





February 2026
ISSN 1354-3172

Editor
Frances Buontempo
overload@accu.org

Advisors
Paul Bennett
t21 @angellane.org
Matthew Dodkins
matthew.dodkins @ gmail.com

Paul Floyd
pjfloyd @wanadoo.fr

Jason Hearne-McGuiness
coder @hussar.me.uk

Mikael Kilpeléainen
mikael.kilpelainen @ kolumbus.fi

Steve Love
steve @arventech.com

Christian Meyenburg
contact@meyenburg.dev

Barry Nichols
barrydavidnichols @ gmail.com

Chris Oldwood
gort@cix.co.uk

Roger Orr
rogero @howzatt.co.uk

Balog Pal
pasa@lib.hu

Honey Sukesan
honey_speaks_cpp @yahoo.com

Jonathan Wakely
accu@kayari.org

Anthony Williams
anthony.ajw @ gmail.com

Advertising enquiries
ads@accu.org

Printing and distribution
Parchment (Oxford) Ltd

Cover design
Original design by Pete Goodliffe
pete @ goodliffe.net

Cover photo by Alison Peck.
Near the Levi Ski Resort, Finnish
Lapland.

ACCU

ACCU is an organisation of
programmers who care about
professionalism in programming. We
care about writing good code, and
about writing it in @ good way. We are
dedicated to raising the standard of
programming.

Many of the articles in this magazine
have been written by ACCU members —

by programmers, for programmers — and
all have been contributed free of charge.
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EDITORIAL =

Everything is Under Gontrol

You can’t always plan every detail in advance.
Frances Buontempo tries to step back and find out

how to respond to change.

When my routine gets disrupted, it takes a while

to get back into the swing of things. For example,

I went to Meeting C++ [MeetingC++] in Berlin

in November last year and gave a keynote. Being

invited to give a talk is a great honour (thank you,

Jens), but trying to get back to various tasks when
I got home was challenging. Fortunately, our last edition had a guest
editor, Quasar Chunawala, who wrote an introduction to coroutines for
us [Chunawala25]. I was off the hook! Of course, I haven’t written an
editorial this time either, as ever. The new year crept up on me and the
break put me off. Furthermore, I’ve been finishing up my new book, an
introduction to C++ for O’Reilly [Buontempo26]. I feel like I can’t read
or write anything, ever again now. I might get over it. We’ll see.

A regular routine helps me feel like I have everything under control.
It’s just a feeling and though it helps me, it might not work for you.
Furthermore, life throws curved balls from time to time. Disruptions can
give you an opportunity to stop and think. Running on your rails frequently
means you are being somewhat mindless. We all need to take a moment
to reflect once in a while, and maybe dream about new possibilities. And
sometimes, we need to stop for a bit. We are not machines. Stopping
and taking stock might help you realise a better approach. Nonetheless,
a routine can provide motivation. You do something because it’s the next
thing to do.

Sometimes sticking with a habit isn’t a good idea. When I write code,
I occasionally follow my nose and end up with a tangled mess. 1 bet
you have done similar: you need code to do something that’s similar
to something you’ve done before so maybe don’t stop and think first.
Trying to find good examples for my introductory C++ book has been
a challenge, too. I was tempted to write short snippets in various places
which I hadn’t even compiled. I did stop myself, you’ll be pleased to
hear. Sometimes sketching out a high level plan, whether functions or
classes or data flow, makes you stop and think. Some basic principles
keep everything under control: version control, tests, maybe even code
reviews and some code sanitizers. Certainly checking that code compiles!
How do you keep everything under control? Write us an article and tell
us your approach ©

No matter how hard we try, problems sneak in. That might be bugs,
or design problems. Even if you think you’ve come out with a clean
architecture, future feature requests can scupper your plans. That said,
there are some high-level heuristics that can diminish the chance of
bad things happening. C++ has many examples of

these, such as ‘almost always auto’ [Sutter13].
Of course, they are heuristics, and there are
b always exceptions. Well, maybe not always:
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That’s another story for another time. Every programming language
tends to have heuristics or guidelines. However, things change over time,
so you need to keep up to date. Maybe that’s why you’re reading this
magazine? Hopefully you learn something each time you do.

Let’s consider a heuristic. Years ago, the received wisdom was to pull a
call to a container’s size outside a loop for efficiency. The theory was a
call inside a loop would happen each time around the loop. The following
might therefore fail a code review:

for (size_t index = 0; i< stuff.size(); ++i)

Again, we could start another discussion about old-skool for loops
versus range-based approaches, but won’t. Calling size in the loop used
to be inefficient, but compilers usually optimise this call out of the loop
now. I watched Matt Godbolt’s ‘Advent of Compiler Optimisation’ on
YouTube [Godbolt25a]. Matt called out various ways in which a compiler
might generate code that’s different to what you’ve typed. Hopefully, the
idea isn’t a surprise to you. What is surprising is the various ways in
which optimisations are achieved. The final (actual) episode summed
the numbers from 0 to x, for some number x,using a £or loop. Various
compilers removed the loop and found a quicker way, using x(x-1)/2. You
may recognize the formula as Gauss summation, but Matt has details on
his blog if you’d rather read than listen [Godbolt25b]. You might have
known some tips for making code quicker, but you need to keep your
knowledge up to date. Things change. This means you might not have
everything under control. Seeing a compiler completely remove a loop
and use the closed-form formula for a sum is amazing. Of course, you can
control the level of optimisations. Less aggressive levels are less likely
to completely remove your hand-crafted loops. All of the other advent of
code optimisations are worth watching too. I bet you learn something.

Trying to keep everything under control goes beyond the code itself, as
anyone who has had to support a production system knows. Logging can
be very useful, but sometimes doesn’t provide enough information. Chris
Oldwood wrote an article called ‘Terse Exception Messages’ a while ago
[Oldwood15]. He started with a line from a log:

ERROR: Failed to calibrate currency pair!

If the message also said which currencies were involved, Chris’ life would
have been easier. Thinking through whether the information logged
is useful or not is important. One system I worked on had very chatty
logging. Full sentences and many extraneous details. One of the team
spent time reformulating the logging, to make the lines easier to search
with regex. Many of the lines in the log became shorter, which were
slightly quicker to write out so sped up the process a tiny bit. An added
bonus. More importantly, being able to find relevant lines in one search
with a script made our lives much easier. Sometimes a bit of thought and
planning can give you more control. Just saying.

