *array[1000];
Rational : :newMemPool () ;
// Start timing here
for (int j = 0; j < 500; j++) {
for (int i = 0; i < 1000; i++) {

array[ii new Rational (i);
}

for (i = 0; 1 < 1000; i++) {
delete array[i];
}

}

// Stop timing here

Rational: :deleteMemPool ();

}

This loop executed in 140 milliseconds. Figure 6.5 compares the execution speed of the following:

e Version 1, theRational memory manager
e Version 2, atemplate implementation of an object memory manager
e Version 3, variable-size memory manager

Figure 6.5. A variable-size memory pool is naturally slower than fixed-size.
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As expected, Version 3is slower than Versions 1 and 2, due to the increased complexity of the allocation
logic. Aswe march forward to more powerful memory management, we have to give up some speed.

Key Points

e Flexihility trades off with speed. Asthe power and flexibility of memory management increases,
execution speed decreases.

e Theglobal memory manager (implemented by new() and delete()) isgeneral purpose and
consequently expensive.

e  Specialized memory managers can be more than an order of magnitude faster than the global one.

o If you alocate mostly memory blocks of afixed size, a specialized fixed-size memory manager
will provide a significant performance boost.

e A similar boost is available if you allocate mostly memory blocks that are confined to asingle
thread. A single-threaded memory manager will help by skipping over the concurrency issues that
the globa new() and delete() must handle.
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Chapter 7. Multithreaded Memory Pooling

The previous chapter stayed entirely within the realm of a single-threaded environment. The memory pool
was owned by a single thread and concurrency issues were absent. We now extend our design to a
multithreaded environment. The memory pool will no longer belong to any particular thread; instead it will
be shared among all threads in the application process.

The alocators developed for the single-threaded environment will not work properly in a multithreaded
environment. To allow multiple threads to alocate and free memory concurrently, we must add mutual
exclusion to the allocator methods. We could duplicate the single-threaded implementations and add
locking at the right spots, but this brute force mechanism requires that you provide a distinct
implementation for each memory pool type and each locking scheme. Thisis one of those design scenarios
that begs for a template implementation. Such an implementation of a multi-threaded memory pool could
be parameterized by the memory pool type. It would simply decorate the al loc() and free() cdls
(developed in the previous chapter) with alock protection. We can take it a step further by making the lock
type atemplate parameter as well, allowing us to instantiate memory pools with distinct locking schemes.
That's another degree of freedom.

Version 4: Implementation

Version 4 implements a multithreaded memory pool. It