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6.8 Statements and blocks

statement

syntax 1707

Statement:

labeled-statement
compound-statement
expression-statement
selection-statement
iteration-statement
jump-statement

Commentary

statement header A statement is the basic unit of executable code. The term statement header is sometimes used to refer
to the keyword (e.g., if, for) and the immediately following sequence of tokens between, and including,
parentheses in a selection-statement or iteration-statement.

C++
In C++ local declarations are classified as statements (6p1). They are called declaration statements and their
syntax nonterminal is declaration-statement.

Other Languages

Imperative languages use statements to specify a programs execution time control flow, while functional
languages use expressions. Other language families use fundamentally different building blocks, for instance
Logic, or constraint-based languages specify relationships and a program execution is an attempt to find
values that meet these relationships.

Common Implementations

A number of implementations!> %1428 have added extensions that provide support for either concurrent
execution of groups of statements, or parallel operations on arrays of values. These extensions tend to be
very dependent on particular hardware implementations (whose architecture is usually driven by the kinds of
problems they have been designed to solve) and no single model of concurrency, or parallel execution, has
achieved a significant market share (compared to the others).

Coding Guidelines
The discussion in the following two subsections is based on drawing a parallel between natural language
compound sentences and source code statements (i.e., statements are the sentences of a programs source code; sequences
statement  of them are used to create a compound statement (paragraph) and sequences of these used to build a function
dg?nély%:néaﬁ definition, a subsection).!””"! The reason for drawing this parallel is the desire to make use of some of the
smax  findings from research on human sentence processing (there being no equivalent studies performed on source
code statements). The following is a broad summary of these findings:

* Over short time periods the syntax of what is read (i.e., words) is remembered, while over longer
periods of time only the semantics (i.e., the meaning; which may differ between readers because of
integration into their personal world model) is remembered.

* The measure of a persons working memory capacity that has the highest correlation with their
reading span 1707 performance in reading comprehension tasks is the reading span test.

* The closer previously obtained information is (i.e., the more recently the sentence containing it was
read) to the point it is referenced, the higher the probability that readers will correctly integrate it into
the information extracted from what they are currently reading.

1707- 1 practice a better parallel might be between statements and the infonation units commonly used in spontaneous spoken speech.
Individual statements often contain a single piece of information and need to be considered in association with other statements, much
like speech e.g., “hey . . . ya know that guy John . . . down the poolhall . . . he bought a Harley . . . if you can believe that.”.
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What is remembered

Having read a sentence, what does the reader remember about it? Studies! have found that over short
time periods the syntax (i.e., words) is remembered, while over longer periods of time only the semantics
(i.e., the meaning) is remembered. Readers might like to try the following test (based on Jenkins!'®!). Part 1:
A line at a time, (1) read the sentence on the left, (2) look away and count to five, (3) answer the question on

the right, and (4) repeat process for the next line.

The girl broke the window on the porch. Broke what?
The hill was steep. What as?
The cat, running from the barking dog, jumped on the table. From what?
The tree was tall. Was what?
The old car climbed the hill. What did?
The cat running from the dog jumped on the table. Where?

The girl who lives next door broke the window on the porch. Lives where?
The car pulled the trailer. Did what?
The scared cat was running from the barking dog. What was?
The girl lives next door. Who does?
The tree shaded the man who was smoking his pipe. What did?
The scared cat jumped on the table. What did?
The girl who lives next door broke the large window. Broke what?
The man was smoking his pipe. Who was?
The old car climbed the steep hill. The what?
The large window was on the porch. Where?

The tall tree was in the front yard. What was?
The car pulling the trailer climbed the steep hill. Did what?
The cat jumped on the table. Where?

The tall tree in the front yard shaded the man. Did what?
The car pulling the trailer climbed the hill. Which car?
The dog was barking. Was what?
The window was large. What was?

You have now completed part 1. Please do something else for a minute or so, before moving on to part 2
(which immediately follows).

Part 2: when performing this part, do not look at the sentences from part 1 above. Now, a line at a time, (1)
read the sentence on the left, (2) if you think that sentence appeared as a sentence in part 1 write a number
between one and five expressing your confidence (one expressing very little confidence and five expressive a
lot of confidence in the decision) next to old, otherwise write a number representing your confidence level
next to new, and (3) repeat process for the next line.

The car climbed the hill. old___, new ___
The girl who lives next door broke the window. old__, new ___
The old man who was smoking his pipe climbed the steep hill. old. , hew ___
The tree was in the front yard. old___, new ___
The window was on the porch. old___, new ___
The barking dog jumped on the old car in the front vard. old. , hew ___
The cat was running from the dog. old___, new ___
The old car pulled the trailer. old__, new ___
The tall tree in the front yard shaded the old car. old. , hew ___
The scared cat was running from the dog. old___, new ___
The old car, pulling the trailer, climbed the hill. old__, new ___
The girl who lives next door broke the large window on the porch. old , hew ___
The tall tree shaded the man. old___, new ___
The cat was running from the barking dog. old , hew ___
The cat was old. old , hew ____
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Figure 1707.1: Subject confidence level for having previously seen a sentence containing different numbers of idea units. Based
on Bransford and Franks.[?!

