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Lesson 1 | English

Variables, assignments and a trace

What will this program print?

Ccode 1
#include <stdio.h>

int main(void)

{
int x = 6;
int y = 4;
X =X + 3;
y=X-Y,;
printf("sd %d\n", x, y);
return 0;
}

The two numbers are not obvious until we follow the changes. By the end of this lesson, you will
be able to name the value held by each variable after every statement and explain the printed
result.

Read the small amount of syntax we need

Avariable is a named place for a value. Here, x and y each hold an int: an integer such as 6, 0 or
-3.int x = 6; declares x and initializes it to 6. Initialization supplies its first value. Later,
x = x + 3; changes the value of the existing variable; it does not declare another x.

The semicolon ends each declaration or expression statement shown here. The braces surround
the body of main. int main(void) is the entry function for these complete programs; void here
says it takes no parameters. #include <stdio.h> supplies the declaration needed for printf. The
include line does not end in a semicolon. return 0; ends this successful execution. You can trace
the statements inside the braces before learning functions in detail. A declaration may also
introduce several variables of the same type: int a=8, b=5; gives a the value 8 and b the value 5.
The comma separates the variable names and their initializers in that declaration.

printf("sd %d\n", x, y); prints two integer values. The first %d corresponds to x, the second to
y. The space inside the quotes separates the numbers, and \n ends the output line. The quotes,
%d, and \n themselves are not printed. In this call both arguments merely read existing values;
neither changes a variable. The order in which a C implementation evaluates these arguments
therefore cannot change this result.

Only ordinary whole-number arithmetic is needed: for example, 17 - 9is8,and 6 * 4is24. No
earlier programming knowledge is assumed. In the code here, * means multiplication; the letter x
is a variable name, not a multiplication sign.
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The module's code contract

We use ISO C11 as our explicit teaching convention. Every deterministic example starts its
variables with known values, uses ordinary signed int, and keeps every intermediate result
between -32767 and 32767. All evaluated divisors are nonzero. These choices avoid relying on a
particular machine's integer size or representation. We do not assume that int is 32 bits. Inputs
are the values written in the declarations; no keyboard input is required.

State: the values that exist now

The state is the collection of current variable values at a particular point. A trace is a written
record of those states. Make a new record after each statement. If a statement does not assign to
a variable, carry that variable's value forward unchanged.

For an assignment of the simple form x = x + 3;, use this method:

1. Read the current values on the right: here the old x.

2. Calculate the right-hand expression: old x plus 3.

3. Store that result in the variable on the left: x.

4. Use the new state for the next statement.
The two appearances of x have different jobs: the one on the right supplies a value, while the one
on the left names the destination. = is an instruction to store a value. It does not assert a
mathematical equation that must remain true forever. With x currently 6, x = x + 3; is a valid

update to 9; it is not the impossible equation “6 equals 9”. This reading rule applies to the simple
assignments we use, not to every possible expression with side effects.

Worked example 1: use the current state

Return to the opening program. Keep both variable values visible, including the one that did not
change.

1. After int x

6;: x=6; y has not been declared yet.

2. After int vy

4;:.x=6, y=4.

3. For x

X + 3;,calculate6 + 3

9. After the statement: x=9, y=4.

4, Fory = x - y;,calculate9 - 4 = 5. After the statement: x=9, y=5.

5. printf reads x=9 and y=5. It prints 9 5 followed by a newline. The variables remain x=9, y=5.
The second assignment sees the updated x=9. Using the starting x=6 again would incorrectly

produce y=2. Each statement begins with the state left by the preceding statement; the
assignments are not simultaneous.

A copy is not a permanent connection

A declaration can take its starting value from an existing variable. In the following body, copy
receives the value that source has at that moment. It does not become a live formula for source.

All shorter code blocks in this lesson belong inside the same main body, with #include <stdio.h>
above it and return 0; at the end. Each block is a separate example, starting afresh; do not
concatenate the blocks.
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C code 2

int source = 6;

int copy = source;

source = 10;

printf("%d %d\n", source, copy);

After the declarations: source=6, copy=6. After source = 10;: source=10, copy=6. The output is
10 6. Assigning a new value to source does not also write to copy. A trace records stored
numbers, not continuing algebraic relationships.

Arithmetic expressions and grouping
An expression describes a value to calculate. For the integer expressions in this lesson:

* + adds, - subtracts, and * multiplies
* / gives an integer quotient; % gives the corresponding remainder
* Parentheses explicitly group a subexpression

* *, /, and % bind more tightly than + and -

Binding means which operands belong to each operator. It is not a general promise about the
timing of operand evaluation. Our arithmetic examples read values without updating them inside
the expression, so their grouping determines a unique result.

C code 3

int plain =2 + 3 * 4;

int grouped = (2 + 3) * 4;
printf("%d %d\n", plain, grouped);

For plain, group the expressionas2 + (3 * 4):3 * 4is 12, then2 + 12is 14. For grouped, the
parentheses require (2 + 3) to supply 5, then 5 * 4is 20. The output is 14 20. C does not
calculate every arithmetic expression by simply moving from the leftmost character to the right.

Whole groups and leftovers

If 23 items go into groups of 5, four full groups use 20 items and 3 remain. Thus 23 / 5is 4 and
23 % 5is 3. The quotient is an integer, not 4.6 rounded to the nearest integer. With a nonnegative
total and a positive group size, the remainder is at least zero and smaller than the group size. A
zero remainder means the division is exact.

The symbols have different roles: % between two integer expressions is remainder; %d inside a
printf formatis a request to print an integer. Neither means “percent” in these examples. Never
divide by zero or take remainder with zero as the divisor. Negative operands are taught in the
next lesson; do not extend a “leftover must be positive” shortcut to them.
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Worked example 2: reconstruct the total

Ccode 4

int total 29;

int batch = 6;

int g = total / batch;

int r = total % batch;

int rebuilt = q * batch + r;
printf("%sd %d %d\n", q, r, rebuilt);

1. After int total = 29;: total=29.
2. After int batch

3.q = total / batchuses29 / 6.Four complete batches fit, since 4 * 6 = 24, while
5 * 6 = 30is too large. Now g=4.

4. r = total % batchis the amount left after those four batches: 29 - 24 = 5. Now r=5; total,
batch, and q have not changed.

6;:total=29, batch=6

5. rebuilt = q * batch + rgroupsas (q * batch) + ri4 * 6 + 5 = 29. Now rebuilt=29.