Frances Buontempo has a BA in Maths + Philosophy, an MSc in Pure Maths and a PhD using Al and
data mining. She’s written a book about machine learning called Genetic Algortithms and Machine Learning
for Programmers, and one to help you catch up with C++ called Learn C++ by Example. She has been a
programmer since the 90s, and learnt to program by reading the manual for her Dad’s BBC model B machine.
She can be contacted at frances.buontempo @ gmail.com.



It can be hard to find a good balance between logging everything or
just a few salient messages. Recently, the news in the UK mentioned an
increase in theft of bicycles from train stations. “So what?” I hear you
cry. Well, many stations have bike racks, and these are often covered by
CCTV. Unfortunately, this means there are many hours of footage which
takes time to watch, so the British Transport Police said they can’t spend
all their time watching the footage because then they won’t be able to
patrol railway stations. It’s likely that a bike theft would be on the footage
but there’s too much to look through, like the chatty logs I mentioned.
The BBC News reported this with the attention grabbing headline: Bike
thefts at stations ‘decriminalised’ [BBC25]. Now, I wonder if you could
get a machine learning system to spot the moment when a bicycle is
removed from a spot — it can’t be that hard. That would at least narrow
down the time period of footage that needed investigating. You just’
need to say which square contains a bike and which doesn’t and clock the
timestamps. You could go the extra step of trying to use Al to recognize
the face of the person taking the bike, but that’s another story — certainly
one that is causing controversy in the UK at the moment. If anyone is
studying computer vision, I may have thought of a research project for
you: ‘Spot the bike’.

Too much information can be overwhelming. A long time ago, I wrote
about drowning in emails (and more besides) [Buontempo12]. My emails
are out of control again. No matter how many lists I unsubscribe from,
I seem to end up on more and more every week. Setting up filters helps,
giving me some control over what I see in my inbox, but it doesn’t entirely
solve the problem. Perhaps I need a machine learning system to filter and
summarise my emails. And reply as well... except now I suspect I am
talking about various attempts at ‘Al’ personal assistants. I don’t really
want GenAl to write a summary for me. One option would be abandoning
email altogether, but that might cause other problems. I guess the trick is
prioritising what needs dealing with and what can wait, in conjunction
with finding a way to remember the things that are waiting. When you
are faced with a wall of noise/information, you need to find a good way
to search through it, or narrow down what you are trying to figure out.
The same goes with internet searches and even reading books. It’s OK to
skip from the table of contents to the index and go straight to the pertinent
parts. You don’t need to read all the things.

OK, so you can use machines to automate tasks, including searching your
logs or emails to find information. However, just because an approach is
trendy or possible, doesn’t make it a good idea. It’s still challenging to
stop GenAl ‘hallucinating” (making stuff up). You can try more specific
prompts, tell the LLM to own up if it doesn’t know or to provide a chain of
reasoning, explaining the steps. This will never give you complete control.
Many suspect we can never stop GenAl making stuff up [O’Brien23], and
to my mind that is how LLMs are designed: precisely to make things
up. In case you missed it, we had an article from Andy Balaam last time
explaining why he doesn’t use (Gen)AI [Balaam25]. He suggested the
results are sometimes dangerously incorrect. We have a follow up letter
to the editor in this edition. I am pleased to see people discussing GenAl
and questioning it. Any new tech can be useful, but that does not mean
you have to fully embrace it and use it for everything.

Another aspect of GenAl people find disconcerting is that the same
prompt can give different replies. This is by design. If you can turn the
temperature parameter down to 0, you’ll get the same response each time.
[Noble], unless the model changes under your feet. If you’ve ever worked
with models using random numbers, this will be familiar. Probabilistic
models use random numbers deliberately, allowing you to explore
expected outcomes or averages. In theory you can record the seed used
for the pseudo-random numbers and repeat the outcome. Of course the
same seed on different compilers might give a different number sequence
[Reddit].

They say the best laid plans of mice and men often go astray. That doesn’t
mean it’s not worth trying to form a plan. You might need to be prepared

= EDITORIAL

to follow a back—up plan or trying something else. Don’t get carried
away trying to plan for every eventuality. You’ll end up catastrophizing
and won’t get anything done. And, if something does go wrong it will
probably be something you didn’t even think of. I was giving a talk at the
ACCU conference once and a power surge fried my laptop live on stage.
I did have the talk itself in bitbucket, but the UI had recently changed and
I struggled to find the right workspace on a friend’s laptop. Everyone in
the room tried to help, and we got there in the end. However, I couldn’t
run my demos. Subsequently, I've tried to embed mp4s into my slides,
but they often won’t play. I just need to learn to ‘roll with the punches’:
like boxing, a side swipe can potentially knock you out. If instead, you
accept things don’t always go to plan, you might get better at coming out
with a plan B just when you need it. Try to take some

control, but not 100%. Let surprises happen too. They

aren’t always bad. And you might learn something.

As the agile manifesto says, we have come to value

‘Responding to change over following a plan’ [Agile].

[Agile] ‘Manifesto for Agile Software Development’, available at
http://agilemanifesto.org/

[Balaam25] Andy Balaam ‘Why I don’t use AI” in Overload 33(190):4—
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journals/overload/33/190/balaam/

[BBC25] Tom Edwards, ‘Bike thefts at stations ‘decriminalised”,
posted 2 October 2025 at https://www.bbc.co.uk/news/articles/
c8jm3wxvlkjo

[Buontempo12] Frances Buontempo ‘Too Much Information” in
Overload, 20(111):2-3, October 2012, available to members only at
https://accu.org/journals/overload/20/111/buontempo_1885/

[Buontempo26] Frances Buontempo (2026) Introducing C++,
O’Reilly Media, Inc., https://www.oreilly.com/library/view/
introducing-c/9781098178130/
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fixed-experts-doubt-altman-openai/
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Most software development aims to provide solutions to business
problems. Seb Rose has condensed fifteen years of BDD learning
into two pages of practices, benefits, and challenges.

task—writing code to instruct a machine. In reality, software is the

product of an ongoing socio-technical conversation among users,
business stakeholders, and the delivery team. That conversation evolves
over time, and the challenge is to capture it in a form that is precise,
testable, and useful as a guide for building the system. This is the central
goal of Behavior-Driven Development, or BDD.