The girl broke the large window. old , new ___
The car climbed the steep hill. old , hew
The man who lives next door broke the window. old_, new ___
The cat was scared. old , hew ___

You have now completed part 2. Count the number of sentences you judged to be old.

The 2mbriee 12 (pyr 911 OF (P6 26UEUCG2 YL NEM

While reading you abstracted and remembered the general ideas contained in the sentences (they are based
on the four idea sets, (1) “The scared cat running from the barking dog jumped on the table.”, (2) “The old
car pulling the trailer climbed the steep hill.”, (3) “The tall tree in the front yard shaded the man who was
smoking his pipe.”, and (4) “The girl who lives next door broke the large window on the porch.”).

In a study by Bransford and Franks!®! each idea unit was broken down into sentences containing single
ideas (e.g., “The cat was scared.”), two ideas (e.g., “The scared cat jumped on the table.”), three ideas (e.g.,
“The scared cat was running from the dog.”), and four ideas (e.g., “The scared cat running from the barking
dog jumped on the table.”). The results (see Figure 1707.1) show that the greater the number of ideas units
included in a sentence, the greater a subjects confidence that the sentence was previously seen (independently
of whether it had been).

The issue of what people remember about what they have previously read is discussed in more detail
elsewhere.

Processing single sentences

Individual sentence complexity!®! has a variety of effects on human performance. A study by Kintsch and
Keenan!??! asked subjects to read single sentences, each containing the same number of words, but varying in
the number of propositions they contained (see Figure 1707.2). The time taken to read each sentence and
recall it (immediately after reading it) was measured.

The results (see Figure 1707.3) show that reading rate decreases as the number of propositions in a
sentence is increased (with the total number of words remaining the same). A later study!>3! found that reader
performance was also affected by the number of word concepts in a sentence and the grammatical form of
the propositions (subordinate or superordinate).

Developers are often told to break up a complex statement or expression into several simpler ones.
However, in many cases the quantity of interest is the comprehension cost of all of the code (it is possible
that in some cases readers may only need to comprehend a subset of the simpler statements). It is therefore
necessary to ask whether reader comprehension effort is minimized by having a single complex statement or
having several simpler statements? While it is not yet possible to answer this question, some of the issues are
known and the following subsection discusses the integration of information between related sentences.
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Romulus, the legendary founder of Rome, took the women of the Sabine by force.

1
2
3
4

(took, Romulus, women, by force)

(found, Romulus, Rome)

(legendary, Romulus)

(Sabine, women)

2

Cleopatra’s downfall lay in her foolish trust in the fickle political figures of the Roman world.

o I B N N O N

(because, a, f)

a — (fell down, Cleopatra)

B — (trust, Cleopatra, figures)

(foolish, trust)
(fickle, figures)

(political, figures)

(part of, figures, world)

(Roman, world)

L

2

3 4
i ES—>6
74»8

Figure 1707.2: Two sentences, one containing four and the other eight propositions, and their propositional analyses. Based on
Kintsch and Keenan.[?%]
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Figure 1707.3: Reading time (in seconds) and recall time for sentences containing different numbers of propositions (straight
lines represent a least squares fit; for reading ¢t = 6.37 + .94 Ppres, and for recall ¢ = 5.53 + 1.48 Pr-¢.). Adapted from Kintsch

and Keenan.
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Integrating information between sentences

This subsection discusses peoples performance in integrating information between (or across) sentences
they have read. Developers need to integrated information from different source code statements, to obtain a
higher-level view of a programs behavior. It is assumed that the main factors affecting the performance of a
reader of prose sentences are also the main factors, and in the same proportions, that affect the performance
of readers of source code statements. The factors are working memory and the processing performed on the
information it contains (see Just and Carpenter!?’! for a capacity theory of comprehension).

The relative order in which a developer has to write many statements is dictated by dependencies between
the operands they contain. However, there is often a degree of flexibility in the absolute order in which they
occur. For instance, some developers initialize all locally declared objects at the start of a function, while
others initialize them close to where they are used.

Although various theories of text comprehension have been proposed,'?%2!! it is not yet possible to give
reliable answers to detailed questions. For instance, in the following three assignments, would moving the
assignment to x after the assignment to y reduce the cognitive effort needed to comprehend the value of the
expression assigned to z?

1 X = ex_1 + ex_2; /* Could be reordered to follow assignment to y. %/
2y = complicated_expression; /* Contains no dependencies on previous statement. =/
3 z =y + ex_1;

Optimizing statement ordering, in those cases where some flexibility is available, to minimize reader cognitive
effort when integrating information between statements requires that the relationships between all statements
within a function be taken into account. For instance, ex_2 may also appear prior to the assignment to x
and there may be a greater benefit to this assignment appearing close to this usage, rather than close to the
assignment to z.

Because there is no method of measuring adherence, no guideline recommendation, dealing with statement
ordering, is given here.