6. The outputis 4 5 29 followed by a newline, in the argument order g, r, rebuilt.

The check g * batch + r = total explains how the two results fit together. A claimed quotient
and remainder must both satisfy this relation and, for these positive operands, leave less than
one full batch. Merely choosing two numbers whose sum is 29 is not enough.

Practice: try all four before opening the solutions

These are original learning exercises. They are unscored; write intermediate states as well as an
answer.

Practice question 1: two successive assignments

Trace both assignments and give the final a and b. What line is printed?

Ccode 5

int a=8, b=5;

a=a-b;

b=b+a;

printf("%d %d\n",a,b);

Practice question 2: quotient and remainder

Find the whole groups and leftover items. Give the printed pair and check that it reconstructs the
total.

Ccode 6
int total=47, size=8;
printf("%sd %d\n",total/size,total%size);
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Practice question 3: arithmetic grouping

Evaluate the expression using C's grouping rules. Write the grouping that justifies your answer.

Ccode?7
int value=7+2*5-3;
printf("sd\n",value);

Practice question 4: an attempted swap

Does this exchange the starting values of a and b? Give the final pair and explain where the
original value of a goes.

Ccode 8

int a=4,b=9;

a=b;

b=a;

printf("%d %d\n",a,b);

Practice solutions and wrong-turn feedback

Practice question 1 solution
1. Initially a=8, b=5.
2. a=a-b calculates 8-5=3; now a=3, b=5.
3. b=b+a calculates 5+3=8; now a=3, b=8.
4. Output: 3 8 followed by a newline.
If you got 3 13, you reused the starting a=8 in the last addition. Cross out that obsolete state after

the first assignment. If you got 8 13, you treated the first assignment as if it did not store its
result. Both statements change the named destination.

Practice question 2 solution
1. Five full groups of 8 use 40 items; a sixth would require 48, more than 47.

2. The quotient is 5; the remainder is 47-40=7.
3. Output: 5 7 followed by a newline. Check: 5*8+7=47, with © <= 7and 7 < 8.

6 -1iswrong because integer division does not round 47/8 up. 5 0 discards the leftover items.
5.875 0 uses a fractional quotient, whereas both operands here are integers and / produces an
integer result.
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Practice question 3 solution
1. Multiplication binds more tightly: groupas7 + (2 * 5) - 3.
2. The product is 10.
3. The remaining addition and subtraction group from the left: (7 + 10) - 3 = 14.

4. Output: 14 followed by a newline.

42 comes from incorrectly grouping the expression as (7+2)*5-3. 11 would come from changing it
to 7+2*(5-3). Neither grouping is written in the question. Insert parentheses to reveal the actual
grouping, not to invent a different one.

Practice question 4 solution
1. Initially a=4, b=9.
2. a=b copies 9 into a; now a=9, b=9. No variable in this program keeps the old a=4.
3. b=a reads the current a=9 and writes 9 to b; the pair remains 9, 9.

4. Output: 9 9 followed by a newline. This did not swap the values.

9 4 assumes simultaneous exchange. 4 9 assumes neither assignment takes effect. A simple
repair saves the value that would otherwise be overwritten:

Ccode9

int a = 4;

int b = 9;

int saved = a;

a =b;

b = saved;

printf("%sd %d\n", a, b);

Here saved=4 before a changes. After a=b, a=9, b=9, saved=4. After b=saved, a=9, b=4, saved=4,
and the outputis 9 4. The repair works because the old number was explicitly stored, not
because C remembers every overwritten value.

Before moving on

You can now trace a current state, distinguish initialization from later assignment, and group
small integer calculations. Next, we will separate an expression's returned value from a change it
makes to a variable, and extend division to negative integers.

Source notes

The code and traces are original. The language reference is the freely available WG14 N1570 C11
committee draft: entry point §5.1.2.2.1p1; minimum integer range 85.2.4.2.1; initialization
86.7.9p11; simple assignment 86.5.16.1p2; grouping 86.5.5p1 and §6.5.6p1; integer division/
remainder 86.5.5p5-6; printf 87.21.6.3 and %d §7.21.6.1p8. These are semantic references, not a
requirement to read a standards document before learning.
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Analogy and its limits

Imagine two labelled erasable cards. The x card says 6 and the y card says 4. The instruction x = x
+ 3 means “read 6, calculate 9, erase the x card and write 9.” The instruction y = x - y then reads
the cards as they are now: 9 and 4. It writes 5 on y. Copying a number onto a second card does
not tie the cards together. If you need an old number after erasing it, first put it on a third card.
The cards represent stored values; this analogy makes no claim about how physical memory is
laid out.

Quick reference

*int x = 6; declares and initializes x; x = 9; updates the existing x
» State means current values. Record it after each statement

* In a simple assignment, calculate the right-hand value from the current state, then store it in
the left-hand variable

* A copied value does not keep following the source variable

* Parentheses set grouping; * / % bind more tightly than + -

 For nonnegative a and positive b: a / b is the number of full groups; a % b is the leftover
* Check: (a/b)* b +a % b equals a; the remainder is below b

* Match each %d in printf with one int argument; \n ends the line

* C11 convention: initialized int values, nonzero evaluated divisors, every intermediate within
-32767 to 32767

Back to contents

GATE CS | C foundations | Free study material 9/76



TR, AHTSTHE R hAdR &9

gg Ul <1 fiie sm?