It’s tempting to think of software development as a purely technical

BDD originated in the mid-2000s as a refinement of Test-Driven
Development (TDD), created to make technical practices more accessible
and closely aligned with business needs. Today, it is supported by a mature
ecosystem of tools and years of hard-earned lessons from practitioners.
From the initial discovery of requirements to the use of automated tests
that ensure applications adapt gracefully to changing needs, BDD offers
a collaborative, sustainable way to bridge the gap between intent and
implementation.

Why is software delivery so hard?

The purpose of most software development is to deliver solutions to
business problems. Despite well over 50 years industry experience,
organizations still regularly experience significant challenges specifying,
delivering and maintaining the software systems on which they rely.

You might be the victim of these challenges if you have struggled to find
answers for some of the following questions:

B What does the customer actually need?
B How should we capture these needs in an unambiguous way?

B How do we make sure that these are understood by everyone
involved in specification and delivery?

B How can we demonstrate that the functionality of what we deliver
meets the customer’s needs and is adequately reliable?

B How can we ensure that the software will be able to adapt over
time?

These questions span the entire software development process, from
requirement analysis to maintainability, but in many cases the underlying
issues are rooted in the following three key problems.

B Incomplete requirements — the requirements do not properly convey
the information about the problem to be solved and the expected
behavior of the solution to the team.

B Unreliable documentation — the maintenance of the system is
hampered by the absence of documentation that reliably links the
stakeholder needs to the functionality that the team delivers.

Seb Rose has been a consultant, coach, designer, analyst and
developer for over 40 years. Lead author of The Cucumber for
Java Book (Pragmatic Programmers), and contributing author to 97
Things Every Programmer Should Know (O’Reilly).
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B Slow feedback — delay, unnecessary rework, or context-switching is
required because of the lack of fast, reliable, meaningful feedback
about system behavior.

An overview of BDD

Behavior Driven Development (BDD) is an agile approach to software
development that closes the gap between business people and technical
people. BDD emphasizes the collaboration needed to create and maintain
linkage between requirements, documentation, tests and the system being
developed. It is made up of three practices, shown in Figure 1, which
illustrates the order that the BDD practices should be applied to iteratively
‘drive out’ each small increment of functionality in your application.

1. User stories are lightweight descriptions of a piece of functionality
that will be of value to some user of the system. They are not
requirements but are created in response to an understanding of the
needs of the stakeholders.

2. Discovery is a structured, collaborative activity that uses examples
to discover the detailed requirements of a user story. This practice
helps uncover the ambiguities and misunderstandings that
traditionally derail software projects.

3. Formulation is a creative process that turns the examples produced
during discovery into business-readable scenarios. The subsequent
review of the scenarios delivers the confidence that the team really
has understood what the stakeholders are asking for.

4. Automation is where code is written that turns the scenarios into
tests. Not only do the tests guide the implementation of the system,
but they also transform the scenarios into living documentation.
Every time the system is built, the tests give us feedback that the
scenarios still accurately describe its behavior.

5. Working software is our ultimate result that BDD contributes to.
There are many activities that take place after each scenario is
automated, before the functionality described by the scenario can be
delivered to users. These activities are not directly related to BDD.

User

Story
Shared understanding is established through

Discovery _— collaboration and structured conversations

. Examples of system behaviour are documented ¢
Formulation —

Automation ~~_ Scenarios are automated to be able to verify
the behaviour of the system
Working

Software graphics: https://cucumberio/docs/bdd/

Figure1



User stories

User stories are a widely used agile concept. Each story initially captures
an element of application functionality that might be valuable to the
customer but defers detailed requirements gathering until the story has
been prioritized for development.

Discovery

During discovery, the team participates in requirement workshops
at which they create examples to explore and illustrate the expected
behavior of the story. Focusing on examples makes the intention of the
acceptance criteria and business rules clear — each should be illustrated by
one or more examples. This is important because acceptance criteria and
business rules are often subject to misunderstandings.

Formulation

The examples generated during discovery are the bridge between the
requirements and the software. For this bridge to be useful for both
business and technical people, the examples must be captured in a form
that is accessible and meaningful to both. Formulation is the creative
process that turns each example produced during discovery into a
business-readable scenario that is understandable by all stakeholders, yet
also precise enough to specify the software that needs to be written.

Automation

Once an example has been formulated as a scenario, it can be read by
automation tools that understand the format produced during formulation.
The team can now write automation code that these tools will call in
response to each line in the scenario.

The team starts by writing any new automation code needed by the
scenario they are currently working on. When they run the new scenario,
it should initially fail (red) — because the implementation code that it
specifies has not been written yet. Then they iteratively implement the
application code (possibly using TDD) until the scenario finally passes
(green). After cleaning up the codebase (refactoring), they move on to the
next scenario. See Figure 2.

Automated scenarios also address many of the issues around unreliable
documentation. Since the automation will be run during every build, the
team will be notified whenever the system does not behave in the way a
scenario expects it to. These failures have several possible causes:

B The functionality has not been implemented yet: implement the
functionality.

B There is a defect in the code: fix the defect.
B The specification is incorrect or out of date: correct the scenario.

In this way, automated scenarios preserve a direct connection between the
specification and the system implementation. This type of documentation
is called Living Documentation.

‘ Red Green ‘

Failing
scenario

Passing
scenario

Refactor

Refactor
The BDD cycle is the outer loop — write a failing scenario, get the
scenario to pass, then refactor. We enter the inner, TDD cycle to
implement the code needed to move from a failing scenario to a
passing scenario.

Figure 2

" FERTURE

Testing

BDD itself does not define how testing should be performed. Instead, it
provides a set of practical guidelines that facilitate the agile testing process.
The basic concept of agile testing is to move the responsibilities of testing
from finding and reporting application issues to ensuring that these issues
are never added to the codebase in the first place. When following a BDD
approach, the responsibility for code quality is shouldered by the whole
delivery team, not just dedicated testers.

Bridge

The examples uncovered during discovery are an executable connection
between the behavior required by the stakeholders and the system
implemented by the delivery team for the lifetime of the product:

B They provide the stakeholders with confidence that the team has
implemented their requirements in a verifiable way.

B They provide the delivery team with confidence that they have
correctly understood the stakeholders’ requirements.

B They provide the organization with confidence that side effects and
regressions will be prevented as the system evolves.

B They provide the organization with confidence that there is reliable,
persistent documentation of how the system behaves, ensuring its
ongoing maintainability as the business and team changes over time.

BDD helps to maintain this connection and so acts as a bridge between
the stakeholders and the delivery team, between the organization and the
product, and between the past and the future.