A study by Daneman and Carpenter!’! investigated the connection between various measures of subjects
working memory span and their performance on a reading comprehension task. The two measures of working
memory used were the reading span and word span. In the reading span test subjects have to read, out loud,
sequences of sentences while remembering the last word of each sentence, which have to be recalled at the
end of the sequence. The number of sentences in each sequence is increased until subjects are unable to
successfully recall all the last words. The word span measure is a variant of the digit span test discussed
elsewhere, using words rather than digits.

In the Daneman and Carpenter study the reading comprehension task involved subjects reading a narrative
passage containing approximately 140 words and then answering questions about facts and events described
in the passage. Various passages were constructed, where the distance between information needed to answer
some of the questions was varied. For instance, the final sentence of the passage contained a pronoun (e.g.,
she, her, he, him, or it) that referred to a noun occurring in a previous sentence. Different passages contained
the referenced noun in either the second, third, fourth, fifth, sixth, or seventh sentence before the last sentence.

In the excerpt: . .. river clearing . . . The proceedings were delayed because the leopard had not shown
up yet. There was much speculation as to the reason for this midnight alarm. Finally he arrived and the
meeting could commence.” the question “Who finally arrived?” refers to information contained in the last
and third to last sentence. The question “Where was the meeting held?” requires the recall of a fact.

The results showed that there was little correlation between a subjects performance in the word span test
and the reading comprehension test. However, there was a strong correlation between their performance in
the reading span test and the reading comprehension test (see Figure 1707.4). A similar pattern of results
was obtained when the task involved listening, rather than reading. A second experiment included controls
to ensure that subjects processed the sentences in the reading span test (rather than simply looking for and
remembering the last word) and that differences in rate of reading were not a factor. The pattern of results was
unchanged. A study by Turner and Engle!*’ found that having subjects verify simple arithmetic identities,
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Figure 1707.4: Percentage of correct subject responses to the pronoun reference questions as a function of the number of
sentences between the pronoun and the referent noun. Plotted lines are various subject reading spans. Adapted from Daneman
and Carpenter.[”]
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Figure 1707.5: Percentage of correct answers as a function of subject’s reading span and the presence or absence of a
sentence boundary. Adapted from Daneman and Carpenter.!$]

rather than a reading comprehension test, did not alter the results. However, altering the difficulty of the
background task (e.g., using sentences that required more effort to comprehend) reduced performance.

The difference between word span and reading span as measures of working memory is that the first is
purely a measure of memory usage while the second also involves processing information (the extent to
which processing information consumes, interferes with, or competes with working memory resources is a
hotly debated issue). Comprehension of prose involves integrating information within and between sentences.
Other studies have found that reading span correlates with performance in a number other tasks, including:

+ A study by Daneman and Carpenter'®! investigated subjects performance in integrating information
within a single sentence and across two sentences. For instance, is there a difference in comprehension
performance between the sentence “There is a sewer near our home who makes terrific suits” (this
is an example of what is known as a garden path sentence) and “There is a sewer near our home.
He makes terrific suits”? The results (see Figure 1707.5) show that a sentence boundary can affect
comprehension performance. It was proposed that this difference in performance was caused by
readers purging any verbatim information they held, in working memory, about a sentence on reaching
its end. The availability of previously read words, in the single sentence case, making it easier to
change the interpretation made on the basis of what has already been read.

e There are a number of structural components involved in the reading of prose. For instance, at the
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microstructure level words are formed from character sequences and syntactic processing of words
occurs, while at the macrostructure level information has to be integrated across sentences and the
narrative has to be followed. A study by Graesser, Hoffman, and Clark!">! found that (1) more cognitive
resources are allocated to macrostructure than microstructure processing, (2) differences in reading
speed could be attributed to different rates of microstructure processing, and (3) variations in reader
goals affect the rate at which the macrostructure is processed.

+ A study by Glanzer, Fischer, and Dorfman!'#! investigated the affects an interruption had on subjects
performance, when reading prose. The results showed that when reading organized text (a sequence
of sentences having dependencies between them) an interruption (requiring a different task to be
performed) caused information on the last two sentences to be lost from working memory. This loss
of information caused a reduced subjects performance in reading the remaining sentences (unless
they were able to reread the previous two sentences). An interruption did not cause a reduction in
performance when the sentences were not organized (i.e., they were not related to each other).

* A study by Gibson and Thomas!'®! found that subjects were likely to perceive complex ungrammatical
sentences as being grammatical. Subjects handling complex sentence that exceeded working memory
capacity by forgetting parts of the syntactic structure of the sentence, resulting in a grammatically
correct sentence.

 Text inference often involve more than integrating information between sentences. Knowledge about
the real world is often required. A study by Singer and Ritchot!>”! showed subjects pairs of sentences
and asked them to answer questions about inferences that could be drawn from these sentences. For
instance, the two sentences “Valerie left early for the birthday party. She spent an hour shopping in the
mall.” would be expected to activate reader’s knowledge of bringing birthday presents to parties, while
the sentences “Valerie left the birthday party early. She spent an hour shopping in the mall.” would not
be expected to activate such knowledge. The results showed that there was no correlation between
reading span and knowledge access when making such bridging inferences. The result of this study
implies that while reading span provides a good measure of a person’s ability to integrate information
between sentences, it does not provide a measure of their ability to integrate information they have just
read with information held in long-term memory.