Cahis1
#include <stdio.h>

int main(void)

{
int x = 6;
int y = 4;
X = X + 3;
y =X -Y;
printf("%sd %d\n", x, y);
return 0;
}

37 &t T3 ol ST+ & forT g8 A1l & 819 aTet dead shd T 314 81711 39 UT6 & 3id ddh 3119 g% Wehc &
1€ Udeh IR T A IdT ol 3R THSI ot o gat aRomd ot fiie giar 81

Sra=n e enxft enfgu, Sa=m gwust

TR (variable) fordt AT ot Rt Y AT aTell SFTE &1 T&T x 3R y # Ueh-Uh int &: AT 6, 0 AT -3 SiAT
qulich| int x = 6; H x <hl SVOT Bl & 3R IGehT YA A 6 I@T ST 81 4 3T
(initialization) sgd § 1 A& AT x = x + 3; I TR T A F&AdT 5, I AT x TNV T¥ ear|

gl g TIvuT T Fisich dTel WeHE h 3id | GHiehle 8| SIS & ofiF main ol T 9RT 81 39 @R Tl
int main(void)%W&H%aﬁ@mﬂ'&m%Hﬁvoidméﬁﬁgﬂﬁiﬂiaﬁﬁqﬁﬁl
#include <stdio.h>d printf & IUTNT & foIT 3masaes =ivor fAerd! 81 39 include dfat & oid &
Gl 81 3aTl return 0; Thd UG THT dl g1 tharM AR ¥ Hia+ 9 ugd oft e afist &
ffaR & WeHe &1 ¢ R Tohd &1 U TIYUN & GHH UhR & hs 9= T 3T Tehd 8: int a=8, b=5; ¥ a ol
8 3R b ohl 5 fAcTdT &1 <hiaT I Givu F =RY o A1 3R Ik TSI A 3T il 8l

printf("sd %d\n", x, y); & Yulic fiic &eaT &1 uget %d Y SHIE x T A R GTR I ST y &1 AF
7T 81 IGUT-FRAGH o HiaR o1 T Tearsii & st Budr 8 SR \n 313cYE chl Uiy THTE hidl 81 SGUT-
g, %d 3R \n Ge el BUA | 39 Pl & g1 A haet ST T Ugd §; et @R @l geera T 1
g4fely C SRATHIM 39 AT o A 919 e | +ft fAehret, 39 aRumH WR SR =61 g

chaleT FTERUT YUTieh UM IEY: S 17 - 9 I A 8 3R 6 * 4 Tl AT 24 &1 Ugat 9 TR 3771 3Taa<h
81 81 I8 | * IO ohT IR 8; &R x TR T ATH &, 70N <l g 78|

T4 Hisqe & Hie & Sy

Ue & oI 7 wE U 1SO C11 & Faw A §1 FAfa aRoms aret g= Sarezor # ==i ot 3ra oot 9=
f&q g 8, I signed int foram AT 8 SR UM & g2 St o URRuTH @t -32767 32767 & HidR T@T T
&1 oI 1 a7 AAWthel <l TUMT aTead | gl 8, IThT WISl Y ol 6| 399 IR fohd! @ #fe & quifen
3TRR T fAeor wR AR 81 edml 87 int @t 32 fde o1 AR 781 Teld | 3¢ givon # ford 71 &;
IS & 3AYC T ATk ol o
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SraeT: 3t HI9-F AT HiE @

3T (state) fordt &ror Gt =R & A AT BT TG &1 ¢H I LAY ot 3hH & foram o1 dehT 81 &
WeHe & q1¢ 71 Repts ford | afe Wede fohelt @R ot =71 7149 7181 &aT, at 39 =R o fUsen 714 g1 ot ford|
X = X + 3; S Tl IAEHC (assignment) Tt TG hl aXiehl 8.

1. €T3 3R & IAHT HIH US: TgI x hl YR A |

2. &I 31R o &iTeh ohl A fehTel: QR x 3R 3 STiS |

3. gRomH 978 ok ford @R & ¥&: F8f x A

4. 3TTet eHe & foig gt 1S et & ITANT |

T STE ford x Y fAeRTd S1erT §: &1 SR arelT AT T § 3R T2 SR aTelt URUmH 3@+ i SivTg IdTaT &
= fohdt a9 ot T a1 fAder 81 g U oI GHtenRor a1 & o1 gam Tl W gl afe sreft x A 6 8,
dx = x + 3; ISR IRET 9 HATE; T “6 SRR 9” TTAT LU GHIAUT 78] §| UG ohT T dtehT gl
o IR 3TTSTHE & folU §, 8 dRE o &l e dlet Siiedd euieh o fold gl |

&1 foRaT g1 ISTEROT 1: af v SraeuT o

LIATAT TIUTH TR e | &1 =R o A1 A 36, I R 1 Wi fSident 71 781 aga|

1.int x = 6; & 9IG: x=6; Hﬁy@fﬂ?@ﬂﬂ%ﬁgﬁ%l

2.int y = 4; HdE: x=6, y=4I

3. x 3; H6+3=9 Aol Wede d a1g: x=9, y=4I

4.y = x - y; H#9-4=5ehre| Ware & ame: x=9, y=5I

5. printf # x=9 3R y=5 U¢ ST1d &1 3ASCYE 9 5 8, {STeeh a1e 78 dfer el 81 == & 711 x=9, y=5 8l
Ed 8l

TR TSI HUST §U x=9 ! Ugdl 51 fe fhk @ R3ATAl x=6 o, at TeTd y=2 el &R Wede e

WH gRI BIS! TS €T & & gIdT ; I Sr&TgTH Teh 1Y Tl Bl |

it o1 31ef Wt Spe1a Al 8

foRdlt Q=R a1 Tt AT uget @ Hislg TR ¥ forar 51 "ehdT g1 A1 copy ot @l A fAerdr g STt 39 99
source # 81 98 source & U1 gARI Saa- aTell I3 gl STl

39 UTS o 9t BI¢ ohig sdfeh I main o HiaR TS ST aTet SIeT-31eT IETEI0T &1 HUR
#include <stdio.h> 3R 3dH return 0; BT & sdich s YFIIA ATl I&TEIVT &; TH scllch Yeh ATY
ChvicYl

CHs2

int source = 6;

int copy = source;

source = 10;

printf("%d %d\n", source, copy);

+

X
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YoM & 91G: source=6, copy=61source = 10; & §1&: source=10, copy=61 3734 106 &l
source @l 74T AF &4 ¥ copy A i} 71 A 78} forar Siran| ¢4 # 3@t g8 =) & gl 8, TR dhrad
& a1t SISOy Geiel gt |

SpTford g Ssteh 3R g a1

ZisTeh (expression) SATT g ok -1 AT FepTer=T 81 39 UTS & YuTich siehl #:
o + ST §, - TeTdT & 3R * O T 8
« | quIfeh YR ST §; % IET T AT AT 3T §

« ISR fohelt B STh I THE WE Hd &
o *, | 3R 9% &Y mrafAenar + 3 - § 3ifder §

TR 0 et ¢ foh fohd SToReR o A1 hI-9 SHTURE J3d &1 Tg HTURS I A HRIelt oh THI-chH T
I a7e] 81 &1 §AR SeRTTTOrd IeTexur eivten & “fiaR =R aeet faeT 39eh 7 Ued &, 4ty agt g @
Ueh fAfYa uRomy fAerar 81