Conclusion

BDD is a collection of practices that, on their own, seem mostly sensible
and beneficial. Each can be described quite succinctly and don’t appear
to be particularly demanding. However simple they sound, adopting them
requires change, and no change is easy.

When done well, in whole or part, BDD practices have delivered
improved outcomes for thousands of organizations globally. However,
the collaborative and technical practices that make up BDD are dependent
on the organization’s willingness to change not just what work is done,
but how the work is done.

BDD is not a free lunch. Discovery will not succeed unless the product
owner is truly available to collaborate with the team. Formulation will not
succeed unless the business stakeholders are truly available to review the
scenarios. Automation will not succeed unless the delivery team is truly
willing to value all aspects of code quality. BDD is simple but not easy —
you will have to work for your lunch.

BDD is not a silver bullet. There are many problems in product design
and delivery. BDD focuses on aspects of software development that range
from business requirements through to delivery and operations, but there
are many aspects that fall outside the scope of BDD practices. There are
problems that BDD cannot solve — you will have to decide if the problems
BDD helps solve are the problems you most need to solve.

All change is hard, but change is possible and often necessary. We have
tried to emphasize that BDD adoption is challenging, not to put you off,
but to give you realistic expectations. The outcomes of successful BDD
adoption — less waste, fewer defects, reduced rework, faster feedback,
living documentation among them — are worth working towards. We have
written a book, Effective Behavior Driven Development, to help you to
adopt BDD practices. H

This article is taken from Chapter 1 of the book Effective Behavior
Driven Development by Géspar Nagy and Seb Rose, published

by Manning and available from https://www.manning.com/books/
effective-behavior-driven-development

Gaspar Nagy is the creator of SpecFlow & Regnroll, brings over 20
years of experience as a coach, trainer, and test automation expert.
He currently leads SpecSync, aiding teams in test traceability with
Azure DevOps and Jira.
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Implementing vector<T>

Finding out to to implement features from the standard
library can be a useful learning exercise. Quasar Chunawala
explores implementing your own version of std::vector.

If you know std: :vector , you know half of C++.
~ Bjarne Stroustrup

The most fundamental STL data-structure is the
vector. In this article, I am going to explore writing

Stack
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a custom implementation of the vector data-structure.
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The standard library implementation std: :vector
is a work of art, it is extremely efficient at managing
memory and has been tested ad nauseam. It is much
better, in fact, than a homegrown alternative would be.

Why then write our own custom vector?

B Writing a naive implementation is challenging and rewarding. It is
a lot of fun!

B Coding up these training implementations, thinking about corner
cases, getting your code reviewed, revisiting your design is very
effective at understanding the inner workings of STL data-strucures
and writing good C++ code.

B Its a good opportunity to learn about low-level memory management
algorithms.

We are not aiming for an exhaustive representation or implementation,
but we will write test cases for all basic functionalities expected out of a
vector-like data-structure.

Informally, a std::vector<T> represents a dynamically allocated
array that can grow as needed. As with any array, a std: : vector<T> is
a sequence of elements of type T arranged contigously in memory. We will
put our homegrown version of vector<T> under the dev namespace.

Unit tests for vector<T>

For low-level data-structures such as the vector, let’s write the unit-
tests upfront before the implementation. This will help us think through
the interface and corner cases. Tests will also serve as documentation of
the expected functionality.

The internal representation of a vector-like type has a book-keeping
node (see Figure 1) that consists of:

B A pointer to the raw data (a block of memory that will hold elements
of type T)

B Size of the container(the number of elements in the container)
B Capacity

It’s important to distinguish between size and capacity. size is the
number of elements currently in the container. When size == capacity,
the container becomes full and will need to grow, which means allocating

Quasar Chunawala is a quant-developer. He is deeply passionate
about programming in C++, Rust, concurrency and performance-
related topics. He enjoys long-distance hiking. He regularly discusses
interesting code snippets/language features on his blog and runs a
monthly C++ newsletter at https:/quantdev.blog/newsletter.

6 | Overload | February 2026

Control Block

M_,ﬂnpncita é

fow Data

Figure 1

more member, copying the elements from the old storage to the new
storage and getting rid of the old storage.

Given this background, we assume that the vector is equipped with
basic getters such as:

B std::size_t size()

B std::size_t capacity()
B bool empty ()

B bool is_full()

The vector should support various constructors (see Listing 1).

TEST (VectorTest, DefaultConstructorTest) ({
dev: :vector<int> v;
EXPECT_EQ(v.empty(), true);

}

TEST (VectorTest, InitializerListTest) {
dev: :vector<int> v{1, 2, 3, 4, 5};
EXPECT_EQ(!v.empty(), true);
EXPECT_EQ(v.size(), 5);

EXPECT_TRUE (v.capacity() > 0);
for (auto i{Ouz}; i < v.size(); ++i){
EXPECT EQ(v.at (i), i+l);
}
}

TEST (VectorTest, ParameterizedConstructorTest) {
dev: :vector v (10, 5.5);
EXPECT_EQ(v.size(), 10);
for (auto i{Ouz}; i < v.size(); ++i){
EXPECT EQ(v[i], 5.5);
}
}

TEST (VectorTest, CopyConstructorTest) {
dev: :vector v1i{ 1.0, 2.0, 3.0, 4.0, 5.0 };
dev: :vector v2(vl);
EXPECT_EQ(vl.size() == v2.size(), true);
for (int i{ 0 }; i < vl.size(); ++i)
{
EXPECT EQ(v2[i], i+l);
EXPECT_EQ (v1i[i], v2[i]);
}
}

Listing 1
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TEST (VectorTest, MoveConstructorTest) {
dev: :vector<int> v1{ 1, 2, 3 };
dev: :vector<int> v2(std: :move(vl)) ;
EXPECT_EQ(vl.size(), 0);
EXPECT_EQ(vl.capacity(), 0);
EXPECT_EQ(v2.size(), 3);
for (auto i{Ouz}; i<v2.size(); ++ i)

EXPECT_EQ(v2[i], i + 1);
}

TEST (VectorTest, CopyAssignmentTest)
{
dev: :vector<int> v1{ 1, 2, 3 };
dev: :vector<int> v2;
v2 = vl;
EXPECT_EQ(vl.size(), v2.size());
EXPECT EQ(vl.capacity (), v2.capacity()):
for (int i = 0; i < vl.size(); ++i) {
EXPECT EQ(v1[i], i+1);
EXPECT_EQ(v1[i], v2[i]);
}
}