A study by Ehrlich and Johnson-Laird®! asked subjects to draw diagrams depicting the spatial layout of
everyday items specified by a sequence of sentences. The sentences varied in the extent to which an item
appearing as the object (or subject, or not at all) in one sentence appeared as the subject (or object, or not
at all) in the immediately following sentence. For instance, there is referential continuity in the sentence
sequence “The knife is in front of the pot. The pot is on the left of the glass. The glass is behind the dish.”,
but not in the sequence “The knife is in front of the pot. The glass is behind the dish. The pot is on the left of
the glass.”.

The results found that when the items in the sentence sequences had referential continuity 57% of the
diagrams were correct, compared to 33% when there was no continuity. Most of the errors for the non-
continuity sentences were items missing from the diagram drawn and subjects reported finding it difficult to
remember the items as well as the relation between them.

A study by Frase!'!! found that the kind of deduction subjects had to perform (e.g., forward to backward
chaining) also affects their performance. For instance, verifying the correctness of the deduction in “Some X
are Y. Some Z are X. Therefore, some Z are Y.” requires forward chaining, while verification of “Some Y are
X. Some X are Z. Therefore, some Z are Y.” requires backward chaining. The results showed that subjects
were slower and more error prone when performing backward chaining.

statement Visual layout of statements

visual layout . . . . g
Source code statements are generally written one per line, a practice that is different from prose sentences
(which generally appear as a continuous stream of characters, with one sentence immediately following
another on the same line, with line breaks decided by the space available for the next word). Statements are
reading  ygually indented on the left to show block nesting level (this issue is discussed elsewhere).
skin¥r|rs1iun?;|
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#include <string.h>

#define v1 13

#define v2 0

#define v3 1

int v4(char v5[], int %v6) { int v7, v8; *v6=v2; v8=strlen(v5); if
(v8 > v1) { *v6=v3; } else { for (v7=0; v7 < v8; v7++) { if ((v5[v7]
<’0’) |l (v5[v7] > ’9’)) { %v6=v3; } } } }

R Y T

The two cases discussed here are the practice of writing two or more statements on the same line and what to
do when a statement will not fit on a single line. These cases are only issues that need discussion because
source is not always read in detail, it is sometimes rapidly scanned visually. During rapid visual scanning of
the source its left edge is often used as a reference point for the start of individual statements. This usage
suggests the following:

reading
kinds of

* If multiple statements appears on the same line, readers using rapid visual scanning may only the first
one may be noticed. For this reason some coding guideline documents recommend that a line contain
at most one statement. However, there can be benefits to placing more than one statement on the same
line. For instance, in the following fragment assigns values representing the four corners of a square:

1=1.0; yl1=4. 0
= ; v3=2. 0;

1 0
3=1.0; v

Y

; x2=3.0 2=
=3.0; vy4=

0 4.
0; x4 2.

X
2 X
and the layout of the statements is suggestive of what they represent (other combinations are possible),
and has the possibly benefits of reducing comprehension effort and being able to have more statements
simultaneously visible on the screen. These benefits need to be balanced against the potential cost of
readers failing to notice the assignment to other objects on the same line. Within a switch statement
some of the labeled statements may only perform a single operation. It is possible to visually highlight
this operation and contrast it with operations performed by other labeled statements by placing the
uninteresting termination statement to the right of the statement, rather than underneath it.

1 case 1: i--; break;
2 case 2: k++; break;
3 case 3: ++expr;ssion--; return;
4 case 4: func(); break;

These benefit need to be balanced against the potential cost of readers failing to notice a difference
in termination statements, or treating two statement as one statement. The following guideline
recommendation allows for some degree of flexibility.

Rev 1707.1 Multiple statements shall only appear on the same line, in a visible form, when the probable

reduction in reader comprehension costs is greater than the probable increase in costs caused by
mistakes made when quickly scanning the source visually.

» Readers are likely to treat the start of every line that appears immediately above or below adjacent lines,
in a sequence of statements, as the start of a different statement. One way of reducing this possibility
is to use a significant amount of right indentation on the second and subsequent lines relative to the
start of the first line (which is what developers appear to do).

Studies have found that peoples memory for objects within their visual field of view is organized according grouping
to the relative positions of those objects. For instance, a study by McNamara, Hardy, and Hirtle!2! gaye ~ SPatiallocation
subjects two minutes to memorize the location of objects on the floor of a room (see Figure 1707.6). The

objects were then placed in a box and subjects were asked to place the objects in their original position. The
memorize/recall cycle was repeated, using the same layout, until the subject could place all objects in their

correct position.
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Figure 1707.6: Example of an object layout and the corresponding ordered tree for one of the subjects. Based on McNamara,
Hardy, and Hirtle.[24]

The order in which each subject recalled the location of objects was used to create a hierarchical tree
(one for each subject). The resulting trees (see Figure 1707.6 for an example) showed how subjects’ spatial
memory of the objects seen had a hierarchical organization, with the spatial distance between items being a
significant factor in its structure.