Chis3

int plain = 2 + 3 * 4;

int grouped = (2 + 3) * 4;
printf("%d %d\n", plain, grouped);

plain RITHE 2+ (3% 4) 8:3* 4 12, R 2 + 12 ¥ 14 AT 81 grouped & IS (2 +3) & 5 &4 &l

hed 8, T 5 * 4 F 20 fAeTar 81 3R¥TYE 14 20 g1 C B RO isieh hl 59 Fad a1¢ g 8 qad ad
g &1 3Tk FIeat g & Feprera|

QR 9g SR =t axqu

gfe 23 a¥gaii o 5 gEIS It GHg IAY, dt IR QR GHgl H 20 G¥gU @il 3R 3 Fd7it| 39feiq 23 / 5 1 AF
4 3R 23 % 5 T A 3 g1 {Thd YUTich §; I8 4.6 i [Mehcad YuTich H I3S hich -Tg! (ATl STd el T
HUTHR ol & 3R THE hl HTHR G &, dl AV hH-Y-hd T R THE o 3ThR I Bl il
AV LA B TR HIAT G 1T B

gt Y YAHTT 31T TE: &l guifer sTanl & T % AW §; printf & HIAC & %d Yuifes fiic e o
fA&eT 81 377 IaTexn & 38 O fohelt ot o1ef ufaRra 81 &1 et 3 & 9T 71 & SfR T 9TSTeh & A1 AVl
 fAehTel | UM AT 3Tl UTS H S1TUT; 39 WR “A0thel GHLIT YT gRTT” aTel AT 7 G|

&1 foraT g1 Iarevor 2: et Tt f ad

Chis4
int total = 29;
int batch = 6;

int g = total / batch;

int r = total % batch;

int rebuilt = q * batch + r;
printf("%d %d %d\n", q, r, rebuilt);

1.int total = 29; & ¥I<¢; total=29I

2.int batch 6; oh 91e: total=29, batch=6I
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3.q = total / batch # 29/ 6 forar ST 81 R QR THE &1d &, Hifch 4 * 6 = 24, FaIfh 5 * 6 =30
STET 81 319 q=41

4.r = total % batch I IR THgl & o1& <t AT 8: 29 - 24 = 51 39 r=5; total, batch 3R q gl
e |
5.rebuilt = g * batch + raI¥Hgg (q * batch) + rg:4*6+5=29 3 rebuilt=29|

6. STRGHC h oA q, r, rebuilt o IIHR SMICYE 4 5 29 &, i a1e =8 dferT a7t 81

Silg q * batch + r = total few@rdt g foh aHT aRume Fd F2d &1 FdTY Y YNThe 3R AV hl T8

Tejer TG AT AT 3R 7 GATHes JHT & foTg IV Teh R THE @ A g1 F11RY | dharet QT & TReans g1
fSiTent Sits 29 &Y, Tafe &l 81

3YT: g 3@ & Uget IR U he
T TG+ & oI I9TU U Hifeles U &1 377ch 3ich Tol 6; SR oh 1Y i chl rawyTy off ford |

3T U 1: shH & &} 3T
ST STHTSHE ohT &9 &hich a 3R b & SifaH A Farsy| Si=-4t dfer fiie gidt &2

CHE5

int a=8, b=5;

a=a-b;

b=b+a;

printf("%d %d\n",a,b);

ST U 2: M 31 AUhe

gl

CHS6
int total=47, size=8;
printf("%d %d\n",total/size,total%size);

ST U 3: IHeRTONT T T8
C & Tig-faHt @ siah a1 A fAaTfely | 109 IR ot IHET= aren ag +t feif@g)

Chig7
int value=7+2*5-3;
printf("%d\n",value);

SIWTH U 4; AT IS <hY hifer

AT TG YTIATAT a 3R b o HAH ATUH | Feadl &2 i St a8y 3R IHa18Y fh a &1 G A Shgl Sirar
gl

Chis8

int a=4,b=9;

a=b;

b=a;

printf("%d %d\n",a,b);
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31T h g 3R TeAd IR| hl hIRUT

ST UH 1 &1 g

1. LB H a=8, b=5I

2. a=a-b # 8-5=3 AT §; 31 a=3, b=5I

3. b=b+a # 5+3=8 fATa1 §; 31 a=3, b=8I

4. 33IeY: 3 8, fthe =18 ufekT|

g 3 13 A, at sifaw Sie & fhr O ot a=8 foram maT| uget srame-He & a1g 39 QRIT S1awT &t &hie |
g 8 13 e, Y Uget SrATsTHe o1 URome =R & @1 g1 gl M| gl Wede 3rua 918 iR ford @R &t
J&eId 8l

ST UH 2 &1 g

1. 8 dTet Ul QR THEI | 40 I¥JU < 8, B oh folg 48 =iy, it 47 T 31fdeh 81

2. YRThd 5 §; AUThd 47-40=7 g1

3. 3M3eye: 5 7, foh =1 UfeRy| Siter: 5%8+7=47, TMAH 0 <=7 3R 7 < 8|

6 -1 7TeTd &, eRdiTch YUIfeh W H 47/8 ehl $HUR IS ol fohdT SITATI 5 0 < g5 a¥ 3l ol ®Ig a1 815.8750
9= Tt WTtheT foram T §, STafeh gl &l Sifue yuifer & 3R / a1 uRurmd +ff quifes g1
SR UH 3 &1 g

1. T[0T bl TnAfAehar Sifdeh &: g 7 + (2 * 5) - 3 S|

2. U 10 81

3. 59 S8 3R gcTd ol THg a18 IR T 8: (7 + 10) - 3 = 14|

4. 3m3TYe: 14, fhe 75 df|

42 T TG (7+2)*5-3 ¥ Aed1 81 11 dd fAeRT Sia &isieh el Saeteh? 7+2%(5-3) R &1 UH H 399 & g
g el a1 71 81 Fiseh eI areafdeh 99g i@y, a1 &stes 7 a1 |
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31T U 4 &1 g

1. BT H a=4, b=91

2. a=b ¥ 9 I HIUt a H ST §; 319 a=9, b=9| FH UNITH T hls TR AT a=4 ol I&dT|
3. b=a TdHM a=9 UgaR b # 9 a1 &; LY 9, 9 & Tt 21