TEST (VectorTest, MoveAssignmentTest)
{
dev: :vector<int> v1{ 1, 2, 3 };
dev: :vector<int> v2;
v2 = std::move (vl) ;
EXPECT _EQ(vl.size(), 0);
EXPECT_EQ(vl.capacity(), 0);
EXPECT EQ(v2.size(), 3);
for (int i = 0; i < vl.size(); ++i) {
EXPECT_EQ(v2[i], i+1);
}
}

Listing 1 (cont'd)

TEST (VectorTest, AtTest)
{
dev: :vector<int> v{ 1, 2, 3 };
EXPECT _EQ(v.at(0), 1);
EXPECT EQ(v.at(l), 2);
EXPECT EQ(v.at(2), 3);
EXPECT_THROW(v.at(3), std::out of range);
}

TEST (VectorTest, SubscriptOperatorTest)
{
dev::vector<int> v{ 1, 2, 3 };
for (int i{Ouz}; i < v.size(); ++i) {
EXPECT_EQ (v[i], i+1);
}
}

Listing 2

TEST (VectorTest, EmptyTest)

{
dev: :vector<int> v;
EXPECT_EQ(v.empty (), true);

v.push_back (42) ;
EXPECT_EQ(v.empty(), false);
}

TEST (VectorTest, SizeAndCapacityTest)
{

dev: :vector<int> v;

EXPECT EQ(v.size(), 0);

EXPECT GE (v.capacity (), 0);

v.push_back (42) ;
EXPECT EQ(v.size(), 1);
EXPECT_GT(v.capacity(), 0);

v.push_back (v.back()) ;

EXPECT_EQ(v.size(), 2);
EXPECT_EQ(v[1], 42);

" FERTURE

TEST (VectorTest, ReserveTest)
{

dev: :vector<int> vl;
vl.reserve (10) ;

EXPECT_GE (vl.capacity(), 10);
EXPECT _EQ(vl.size(), 0);

dev: :vector<int> v2{1, 2, 3, 4, 5, 6, 7};
size_t old_capacity = v2.capacity();
EXPECT_GE (v2.capacity(), 7);
EXPECT_EQ(v2.size(), 7);
size_t new_capacity = 2 * old_capacity;
v2.reserve (new_capacity) ;
EXPECT_GE (v2.capacity () , new_capacity);
EXPECT_EQ(v2.size(), 7);
for(auto i{Ouz}; i < v2.size(); ++i)
EXPECT EQ(v2[i], i + 1);
}
TEST (VectorTest, ResizeTest)

{
dev: :vector<int> v{ 1, 2, 3 };
v.resize(5);

EXPECT_EQ(v.size(), 5);
for (auto i{Ouz}; i<3; ++i)
EXPECT_EQ(v[i], i + 1);

EXPECT _EQ(v[3], 0);
EXPECT_EQ(v[4], 0);

v.resize (2);
EXPECT_EQ(v.size(), 2);
EXPECT_EQ(v[0], 1);
EXPECT_EQ(v[1], 2);

Listing 4

The vector data-structure should support element access through
the array subscript operator [], just like C-style arrays. The
T& at(std::size_t idx) could also be used to access the element
at index idx with bounds checking. (See Listing 2.)

We expect the container to perform the book-keeping of size and capacity
correctly. (See Listing 3.)

We expect the container to support the getter methods front () and
back():

TEST (VectorTest, FrontAndBackTest)

{
dev: :vector<int> v{ 1, 2, 3 };
EXPECT_EQ(v.front(), 1);
EXPECT_EQ(v.back(), 3);

}

The container should support reserve (size_t new_capacity) and
resize(size_t new_size). These are explained at length further
ahead. (See Listing 4.)

The container should support appending elements or removal elements at
the back. (See Listing 5, next page.)

The container should support a . insert method that allows us to insert
elements from a source range to a specified position in the target vector.
You can write a variety tests, like inserting at the beginning, middle, end
of the vector, self-referential insertion etc. For brevity, I skip listing all of
the tests here. The Compiler Explorer online source listing for this entire
article is available in the conclusion section.

vector member data

We start with coding up the vector as a class template. It is templated by
the type T of the elements stored in the container. We also define various
type aliases (Listing 6).

C++ containers usually expose iterators as part of their interface and
ours will be no exception. We define type aliases for the const and non-
const iterator types, as this makes it simpler to implement alternatives.
(See Listing 7).
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TEST (VectorTest, PushBackTest)
{
dev: :vector<int> v;
v.push_back (1) ;
v.push_back(2) ;
v.push_back(3) ;
EXPECT_EQ(v.size(), 3);
for (auto i{Ouz}; i<v.size(); ++i)
EXPECT EQ(v[i], i + 1);
}
TEST (VectorTest, PushBackSelfReferenceTest)
{
// The design of push back/insert is slightly
// hard to get right. If the vector is full, then
// you reallocate (grow) the vector. If the value
// to be added is a reference to an existing
// vector element, then value in
// vec.push back(value) may become a dangling
// reference, if it refers to the old storage (an
// element of the vector itself e.g. vec.back()).
// This test is meant for such an edge case.
dev: :vector<int> vec{ 1 };
for (auto i{Ouz}; i < 64; ++i) {
vec.push_back (vec.back()) ;
EXPECT_EQ(vec.back(), 1);
}
}
TEST (VectorTest, EmplaceBackTest)
{
struct Point
{
int x, y;
Point (int a,
x(a)
; y(b)
{
}
}i
dev: :vector<Point> v;
v.emplace back(l, 2);
v.emplace_back (3, 4);
EXPECT_EQ(v.size(), 2);
EXPECT_EQ(v[0].x, 1);
EXPECT_EQ(v[0].y, 2);
EXPECT_EQ(v[1l].x, 3);
EXPECT_EQ(v[1].y, 4);
}
TEST (VectorTest,
{
dev: :vector<int> v = {1,
EXPECT_EQ(v.size(), 3);
v.pop_back() ;
EXPECT_EQ(v.size(), 2);
EXPECT_EQ (v, dev::vector<int>({1l, 2}));

int b)

PopBackTest)

2, 3};

Listing 9
vector constructors

Alluding to the rule-of-five, we implement a copy constructor, copy-
assignment operator, move constructor, move assignment operator and
a destructor.

template <typename T>
class vector {
using value type = T;
using size_type = std::size_t;
using pointer = T*;
using const_pointer = const T*;
using reference = T&;
using const_reference = const T&;
using iterator = pointer;
using const_iterator = const_pointer;
private:
pointer m data{nullptr};
size type m_size{Ouz};
size type m_capacity{Ouz};
constexpr static unsigned
short growth_factor{2};

Listing 6
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template <typename T>

class vector {
/]

public:
iterator begin(){ return m data; }
const_iterator begin() const{ return m _data; }
iterator end(){ return begin() + m_size; }
const_iterator end() const{

return begin() + m_size; }

//
Listing 7

template<typename T>
class vector{

private:

struct init capacity tag { size_type cap; };
};
// If an exception happens after this has been
// called, the destructor will run and deallocate
// the memory.
explicit vector(init_capacity tag cap)

m_data{ allocate helper (cap.cap) .release() }
, m_capacity{ cap.cap }

{}
Listing 8

To simplify things, we first code up a private constructor
(vector (init_capacity_tag)) whose job is to allocate memory
and construct a vector object. (See Listing 8.)