Source code statements usually have a one-dimensional organization, down the display (indentation
does not change the one-dimensional organization; multiple statements on the same line is not really fully
two-dimensional).

If developer memory of statement sequences is hierarchical, with visual distance between statements being
a significant factor in the formation of clusters, then ordering statements so that related ones are close to each
other may improve recall performance. The extent to which statements can be reordered will depend on the
relative order in which their side effects must occur.

1708

Many software engineering metrics use statements as the unit of measurement.

Usage
Of the approximately 2,204,000 statements in the visible form of the . c files 60.3% were expression-statements,
21.3% selection-statements, 15.0% jump-statements, and 3.4% iteration-statements. Of these
5.4% were labeled-statements.

Semantics
A statement specifies an action to be performed.
Commentary
This defines the term statement. This definition might also be said to include those declarations that include
initializers. However, statement is also a terminal of the C syntax. Like declarations, statements can also
cause identifiers to be declared (e.g., the type of a cast operator). So the two do share some characteristics. In
the case of the null statement no action is performed.
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Figure 1707.7: Visible difference in offset of last non-space character on a line between successive lines, in the visible form of
the . c files (horizontal tab characters were mapped to 8 space characters), for lines of various lengths, i.e., those whose previous
line contained 60 or more characters, and those whose previous line contains less than 20 characters. There are ten times fewer
lines sharing the same right offset as sharing the same left offset (see Figure 1707.8). Based on the visible form of the . c files.
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Figure 1707.8: Visible difference in relative indentation of first non-space character on a line between successive lines in the
visible form of the .c files (horizontal tab characters were mapped to 8 space characters). The smaller peaks around zero are
indentation differences of two characters. The wider spaced peaks have a separation of eight characters. Individual files had more
pronounced peaks. Based on the visible form of the . c files.
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Figure 1707.9: Number of function definitions containing a given number of each kind of statement. Based on the translated
form of this book’s benchmark programs.
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C+

The C+ Standard does not make this observation.

Other Languages

Some languages do not define things called statements, everything is an expression. While other languages
do define them, and always allow them to return values, just like C expressions. Programs written in logic
programming languages (e.g., Prolog) contain a list of facts, not statements, to execute. The user of such
programs states a goal and the implementation attempts to prove, or disprove it, using the available facts.
Coding Guidelines

It is possible to write statements whose action, when performed, does not affect the output of a program. This
issue is discussed elsewhere. A sequence of one or more statements whose actions can never be performed is
commonly known as dead code.

Except as indicated, statements are executed in sequence.

Commentary

The sequence referred to here is that obtained by starting with the first token in a source file and parsing to
the end of that file. The exceptions are caused by statements which change the flow of control, causing a
statement at the start of another sequence to be executed. The terms order of execution, or execution order
are sometimes used to describe the order in which statement sequences are executed. This specification
has been interpreted as having a wider meaning by the C committee (see the response to DR #087). It is
taken to imply that the execution of two functions cannot overlap (i.e., occur in parallel). For instance, in
the expression g() + h() one of the functions is chosen to be executed and that function must execute a
return statement before the other function can start execution.

Performing the actions specified by statements is what most programs spend most of their time doing
(issues such as idling, waiting for an I/O to complete, and system resource management, such as page
swapping, are not considered here). In some applications it is important to be able to make accurate estimates
of the time needed to execute a given sequence of statements. For instance, in realtime applications there
may be a fixed time window within which certain calculations must be carried out, either because new data is
arriving or the result of the calculation is needed.

Accurately estimating the best and worst-case execution times (BCET and WCET) of a statement is not
always as simple as summing the execution times of the sequence of machine instructions generated for that
statement. Issues such as instruction pipelining, caching of data and instructions, and dependencies between
instructions (that create interlocks) all complicate the calculation. Various tools have been developed for
estimating the worst-case execution time of C source code. Engblom!'"! reviews the available techniques and
proposes worst-case execution time analysis method. The subproblem of estimating the number of iterations
of a loop is discussed elsewhere.

Other Languages

Some languages (e.g., Algol 68) contain constructs that allow developers to specify that certain statements
may be executed in parallel. Other languages (e.g., Java) support threads of execution where the function is
the smallest unit of concurrent execution.

Common Implementations

Translators that perform little or no optimization usually generate machine code on a statement by state-
ment basis. This severely restricts the savings that can be made and considering sequences of statements
provides an opportunity to make greater savings (the actual unit considered is usually a basic block). The
OpenMP C+ API specification!?! defines directives that can be included in source code to support symmetric
multiprocessing (SMP).

1 int f(void)
2 |

1709
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J% oo %/
#pragma omp parallel
{
/*

%« Code in this block potentially executed
%+ in another processor thread.