4. 3m3eYe: 9 9, fthe =18 duferT| A S1ue & =18l Jat |

9 4 | oI ¢ feh Fl A1 Qeh AT 9&eTd 61 4 9 A1 ofdT 8 foh fehell Srarg=aie el 31eR gl g | Tel R
gg ¢ foh o M A & SR =731 71 foan S, 39 uget = o

CHs9

int a = 4;

int b = 9;

int saved = a;
a =b;

b = saved;

printf("%sd %d\n", a, b);
BT a I+ T Uga saved=4 gl SITAT &1 a=b & 91¢ a=9, b=9, saved=4| b=saved & 9T

a=9, b=4, saved=4, 3R 3AICYC 9 4 &1 YUR I hTH T ¢ Hifch GRI-T TEAT hl FIh dR TR T
TR H @1 74T, C 370=-31Y - fAeT §31T QR A ITe g1 3|

3T ¥ | uget

379 TT TAHT STTRAT T ¢ T Gohd &, SHIRTATZHI ahl TG h HATSTHE T 37T Ugd Tdhd & IR Bl
qUTich S&ichi oh THg &1 Tohd & | 3I7Tet UTS H g ieich & fAe arel A 3R 399 TR # g Tt S&al1g ot
ST hel, TUT FUTHh YUTTchl oh HIT <t THSH |

ia d@aeft At

hig 3R ¢ Hifelds &1 |1 T HaH Frdsi-ieh WG 14 N1570 C11 IRfd-ST9 8: UaRr thas™ §5.1.2.2.1p1;

quTieh hl A T §5.2.4.2.1; 3RRATTEHM §6.7.9p11; Tt SH1STHE §6.5.16.1p2; THE §6.5.5p1
37 §6.5.6p1; uieh {NT/AVhd §6.5.5p5-6; printf §7.21.6.3 3R %d §7.21.6.1p81 & fAgHT & da &;
YT [ A ¥ Uget HIFeh SXATaST UGHT 3HTadeh gl 8l
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IUHT SR IFht FHT

&l A ford ey ST 9 Il I8 i | X AR RS TR 6 IRy AA W4 gl Xx =X + 3 DT A § “6 Ug, 9
fehTed, X dTet TS et QRIAT AT fATTeR 9 ford 1” S aT y = X - y 1Sl & 3t & dH, I 9 3R 4, UedT g
3Ry R 5 foraar &1 gIR &1s IR U1 il it e F a1 1 Mg & oef A1 ST | e & a1 oft grreit
TReT 1R it Ugt I8 IR I WR 3@ of | e T gY AT HT IaTERVT §; 9 ardfaleh AR Y SH1ae &
IR # ohls arar a1 foar <1 @7l

afa dgof
« int x = 6; & x &Y Fvon 3R MRS 8; x = 9; HISET X &l T&AdT &
« ST T 37 TAA A g1 B KIHC o TG I35 ford
« TR SATETHE H IIHMH TLT § a8 37 T A fepred, fthe a8 ofk & TR & 3@
« ShIUT fohaT AT A1 Fd =R o 1Y UYA-HTT gl deardl
« hISh THg a8 e 8; * [ % hl UTfAchar + - ¥ 3ifdeh 8
« R-FUMHb a AR eTHR b h felg: a / b R I 3R a % b s AT 8
Sl (a/b)*b+a% baTAMag; AR b A BT
« printf & & %d & foIg Teh int sfHe d; \n dfery AT Hear 8
« C11 R AT F1d [23ATT int A1, aT%dd | TUFT 14 R HTSieh [T e, 8 ol a1 gkond -32767 9
32767 & iR

v gt = e
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Lesson 2 | English

Expression values and safe updates

What happens when an integer is negative?

Ccode 1
#include <stdio.h>

int main(void)

{
int a = -19;
int b = 4;
int g =a / b;
int r =a % b;
int z =2+ q * 3;
printf("sd %d %d\n", q, r, z);
return 0;
}

The quotient is not obtained by always rounding downward, and the remainder need not be
positive. To trace this program, we need the exact integer rule. Later in this lesson we will keep an
expression's value separate from any change it makes to a variable.

Carry forward the tracing rules

You need the previous lesson's current-state method, initialization, simple assignment, arithmetic
grouping, and %d output. Shorter code blocks below are separate bodies for the same complete
wrapper shown above: #include <stdio.h>, int main(void), braces, and a final return 0;. Start
each block with its own initial state.

We continue to use ISO C11, initialized signed int values, and intermediate results within -32767
to 32767. Every evaluated divisor is nonzero and each quotient fits in int. We will label one unsafe
expression for recognition only; it is not an output-prediction program to run.

Integer division: move toward zero

For integer operands, / discards the fractional part of the mathematical quotient. “Toward zero”
tells us which integer remains on the negative side. The mathematical quotient of -19 by 4 is
-4.75; discarding its fractional part gives -4, which is nearer zero. It does not give -5.

Use three steps rather than guessing the remainder's sign:

1. Find the integer quotient q by truncating toward zero.
2. Calculate the remainderusingr = a - q * b.
3. Checkthatq * b + rreconstructs a.
These arithmetic equalities describe the values; an equality written here is not a C assignment

statement to paste into the program. For this lesson's bounded operands, the multiplication and
subtraction in the check also fit safely in int.
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The remainder is zero or has the sign of the dividend a. Its magnitude is smaller than the
magnitude of the divisor b. The divisor's sign affects the quotient, but it does not determine the
sign of a nonzero remainder. This is C remainder; do not replace it with a convention from
another language that always gives a nonnegative result for a positive divisor.

Worked example 1: quotient, remainder, then an expression
Trace the opening program from the declarations.

1. After the first two declarations: a=-19, b=4.
2.q = a / byields -4, because the fractional part of -4.75 is discarded toward zero. Now g=-4.
3.r = a % bgives -3. Check: (-4) * 4 = -16,and -19 - (-16) = -3.Now r=-3.

4.Forz = 2 + q * 3, multiplication binds more tightly: q * 3 = -12,then2 + (-12) = -10.
Now z=-10.

5. The outputis -4 -3 -10 followed by a newline, in the order g, r, z. Neither a nor b has
changed.

The pair -5, 1 reconstructs -19, but it uses downward rounding, so it is not C11's quotient/
remainder pair. Reconstruction alone is not sufficient: it must agree with truncation toward zero.
The pair -4, 3 uses the right quotient but fails reconstruction: -16 + 3is -13.