All other constructors delegate to this private
vector (init_capacity_tag) constructor. After that constructor
completes, the object is fully constructed, and if any execution happens
later which throws, the destructor will always be called.

The destructor is called for all fully constructed objects. The object is
considered fully constructed once any constructor has finished, including
the delegated constructor. (See Listing 9.)

vector () noexcept

{}

// If an exception happens after this has been

// called, the destructor will run and deallocate
// the memory.

explicit vector(init_capacity_tag cap)

: m_data{ allocate helper (cap.cap) .release() }

, m_capacity{ cap.cap }

{1

vector (size_t n, const T& initial value)
vector (init_capacity_ tag(n))
{
std::uninitialized fill n(m_data, n,
initial_value);
m_size = n;

}

vector (std::initializer 1list<T> list)
vector (init_capacity tag(list.size())) {
std::uninitialized copy(list.begin(),
list.end(), m_data);
m_size = list.size();

}

vector (const_iterator first, const_iterator last)
vector (init_capacity tag(std::distance (first,

last)))

{

if constexpr (
std::is_nothrow _move constructible v<T>) {
std::uninitialized move (first, last, m_data);
} else {
std::uninitialized copy(first, last, m_data);
}
m_size = std::distance(first, last);

}
Listing 9



vector (const vector& other)
vector (init_capacity tag(other.capacity())) {
// Perform a deep-copy of all the Ts
std: :uninitialized copy (other.m data,
other.m data + other.m size, m _data);
m_size = other.size();
}
vector (vector&& other) noexcept
: m_data{std::exchange (other.m data, nullptr)},
m_size{std::exchange (other.m _size, 0)},
m_capacity{std: :exchange (other.m capacity, 0)}
{}
void swap (vector& other) noexcept {
std: :swap (this->m _data, other.m data);
std: :swap (this->m_size, other.m size);
std: :swap (this->m_capacity, other.m capacity)
}
vector& operator=(const vectoré& other) {
vector (other) . swap (*this) ;
return *this;
}
vectoré& operator=(vectoré&& other) ({
vector (std: :move (other)) . swap (*this) ;
return *this;
}
~vector () {
std: :destroy (begin(), end());
raw_deleter{} (m_data);

}
Listing 9 (cont'd)

If any of the delegating constructors fails in the constructor body —
such as vector(size_t n, const T& initial_value)- the
~vector () destructor has to be run. This makes memory handling
almost entirely automatic.

Basic services of a vector-like class

Implementing front0), back( and operatoril(size_tidx)

There is more to writing a convenient dynamic array type. For example,
member functions that let you access the elements at front or rear-
end of the vector are to be expected. Similarly, an implementation of
operator[] to access the element at a specific index in the array is also
expected. (See Listing 10.)

Comparing two vector<T> objects for equivalence or lack thereof is a
relatively easy matter if we use algorithms:

YR
bool operator==(const vectoré& other) const{
return size() == other.size() &&
std: :equal (begin(), end(), other.begin())

Dynamic memory allocation and deallocation
In general, we want to separate allocation of raw memory from
construction of T objects. operator new(size_t count) attempts

//
reference operator[] (size_type idx) {
return m_data[idx];

}

const_reference operator[] (size_type idx) const({
return m_data[idx];

}

// precondition: !empty ()
reference front(){ return (*this)[0]; }
const_reference front() const {

return (*this) [0]; }
reference back(){ return (*this)[m size - 1]; }
const_reference back() const{

return (*this) [m _size - 1]; }

Listing 10

" FERTURE

struct raw_deleter {
// only frees the memory, doesn't destroy objects
void operator () (T* ptr) noexcept ({
operator delete(ptr,
std::align _val_ t(alignof(value_type)));
}
};
using raw_ptr = std::unique ptr<T, raw_deleter>;
raw_ptr allocate_helper(size_type new_capacity) {
auto ptr = operator new(
sizeof (value_type) * new_capacity,
std::align_val_t(alignof (value_type))
)
return raw_ptr(static_cast<pointer>(ptr));

}
Listing 11

to allocate count bytes on the heap. The newly allocated memory is
uninitialized. This is different from the new expression, new T (Args)
or new T[] (), which performs both allocation and zero initialization
(invokes the default constructor T () ).

The memory subsystem on a modern CPU is restricted to accessing
memory at the granularity and alignment of its word size. The CPU
always reads at its word size (8 bytes on a 16-bit processor), so when
you do an unaligned address access — on a processor that supports it — the
processor is going to have to read multiple words. The CPU will read
each word of memory that your requested address straddles. That’s why
it’s important to always align custom types, when allocating memory.

The regular operator only guarantees alignment upto
alignof (std::max_align_t); it works well for fundamental types.
But, for custom types where

new

alignof (T) > alignof(std::max align_t)

it would fail. C++17 supports an overloaded version of the new operator
with alignment as an additional argument.

We introduce the helper functions allocate_helper and a custom
deleter function object. We also declare a raw_deleter type alias. (See
Listing 11.)

In allocate_helper, I chose to wrap the result of operator new
into a unique pointer before returning to the caller. Again, this makes
memory management automatic at the call-site.

Implementing reserve(l

reserve (size_type new_capacity) increases the capacity of
the vector(the total number of elements that the vector can hold without
requiring reallocation) to a value that’s greater orequal tonew_capacity.
If new_capacity is greater than the current capacity (), new storage
is allocated, otherwise the function does nothing. (See Listing 12, next
page.)

If new_capacity > capacity (), we must:

B Allocate a chunk new_capacity * sizeof (T) bytes large on
the heap dynamically.