© % 9 U AW

*/
10 }
11 /+* . %/
12 }
1710 A block allows a set of declarations and statements to be grouped into one syntactic unit. block
Commentary
This defines the term block. The term compound statement and its association with block is discussed compound
elsewhere. In various contexts a block might exist without there being a compound statement present. statement
syntax
Coo e
A compound statement (also called a block) allows a set of statements to be grouped into one syntactic unit,
which may have its own set of declarations and initializations (as discussed in 6.1.2.4).
compouhd
statement

The term block includes compound statements and other constructs, that need not be enclosed in braces, in  syniax
C99. The differences associated with these constructs is called out in the sentences in which they occur.

C+
The C+ Standard does not make this observation.

Common Implementations

The term basic block is often used by compiler writers to refer to a sequence of instructions that has one entry basic block
point and one exit point. The basic block is often the region of code over which many optimizers operate.

More sophisticated optimizers consider the effects of multiple basic blocks. A block may also be a basic

block, but if it contains any statements or operators that have conditional flow of control it will be a sequence

of basic blocks. The implementation of C operators such as function call, logical-AND, and the comma

operator all terminate one basic block and start another; as do the statements goto and return and labeled

statements.

Table 1710.1: Occurrence of constructs that terminated execution of a basic block during execution of PostgreSQL processing
the TPC-D benchmark. Adapted from Ramirez, Larriba-Pey, Navarro, Serrano, Torrellas, and Valero.[20]

Basic Block Type  Static Count (thousand)  Dynamic Count (billion)

Branch 54.026 (42.4%) 4.0 (50.2%)
Fall-through 31.120 (24.4%) 1.8 (22.4%)
Function return 32.052 (25.2%) 1.1 (13.7%)
Function call 10.228 ( 8 %) 1.1 (13.7%)

Writers of translators and processor designers want the average number of machine instructions executed
in a basic block to be as large as possible. For translators long sequences of code with continuous flow
of control increases the probability of common subexpressions occurring and the consequent reuse, rather

than recalculation, of values. For processors large basic blocks enable them to keep their pipelines full, 53225
minimizing average instruction execution time. Function inlining can remove one of the constructs that L'J'Q'Qeiks fast

cause basic blocks to end, function calls (see Table 1710.1), increasing the length of some basic blocks. cale
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Table 1710.2 lists average basic block lengths for some complete programs. The special case of iteration

waen®l  statements is discussed elsewhere.
Table 1710.2: Mean number of machine instructions executed per basic block (i.e., total number of instructions executed in a
function divided by the total number of basic blocks executed in that function) for a variety of SPEC benchmark programs. Leaf
refers to functions that do not call any other functions, while Non-Leaf refers to functions that contain calls to other functions.
Based on Calder, Grunwald, and Zorn.*!
Program Leaf Non-Leaf Program Leaf Non-Leaf
burg 6.8 4.9 eqntott 9.1 5.4
ditroff 6.8 4.7 espresso 5.0 5.1
tex 10.4 8.5 gcc 5.2 5.7
xfig 4.8 53 i 2.9 5.7
xtex 7.3 58 sc 3.5 4.2
compress 18.4 5.7 Mean 7.3 5.5
et Just as optimizers moved up from working at the single statement level, they eventually moved up from
unction

definition working at the single basic block level (the issue of whole function optimization is discussed elsewhere).
Translator output (machine code) for each block often occurs in the program image in the same sequential
order as the basic blocks in the source code. However, processors can have a number of characteristics that
can cause this ordering to be sub-optimal, including:

jump

statement * Span dependent branch instructions. This issue is discussed elsewhere.
causes jump to
cache e Instruction caches. The size of a function or basic block, the total size of the cache and the size of a
cache line all need to be considered when working out the optimal layout of instruction sequences in
memory.“gl
processor

oipeline * Instruction pipelines. Basic blocks can be reordered to ensure that they start on alignments best suited

basic block 1710 toa processor.BO]

orage * Storage organized in fixed sized pages. Having infrequently executed instructions in the same page
as frequently executed instructions can increase execution overheads (through increased swapping

of pages). Storing infrequently executed instructions together in different pages can increase overall

performance (the overhead of the extra instruction to jump back, at the end of an else arm, is offset by

the removal of the instruction that would otherwise be needed, in the if arm, to jump around the else).

The memory manager prefetches sequences of instructions to fill a complete cache line. Optimal use of this
prefetching occurs if all instructions in a cache line are executed. In the example below, whichever arm of
the if statement is executed, it is likely that some instructions from the non-executed arm will be fetched
into a cache line.

1 if (x == 2)

2 {

3 /* Frequently executed code. */
4 }

5 else

6 {

7

8

9

/+* Infrequently executed code. =/

}
/+* other code */

If it is known (for instance, through dynamic profiling information!®!) that one of the arms is executed more
frequently than the other, it may be worthwhile reordering basic blocks in the program image. One technique
is to place infrequently executed blocks in an area of storage reserved for such cases. The generated code
being rewritten to jump to the infrequent block, and back again (the rewritten form of the above example is
in C form below). This reorganization is likely to result in a higher percentage of the instructions contained
in a cache line being executed.
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Figure 1710.1: Number of function definitions containing a given number of compound-statements. Based on the translated
form of this book’s benchmark programs.