Check the sign rule in three nearby cases

Ccode 2
printf("%sd %d\n", 19 / -4, 19 % -4);
printf("%d %d\n", -19 / -4, -19
printf("%d %d\n", -20 / 4, -20

[}

)
[
©

S

1.19 / -4 gives -4;19 - (-4)*(-4) = 3.Thefirstlineis -4 3.

2.-19 / -4qgives4; -19 - 4*%(-4) = -3.The second lineis4 -3.

3.-20 / 4gives -5; -20 - (-5)*4 = 0. The third lineis -5 0.

A negative dividend can still have remainder zero. “The remainder follows the dividend's sign”
needs that zero exception. These calls only read constants, so argument-evaluation order cannot
change them.

Grouping equal-priority operations

*, /, and % share a precedence level and group from the left. For example, 18 / 4 * 3 groups as
(18 / 4) * 3.The first quotient is 4, then the product is 12. It does not group as 18 / (4 * 3),
whose result would be 1.

Discarding a fraction can happen at an intermediate division. You cannot generally do all
calculations using fractions and truncate only once at the end: (18 / 4) * 3in C has already lost
the fractional part before the multiplication uses that quotient. Parentheses can change which
division is requested. They do not generally create a left-to-right evaluation order for side effects.
Our examples in this section have no side effects inside the arithmetic expression.
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A value calculation is different from an update

Ccode 3

int x = 4;

int next = x + 1;

printf("%d %d\n", x, next);

x + 1 produces 5, which initializes next. It does not store anything into x. The outputis 4 5.In
contrast, x = x + 1; would store the result back into x. Ask two questions whenever an
expression might update a variable: “What value does it supply?” and “What is the state when this
statement is finished?”

Compound assignments to one variable

For the ordinary int variable used here, score += 5; has the same numerical effect as

score = score + 5;.Similarly, score -= 4; subtracts 4 and stores the result, and score /= 5;
stores the integer quotient. These operators combine arithmetic with assignment; += is not just a
different way to write +.

Ccode 4
int score = 17;
score += 5;
score -= 4;
score /= 5;
printf("sd\n", score);
1. Initialization gives score=17.
2. After score += 5;: score=22.
3. After score -= 4;:score=18.
4. After score /= 5;:score=3, since integer 18 / 5is 3.
5. The output is 3 followed by a newline.
The compound form evaluates its left-hand destination only once. We limit this lesson to a plain
variable, so there are no extra address calculations to track. Do not treat the expanded form as a

permission to duplicate more complicated expressions. A compound assignment still needs the
same arithmetic checks: no evaluated division by zero, and no out-of-range signed result.

Increment: two questions, not one slogan

The increment operator ++ adds one to a variable. Its position determines the value supplied by
the expression:

* In x++, called postfix increment, the expression supplies the old value of x. The variable is also
increased by one

* In ++x, called prefix increment, the expression supplies the increased value of x

These are not two different amounts of increase: each increases x by one. If the old value is 3, the
state after a separate x++; or ++x; statement has x=4. The difference matters when another
variable receives the expression's value.
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We place each update in its own full expression. An initializer such as the one in

int before = x++; is a full expression; so is the expression in a standalone update statement. Its
required updates are complete before the next full expression begins. Postfix does not mean
“wait until some later statement to update”. Do not turn several separate statements into a
combined expression while assuming their meaning will be preserved.

Worked example 2: the supplied value and the final state

Ccode 5

int x = 3;

int before = Xx++;

int after = ++x;

printf("%d %d %d\n", before, after, x);

1. After int x = 3;: x=3.

2.In int before = x++;, the postfix expression supplies 3 to initialize before. By the end of this
declaration, x has increased to 4. State: x=4, before=3.

3.Inint after = ++x;, x increases from 4 to 5, and the prefix expression supplies 5 to initialize
after. State: x=5, before=3, after=5.

4. The outputis 3 5 5 followed by a newline, because the arguments are before, after, then x.

before stays 3; it is a stored copy of a value, not another name for x. If you got 3 4 5, you gave
the prefix expression an old value. If you got 4 5 5, you gave the postfix expression a new value.
Record the supplied value and resulting state separately to avoid both mistakes.

A precise safety boundary

C does not promise to evaluate the operands of ordinary + from left to right. When an expression
changes a variable and also reads that variable elsewhere without the required sequencing, it can
have undefined behavior. Undefined behavior means C11 gives no prescribed result for the
program; it is not merely a choice between two normal answers, and a crash is not required.

Keep the updates in separate full expressions as in worked example 2. Parentheses that change
arithmetic grouping do not, by themselves, establish sequencing between operands. A single
compiler run is not a rule for an unsafe expression. Practice question 4 asks you to recognize this
boundary instead of guessing a number.

Practice: attempt before the solutions

These four original exercises are unscored. For each defined example, write the expression values
and final state. For the unsafe example, give a semantic classification instead of a numeric
answer.

Practice question 1: negative dividend

Find the C11 quotient and remainder. Give the output and show the reconstruction check.

Ccode 6
int a=-23,b=6;
printf("%sd %d\n",a/b,a%b);
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Practice question 2: two different increment forms

Find the final n and the values stored in p and g. Pay attention to the printed argument order.

Ccode 7

int n=4;

int p=++n;

int g=n++;

printf("sd %d %d\n",n,p,q);

Practice question 3: the effect of parentheses

Find both results and explain why they differ.

Ccode 8

int a=24/5*2;

int b=24/(5*2);
printf("%d %d\n",a,b);

Practice question 4: classify, do not execute

Does C11 give a defined value for r in this fragment? Explain whether a single numeric output
could be required if r were printed afterward. Do not run the fragment to choose a number.

Ccode9
int i=4;
int r=i++ + 1i;

Practice solutions and wrong-turn feedback

Practice question 1 solution

1. The mathematical quotient of -23 and 6 lies between -4 and -3; truncation toward zero gives
gq=-3.

2.9*b = (-3)*6 = -18.
3. The remainderis a-gq*b = -23-(-18) = -5.