B Copy the existing container elements from the old storage area to
the new block of memory.

B Destruct the elements in the old storage and deallocate the memory
occupied.

B Update the vector’sm_data pointer and m_capaci ty field.

After the allocation, we want to copy the elements in the range m
data[0...m_size-1] toptr_new_blk.

copy_old storage_to_new is a helper function to copy
num_elements from the memory Ilocation source_ first to
destination_first.
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// Copies elements from old storage to new
// If T's copy/move ctor throws, the objects
// already constructed are destroyed and the
// exception is propagated to the caller.
void copy old storage_to_new(pointer source first,
size_t num _elements, pointer destination_first)
{
if constexpr (
std::is_nothrow move_constructible v<T>) {
std::uninitialized move (source_ first,
source_ first + num elements,
destination_first);
}
else{
std::uninitialized copy(source_first,
source_first + num_elements,
destination_first);
}
}
void reserve(size_type new_capacity) {
if (new_capacity <= capacity())
return;
raw_ptr mem = allocate helper (new_capacity) ;
copy_old_storage_to _new(m _data, m_size,
mem.get()); // can throw
std: :destroy(m _data, m_data + m_size);
pointer new_ptr = mem.release();
mem.reset (m_data) ;
m_data = new_ptr;
m_capacity = new_capacity;

}
Listing 12

C++17 introduced std: :uninitialized copy and
std::uninitialized_move algorithms. std::uninitialized
copy (first, last, d_first) accepts a source range [first,last)
and copies the elements from the source range to an uninitialized memory
area beginning at d _first. The std::uninitialized move
algorithm uses move semantics.

The beauty of these uninitialized memory algorithms are that they are
exception safe. If one of the T (const T&) constructors invoked by
uninitialized copy ends up throwing, then the objects it managed
to create before the exception was thrown will be destroyed (in an
unspecified order), before the exception leaves the function.

The type-trait std::is_move constructible v<T> is a meta-
function that returns true , if the argument T is move constructible.

If copy_old_storage_to_new throws, mem will go out of scope and,
being a smart pointer, it will automatically release new_capacity on
the heap.

There’s a general trick that you would have seen in all of this. Do not
modify your object until you know you can safely do it. Try to do the
potentially throwing operations first, then do the operations until you
can mutate your object. You will sleep better, and the risks of object
corruption will be alleviated.

Implementing resizel)

The distinction between resize () and reserve () is that reserve ()
only affects the capacity of the container, whereas resize () modifies
the size and capacity both.

The resize (size_type new_size) method (see Listing 13) resizes
the container to contain count elements:

B [fthe new_size is equal to the current size, do nothing.

B If the current size is greater than the new_size, the container is
reduced to its first new_size elements.

B If the current size is less than new_size, then additional default-
constructed elements are appended.
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void resize(size_ type new_size) {
size_type current_size = m_size;
if (new_size == current_size)
return;
if (new_size < current_size)

// Reduce the container to count elements
std: :destroy(m_data + new_size,
m_data + m_size);

}

if (new_size > current_size)

{
reserve (new_size) ;
// Default construct elements at indicates
// [current size,...,new size-1]
std::uninitialized value_construct (begin()

+ current size, begin() + new_size);
}
m_size = new_size;

}
Listing 13

How to think about adding elements to our
container?

We will code up a push_back (T&&) member function that accepts a
universal reference T&&. If T is move constructible, then the value will be
moved. If T is copy constructible then the value will be copied.

The emplace_back (Args. . .) will take a variadic pack of constructor
arguments, and then perfectly forward them to the constructor of a
T object, that will be placed at the end of the container. A reference to
the newly constructed object is returned by emplace_back (), for
convenience, in case the user-code would like to use it right away.

We would like to first check whether the container is full. We have a
dichotomy. If the container is full, we take the so-called slow path, else
we take the fast lane.

push_back_slow_pathlvalue)

In this case, we would like to grow our container; we allocate more
memory, than what the container currently holds. We leave the memory
uninitialized. Memory allocation, can of course, fail.

We then add the new value at the index m_size. Appending the new
element may fail.

We copy/move construct the existing elements of the container from the
old storage to the new block of storage.

If all three steps were successful, we deallocate the old storage and return
it back before replacing the values in the member variables m_data,
m_size andm_capacity.

If either of the last couple of steps fail, we free the newly obtained block
of storage.

push_bhack_fast_path(value)
In this case, we simply copy/move construct value at the end of the
container and update the size of the container.

Edge-case
Consider the following edge-case, where the value to be added is an
element of the vector itself. If there is a reallocation, then the elements of
the container are relocated to a new region. So, value might become a
dangling reference.
dev: :vector<int> vec{ 1 };
for (int i = 0; i < 10; ++i) {
vec.push_back (vec.back()) ;
EXPECT_EQ(vec.back(), 1);
}

Our design takes care of this edge case. (See Listing 14, next page.)



Coding up emplace_hack

Similar to push_back, emplace_back also appends an element to the
end of the container. The only difference is, emplace_back constructs
a T element in-place in the vector , using the constructor arguments of
type T.

std: :construct_at(mem.get() + m size,
std: : forward<Args>(args)...);

Implementing pop_hack(
pop_back () should call the destructor of the element at index
m size - 1.std::destroy_at(T* p) calls the destructor of the
object pointed to by p. It is equivalent to p->~T () . We must not forget to
decrement the size of the container.
void pop_back() {

T* ptr to _last = m data + m_size - 1;

std: :destroy_at(ptr_to_last);

——m_81ze;

}

Implementing insertlconst_iterator position, It first, it last)

The insert function inserts the given value into the vector before the
specified position, possibly using move-semantics. Note that, this kind
of operation could be expensive for a vector, and if it is frequently used,
it can trigger reallocation.

Our insert function will be generic enough with the following interface:

template<class It>
iterator insert(const_iterator pos,
It first, It last)

It inserts the range [first, last) at position pos (immediately prior to
element currently at pos).

I spent some time thinking about .insert, and drawing some quick
diagrams helped me generalize the algorithm.

Step 1. We first determine if the elements in the range [first,last) can
fit into the remaining capacity = capacity() - size().If
n exceeds the remaining capacity, the excess_capacity_reqd
we require is std: :max(n - remaining capacity,0). So, we
invoke reserve (capacity () + excess_capacity reqd).

Step 2. Assume that we have sufficient room for the range [first,last).