1 if (x 1= 2)

2 goto INFREQ_15_s;

3

4 {

5 /+* Frequently executed code. */
6 }

7 INFREQ_15_e:

s /+ other code */

9

11 /% oo %/
12 goto INFREQ_14_e;
13 INFREQ_15_s:

14 {
15 /+* Infrequently executed code. =/
16 }

17 goto INFREQ_15_e;
18 INFREQ_16_s:
19 J% ... %/

The major problem associated with optimizing code layout at translation time is that information on frequency
of basic block execution usage is needed. Developers may be unwilling or unable to gather this information,
or it may be very difficult to obtain reliable information because of different end user usage patterns.

One solution to this problem is to perform what has been called just in time code layout.”>) The usage
patterns of an executing program were monitored to decide when it is worthwhile moving code within the
executing program image, to improve the instruction cache hit rate. Performance results comparable to those
obtained for profile based methods have been obtained for programs running under Unix, but results for
programs running under Windows NT were mixed (as they were for profile based code layout).

As processor power and available storage capacity has increased, the ability to consider code layout from
more global perspectives has become possible. At first researchers built translators that reordered statements
within basic blocks, and then moved on to reordering basic blocks within individual functions.[! The break
has now been made with source level constructs and the latest code layout algorithms are based purely on
frequency of basic block execution over the entire program!!”! (the function definitions to which the basic
blocks might be said to belong have become irrelevant).

Usage
Usage information on block nesting is discussed elsewhere. Liﬂgiktnesﬁng
1711 The initializers of objects that have automatic storage duration, and the variable length array declarators of object
initializer eval-
uated when
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ordinary identifiers with block scope, are evaluated and the values are stored in the objects (including storing
an indeterminate value in objects without an initializer) each time the declaration is reached in the order of
execution, as if it were a statement, and within each declaration in the order that declarators appear.

Commentary
Both declarations and compound literals can create objects having automatic storage duration and an
initializer. Storage for objects that have automatic storage duration, and non VLA type, will have been
acltomatic created at the start of their lifetime (when the block that declares them was entered). As well as performing
initialization, the evaluation of a declaration for an object having a variable length array type also allocates

lifetime starlsxkté storage for it.
[ndetermi- The indeterminate value stored in an object is a conceptual value in the sense that no pattern of bits need
be stored in the object by an implementation (because no predictable behavior is required to occur, should

this value be accessed).

initialization In one particular case, overlapping initializers, the evaluation of the initializers need not occur as if they
were a sequence of assignment statements.
C90
Support for variable length array types is new in C99.
C+

Support for variable length array types is new in C99 and they are not specified in the C++ Standard.

Other Languages
This initialization behavior is found in the majority of programming languages (although many do not support
the mixing of statements are declarations).

Common Implementations

The indeterminate value stored in an object may be affected by the initialization of other objects defined in
the same block. For instance, if a several objects are initialized to the same value it may be more efficient to
initialize a block of storage, which may include space allocated to uninitialized objects, using a loop rather
than individual stores.

Coding Guidelines
The evaluation of variable length array declarators can generate side effects. However, because the expression

gr;g';igxn'”'z appearing between [ and ] is not a full expression there is no sequence point after its evaluation (there is
S

o @ sequence point at the end of the full declarator that contains it). For this reason the guideline given for

full dectarator  the evaluation of full expressions is not applicable here. However, until the use of variable length arrays
becomes more common and the ordering of side effects in their evaluation becomes an issue worth addressing

sequence 2
points
gve vameomes - a guideline recommendation is not cost effective.

#include <stdio.h>

int glob;

{
int
/%
% Unspecified order of evaluation of expressions in a full declarator.
10 %/
11 a_l[printf("Hello ")][printf("world\n")],

1
2
3
4
5 void f(void)
6
7
8
9

13 /%

14 % Same object modified more than once between sequence
15 % points -> undefined behavior.

16 %/

17 a_2[glob++][glob++];

18 }
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The extent to which developers might draw an, incorrect, parallel between a compound literal containing etring literal
constant expressions only and string literals (which have static storage duration) is not known. One important stlc siorage
difference is that any modification of the unnamed object, denoting the compound literal, will be overwritten

when the original definition is executed again. Until more experience in developer use of compound literals

has been gained there is no point in discussing this issue further.