4. Check: (-3)*6+(-5)=-23; the remainder's magnitude 5 is below 6, and its sign agrees with the
negative dividend.

5. Output: -3 -5 followed by a newline.

-4 1 applies floor division instead of C11 truncation. -3 5 incorrectly forces the remainder
positive and reconstructs -13, not -23. -3 -1 has a plausible sign but fails the arithmetic check:
-18-1=-109.
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Practice question 2 solution
1. Initially n=4.
2.1int p=++n; firstincreases n to 5 and supplies 5 to p. State: n=5, p=5.

3.1int g=n++; supplies the current 5 to g and increases n to 6 by the end of the declaration.
State: n=6, p=5, @=5.

4. The print orderisn, p, q,sothe outputis6 5 5 followed by a newline.

6 5 6 gives postfix the new value. 5 5 5 forgets that postfix still changes n. 6 4 5 gives prefix the
old value. Both updates have already happened when printf runs.

Practice question 3 solution
1. In the first declaration, equal-priority / and * group from the left: a=(24/5) *2.
2. Integer 24/5 is 4; then 4*2=8. Thus a=8.
3. In the second declaration, parentheses form the divisor 5¥2=10. Integer 24/10 is 2. Thus b=2.
4. Output: 8 2 followed by a newline.
2 2 silently adds parentheses to the first expression. 9 2 uses the fractional intermediate 4.8 and
truncates only after multiplying; the C expression already used an integer quotient of 4.8 8

ignores the parentheses in the second declaration. Grouping and integer division are both
needed for the explanation.
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Practice question 4 solution

The fragment has undefined behavior under C11. Within i++ + i, the increment's modification of
i is unsequenced relative to the other operand's read of i. Ordinary + does not supply the
sequencing needed to make this safe. The rule is N1570 §86.5p2.

There is no C11-prescribed numeric value for r, and no single output a conforming trace question
may require. 8 and 9 are tempting calculations based on imagined evaluation timings, not valid
standard-defined answers. “Either 8 or 9" is also incorrect: undefined behavior does not restrict
the implementation to those two outcomes. “It must fail to compile” and “it must crash” are not
guaranteed either. Adding parentheses around i++ or around the whole sum does not repair the
seguencing.

If the intended operation is “keep the old value, increment, then add old and new”, express those
steps separately:

Ccode 10

int 1 = 4;

int old = i;

i=1+1;

int r = old + 1i;
printf("%d %d\n", r, i);

1. Initially i=4.

2. old=1i stores 4 in old.

3. i=i+1 makes i=5.

4., r=0ld+1i uses 4+5=9.

5. Output: 9 5 followed by a newline, for r and i.

This is a new, defined program with an explicitly chosen intention. It does not prove that the
unsafe fragment “really meant 9”. The unsafe fragment had no defined meaning to preserve.

Before moving on

You can now distinguish a calculation from a stored update, trace prefix and postfix in separate
full expressions, and apply C11's integer quotient/remainder rule. Next, conditions will use
expression values to decide which statements run.

Source notes

The code, calculations, and feedback are original. Precise references in the WG14 N1570 C11
committee draft: integer division/remainder §86.5.5p5-6; left grouping §6.5.5p1; compound
assignment 86.5.16.2p3; postfix 86.5.2.4p2; prefix §6.5.3.1p2; full expressions 86.8p4 and their
sequencing 85.1.2.3p3; unsequenced modification/read 86.5p2; out-of-range results 86.5p5.
Compiler output may corroborate the defined examples, but it is not the language definition.
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Analogy and its limits

Imagine a counter and a small receipt. With postfix, the receipt records the old counter reading
while the counter advances by one; with prefix, the counter advances and the receipt records the
new reading. After the whole transaction, the counter has advanced in either case, but the
receipts can differ. Make one transaction complete before starting the next. This picture helps
with separate full expressions; it does not define a safe order for several updates squeezed into
one C expression.

Quick reference

* C11 integer / truncates toward zero: -19/ 4 is -4

* For nonzero b and a representable quotient: (a/b)* b +a % b equals a

* A nonzero remainder has the dividend's sign; its magnitude is below the divisor's magnitude
* * /% group from the left: 24 /5 * 2 means (24 /5) * 2

* For a plain int variable, x +=k, x -= k, and x /= k store the corresponding arithmetic result

* x + 1 calculates a value without changing x; x = x + 1 stores it

* x++ supplies the old value; ++x supplies the new value; both increase x by one

* Separate full expressions make the shown updates finish before the next begins

* i++ + i has undefined behavior, not a prescribed numeric answer

* Parentheses control grouping; they do not generally sequence side effects

* Keep every intermediate in range and every evaluated divisor nonzero

Back to contents
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&STah &l A 3R Rfda srade

yuifeh SHUTIeHe g9 UR T Seetdlt &2

Cahis1
#include <stdio.h>

int main(void)

{
int a = -19;
int b = 4;
int g =a / b;
int r =a % b;
int z=2+q * 3;
printf("sd %d %d\n", q, r, z);
return 0;
}

UTThel AT =1 T 37RR AIE ThXch ol [HerdT 3R ATThel R EHTH gl gidl| 39 WU I ¢ hi h
forq quiier w1 o1 wgt e arfge ) 3t ute & Sm g/ ister @ fiem atet A ol I8 TR F g1 dTel seard
T ST @ |

e 39 & Aaa g &

et u1s &l AT st arel! fafe), sfRfrergsiq, T3e sramgHe, sienfordia Tg R %d arer 33eye
T AR | 1 & B Shig selfch FUR @Y 7Y QR &1 & S1elT-31eliT J AT &: #include <stdio.hs,
int main(void), ST 3R 3id & return 0; | & sdich ST ST AT H L= BT 8

g ISO C11, AT Y31 signed int A 3R -32767 & 32767 & Hiar & g & uRumd oid @71 areaa #
BIF aTelt X YNT-TTUHT Sl HTSTeh {0 T8 & SR WThel int H 1T Uehdl &1 Toh SRI&Id sTeh ohl hadl
ggarA o forg srer Rifgd forar SITg; I Tt 31T3eYe ahl STA ol ol T g

quifer HTT: T Y 3R SI1¢

quifer SiToRE o forg / IO TRt oAl {944 aTelT f@< 8T &dT &1 K UTIeh aRh hi=I-T guUTTeh STaTI, I8
“SI Y HR” T FHS HTAT 81 -19 &l 4 F W &3 R IO WITheT -4.75 8; 9 aretT f3edm geM &R -4
fAeTar 8, St =7 & 31fdes urd g1 -5 7@l A