Source

bes'l"-(:l pes

" FERTURE

template<typename U>
void push_back_slow_path (U&& value) {
// allocate more memory
size_type new_capacity =
capacity() ? growth factor * capacity() : 1;
size_type offset = size();
size_type new_size = m_size + 1;
auto mem = allocate_helper (new_capacity) ;
std: :construct_at(mem.get() + m size,
std: : forward<U> (value)) ;
try{
copy_old storage_to_new(m_data, m_size,
mem.get()) ;
}catch(std: :exceptioné& ex) {
std: :destroy_at (mem.get() + m_size);
}
pointer ptr new = mem.release();
mem.reset (m_data) ;
m data = ptr new;
+:m_size; -
m_capacity = new_capacity;
}
template<typename U>
void push_back_fast_path (U&& value) {
std: :construct_at(m data + m_size,
std: : forward<U> (value)) ;
++m_size;
}
template<typename U>
void push_back (U&& value)
{
if (is_full())
{
push_back_slow_path(std::forward<U>(value)) ;
}
else(
push_back fast_path(std::forward<U>(value)) ;
}
}

Listing 14

How many elements should be copied from the [begin(), end())

sequence to the raw memory block at the end of the container?

Consider the scenario, where the range [first,last) is smaller
than [pos,end) — see Figure 2. In this scenario, the elements
[end()-n, end()) need to be copied or moved to the uninitialized
memory.

If there are elements to copy
or move from [pos,end())
sequence as a replacement
to existing objects in the
container (there could be
none), how many should be
there? Looking at Figure 3
(next page), the subsequence
[pos, end() - n) will be
mappedto [pos + n, end())
upon insertion.

Lopaci 1 . .
- P 'tlf- Consider the scenario where the

D i

A, range [first,last) is larger
A than [pos,end) (Figure 4,

Y

next page).

renntn%ng__capae?tg

-4 =

num_elems_to_shift

Destination
Figure 2

In this case, let’s define
num_tail as the trailing
number of elements from the
source range [first,last)
that would be copied/moved to
uninitialized memory. Clearly,
num_tail = std::max(n
- end() + pos,0). So, the
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tail [last-num_ tail,last) will be mapped to [end() ,end()+
num_tail) upon insertion.

To make room for the insertion, the elements [pos,end () ) will have to
be movedto [end () + num_tail, end() + num_tail + end()
- pos).

Listing 15 is a possible implementation based on our ideas above.

Implementing a custom vector<T> from scratch is a rewarding exercise
that deepens understanding of

The deepest code review of the simplest data structure, vector: https://
www.youtube.com/watch?v=GfIxO_vpM4g

libstdc++ vector test suite, https://gnu.googlesource.com/gec/+/trunk/
libstde++-v3/testsuite/23_containers/vector

C++ Memory Management, by Patrice Roy, Packt Publishing.

C++ fundamentals. "
The standard library First last
implementation handles —_
additional ~ complexities | s

e
haven’t addressed: custom ’ /

allocator support, small object
optimizations, and numerous
other edge cases discovered
through decades of production
use.

Inserted elements

Instead of pointer/size/
capacity, ~we may  use

pointers: m_start , m_end ""‘35‘:“{) pos

——p

postn .u_,-:apant‘tt‘,r—’

While both layouts occupy 3

and m_end of_ storage.
words (24 bytes on a 64-bit [

i —

/.//// A7
5 I
%Y

machine), end () is marginally

faster, does not require pointer ’
arithmetic and generates fewer

assembly instructions. 4

However, the journey of P

LY
Rt

building this container teaches
invaluable lessons. You

learn to think carefully about
exception safety, understand
the tradeoffs between copy and
move operations, appreciate
the elegance of algorithms like std::uninitialized copy, and
recognize why seemingly simple operations like insert() require
careful reasoning about memory

layout and iterator invalidation.

«
If you enjoyed this deep dive, I first

std::inplace_vector, or

recommend exploring deque,
the more complex associative [

containers.  Each  presents
unique challenges and design
decisions that will further
sharpen your C++ skills. B

You can find the complete source beg‘l n() pos

Source

end() w_capacity-

https://compiler-explorer.

listing and unit tests online at
com/z/Y6q1Tb3GK. {

oy

/ ) y Py F &
,/. .__/%‘/; _-'_/ /.-__."-. S ",'. /"z.
o f_'./"//_.’f/ 12“1:'?/1/ e ; /'5//”./; // ///-’

#
z’///
# P
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template<typename It>
iterator insert(const_iterator pos, It first,

It last){
auto pos_ = const_cast<iterator>(pos) ;
auto first_ = first;
auto last = last;

if (first '= last)
{
size_ type offset = std::distance(begin(),
pos_) ;
size type n = std::distance(first, last);
size_type num_elems_to_shift
= std::distance(pos_, end());
size_type remaining capacity
= capacity() - size();

dev: :vector<T> temp;
// handle self-referential insertion
if ((first_ >= begin() && first < end())
&& last_ > begin() && last_ <= end())
{
for(auto it{first }; it!=last ; ++it)
temp.push _back (*it) ;

first = temp.begin();
last = temp.end();
}
if(n > remaining capacity)
{

size type excess_capacity_reqd
= std::max(n - remaining capacity, Ouz);
reserve (capacity() + excess_capacity_reqd);
// The iterator pos is invalidated. Update
// it.
pos_ = std::next(begin(), offset);
}
// objects to displace (move or copy) from the
// [begin, end()] sequence into raw
// uninitialized memory
if(n < num_elems_to_shift)
{
if constexpr (
std::is_nothrow _move constructible v<T>)

{

std::uninitialized move(end() - n, end(),
end());
}
else
{
std::uninitialized copy(end() - n, end(),
end());
}
}else{

size type num_ tail
= std::max(n - num_elems_to_shift, Ouz);
if constexpr (
dev: :vector<T> temp;
// handle self-referential insertion
if ((first_ >= begin() && first_ < end())
&& last > begin() && last <= end())
{
for(auto it{first }; it!=last ; ++it)
temp.push_back (*it) ;

first = temp.begin();
last_ = temp.end();
}
if(n > remaining_capacity)
{

size_type excess_capacity reqd

= std::max(n - remaining capacity, Ouz);
reserve (capacity () + excess_capacity reqd);
// The iterator pos is invalidated. Update
// it
pos_ = std: :next(begin(), offset);

Listing 19

}

" FERTURE

// objects to displace (move or copy) from the
// [begin, end()] sequence into raw
// u