Example

#include <stdio.h>

1

2

3 extern int glob;

4 struct T {

5 int mem;
6 };

B

s void f(void)

v {

1o int i = 0;

12 START_LOOP:
3 if (4 == 10)

14 goto END_LOOP;
15
16 i++;
17 int loc_1 = glob;
18 struct T loc_2 = { 1 }, loc_3 = { glob },
19 sploc_a = (struct T){ 1 }, *ploc_b = (struct T){ glob };
20
21 loc_1++;
2 loc_2.mem++; loc_3.mem++;
23 ploc_a->mem++; ploc_b->mem++;
24
25 goto START_LOOP;
26 END_LOOP:;
27
28 if ( (loc_1 '= (glob+l)) |
29 (loc_2.mem != 1+1) | (loc_3.mem != (glob+1l)) |
30 (ploc_a->mem != 1+1) || (ploc_b->mem != (glob+1)))
31 printf("This is not a conforming implementation\n");
» }
1712 A full expression is an expression that is not part of another expression or of a declarator. full expression
Commentary parenthe-

This defines the term full expression. While the term may only be used once outside of this C paragraph, g'rzeesdsgﬁ

it can be of use in disambiguating what is meant during conversations between developers. Developers nestng levels

often use the shorter term expression. However, this term might also be applied to individual arguments in a

function call, or an array index. The terms fop-level expression or outer most expression are sometimes used

to refer to what the C Standard calls a full expression. A component of an expression is often referred to as a

subexpression. An expression that is part of a declarator is included within the definition of a full declarator. full declarator
The subexpression x+y is said to be a common subexpression of x+y + a[x+y] (it may also be a CSE of common

other expressions, provided the values of x and y are unchanged). subexpression

C+
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A full-expression is an expression that is not a subexpression of another expression.

The C++ Standard does not include declarators in the definition of a full expression. Source developed using
a C+ translator may contain declarations whose behavior is undefined in C.

1 int i;

2

3 void f(void)

4 A

5 int a[i++][i++]; /+* undefined behavior =/
6

7

}

// a sequence point between modifications to i

Each of the following is a full expression: 1713
Commentary
These are all of the contexts in which an expression, that needs to be evaluated during program execution,
can occur.
C+
The C++ Standard does not enumerate the constructs that are full expressions.
Table 1713.1: Occurrence of full expressions in various contexts (as a percentage of all full expressions). Based on the translated
form of this book’s benchmark programs.
Context of Full Expression Occurrence  Context of Full Expression Occurrence
expression statement 65.9 for expr-1 1.6
if controlling expression 16.4 for controlling expression 1.5
return expression 6.2 for clause-1 1.5
object declaration initializer 4.2 switch controlling expression 0.6
while controlling expression 2.1
full expression an initializer; 1714
initializer
Commentary

This is the complete expression appearing between braces, not the individual comma-separated expressions.

1,000,000
100,000—|
10,000—|

1,000—

Expressions

100—
10—
1]

—— Unary operators
+—e Arithmetic operators
= 8 Bitwise/Logical operators
x—x Equality/Relational operatc
— Sum of these operators

0

[63]

10 15 20

Operators in expression

Figure 1712.1: Number of expressions containing a given number of various kinds of operator, plus a given number of all of
these kinds of operators. Based on the visible form of the . c files.
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1715 the expression in an expression statement; full expression
expression
Commentary statement
. . . . expression
In an expression statement the entire statement is an expression. sta}temem
syntax
C+

The following is not the same as saying that an expression statement is a full expression, but it shows the
effect is the same:

All side effects from an expression statement are completed before the next statement is executed. 6.2p1

Other Languages

In many languages C’s most common form of expression statement (i.e., simple assignment) consists of two
expressions. These are the expressions appearing to the left and right of the assignment token, which are
considered to be separate expressions.

1716 the controlling expression of a selection statement (if or switch); full expression
controlling
Commentary expression

This ensures consistent behavior for all control flows leading from the evaluation of the controlling expression.
For instance, in the following sequence of statements:

if (i++)
J++;
k=i;

[

the value of i assigned to k does not depend on the sequence point contained within the arm of the if
statement.

1717 the controlling expression of a while or do statement;

Commentary
The rationale here is the same as for selection statements.

1716 full ex-
pression
controlling expres-
sion

1718 each of the (optional) expressions of a for statement;

Commentary
In C90 the semantics of the for statement were expressed in terms of an equivalent while statement. This for.
equivalence required that each of the (optional) expressions be equivalent to a full expression.

Other Languages
In many languages the expressions in a for statement are evaluated once, prior to the first iteration of the
loop, every time the statement is encountered during program execution.

1719 the (optional) expression in a return statement. return expression
sequence point

Commentary

A sequence point occurs just before a function is called. Having one occur just before the called function function call
returns allows the execution of a function call to be treated as an indivisible operation (from the point of view

of the code containing the call).

1720 The end of a full expression is a sequence point. full expression
sequence point
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Commentary
sequence

points  Lhe order in which the sequence points at the end of full expressions occur is fully defined by a programs
flow of control. Unlike the ordering of sequence points within a full expression (assuming there is more than
one), which occur in one of several possible orderings.
Coding Guidelines
sequence»» The guideline recommendation dealing with sequence point evaluation ordering applies to sequence points

al Oﬂ‘g:ﬂ;ﬁ within a full expression. The sequence point at the end of full expressions occurs in the same order for all

gvesamevale  jmplementations.

Forward references: expression and null statements (6.8.3), selection statements (6.8.4), iteration state- 1721
ments (6.8.5), the return statement (6.8.6.4).
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