AV ol g ST ¥ I & I i hed o
1. I T 3R I YUTich HURTheT q FHehre |
2.r =a - q * b3 ATha A
3.<ﬁﬁ§ﬁ§§q * b+ r 9 a Aear gl

g o SRRt AT & o€ IdTdl §; T8T fore! g2 ska<t T § Rigees @i C 3rdarg-de T8 1 39 UTs
<t Hfara Tt & forg Sifa & g7 are 7on ok gerg off int o +ftax gferd &1
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AT IT At YT & AT IGhT g 9T a o g ST g1 IHhT URATIT HTSTeh b o TRATUT T BIET &1 HTSTh I
g JTThe ot gt R 8, At - At o1 g ST T el 81Tl I C T Ak §; 39 fone)
ORI AT o UF g7 O 7 el [SI9H YT HTTch o 91 UiRUTH gARIT TR-3-UTHh gidT 81|
&1 fovaT gaiT ISTER0T 1: UNTHA, 2uwhd, fiRR eiste
LFIHTCAT TIUTH eht Tromaft & ¢4 i

1. Ugelt & oTSH & 916 a=-19, b=41

2.9 = a / b¥ -4 dar g, ik -4.75 a1 9= are fgwa g i 3R g2 SIrdT 81 37e g=-41
3.r = a % bd-3WAATEI I (-4) *4=-16 3R -19 - (-16) = -31 3T r=-3|
4.z =2 + q * 3HIUNH muAhRar Afdk 8: q * 3 = -12, 2+ (-12) =-101 39 z=-101

5.q, r, z % shH H MIYC -4 -3 -10 &, fhe 718 tfery a11clt 81 a 3R b & & ot a1 A 781 s

STSY -5, 1 T fh -19 99T §, ifch ITH i i 37k T3S fohar mmam §, safelg ag C11 &Y YT Tther-[IWthel STiet
T8l 81 hadl el T fth 1 T UATed el 8: MTthel [T hl 3TR ehie dTet fAw § i A« @M =1fgy|
ST -4, 3 T YT Tg! 8, wfch 39T ol T-AT A6l d-dT: -16 + 3 T A -13 81

T & i At | g o Raw s

Cas2

printf("%sd %d\n", 19 / -4, 19 % -4);
printf("%d %d\n", -19 / -4, -19 % -4);
printf("%d %d\n", -20 / 4, -20 % 4);

1.19/ -4 -4 AAATE; 19 - (-4)*(-4) = 31 UGl Ufery -4 3 &1
2.-19/-49 4 AAATE; -19 - 4*(-4) = -31 gEA UfRT 4 -3 B
3.-20/4 9 -5 Adar §; -20 - (-5)*4 = 01 fi gt dfery -5 0 B

SHUTIHeh 1Y h 1 T ATl [ 8 TehdT g | “ATThd T faig T SIET 8" Thed THd T aTell SUdTg
T 1 & et Sharel fRR TATY Ued &, gafeiy Simgdc & A Fehrem a1 o aRRormm =gt sget Tepd

T UTATARdT aret iTaRexT o 99g

*, | 3R % I UTIfHehdl T g 3R IR THg 18 IR F TaT 81 S 18 / 4 * 3 T THE (18 / 4) * 3 81 Ugd
VAT 4 8, O T[UFthel 12 81 Tg 18 / (4 * 3) g1 &, forgent uRoms 1 g

O grer fewar sig i fopelY ymT-T0r=T | &) 8 et g1 graTad: I} urEaTd fO=t & 91 ehveh chaer 8id |
feear geT 9@l 7el 8: C H (18 / 4) * 3 T {RThe] UM H SIATA 814 ° Uga! &1 31U 9= arer fgwar @t ger
&1 hISh Ig F&el Uehd g [ch Shi--TT N AN AT g1 § HAG: TR dGal dTel T9Tal hl JT-9-3¢ THI-hH
JT 8] hed | 39 fRW o IeTgun H RO esich o HiaR ahlg TR Tl aeadTl
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A fAehrTe=T 3R TR ISAT 31T &

Cais3

int x = 4;

int next = x + 1;
printf("%d %d\n", x, next);

x + 185 Aaar g, s next o1 [FSATA! ATF @1 STTAT 81 399 x H §o e foldl SiraT| 33y 4 5 8
g9 faudid, x = x + 1; URUMH ot aro9 x # W@ | 59 +ff 2 & TR 9a TohdT g, &l U U8: “Jg
hI-9T 7 &1 82" 3R “Ig W QI g R HTAT RT 82"

Ueh R WR HYeRT AATsHe
T8l folU 7T QIYRYT int TR & fAW score += 5; o1 TATHS YU score = score + 5; ST g1 3

dRE score -= 4; H 4 TR URUIH I@T STdT 8 3R score /= 5; H YUlfch HNTthel 3@ STTdT 81 34
SRS H TUMT 3R SYTSAHE ST 6, += chadl + fola= o1 g1 a<i<hT =181 &

Chis4

int score = 17;

score += 5;

score -= 4;

score /= 5;
printf("sd\n", score);

1. sFAfTAEH @ score=171

2.score += 5; h A& score=221

3.score -= 4; & dIG: score=18l|

4,score /= 5; % 91 score=3, &ilch YuIfeh 18 / 5 hT A 3 Bl
5. 3m3eye 3 &, foR 75 dfery ol &1

GG ¥4 | 18 MR chl GRUMH 1@ dTell STTg I Jedich-] hdd Ueh IR gidT &1 39 UTS | dg Teh ATYRUT TR
Ul oA T SrgAfd 7 THEl | S sraTgTHe WR o+t agt it Siid 1] 8: aredd | R 8 |HT gl g1
1Y 37k signed aiRoma HHT & a183 81 =1 A1fgy|

Ueh S&MT: Shael ART g1, & 31T U
sf=htc 3IfeR ++ fohdl TR § Teh STISdT &1 STh! STIE dd hed! g foh aisieh ehi=I-91 {14 SI:

« x++ @t postfix increment &gd & &isTeh x T QT AT &dT g | T1Y 81 °= I A U J¢dl &

« ++x @t prefix increment gd &1 &STeh x ST T¢I g3 A &l &

& I AT &1 H 37T @1 8: Q1 x bl Yeh IGId & | GRIFT A 3 81 @l 3T x++; AT ++x; LIHS T gH h
G x=4 BN | theh dd AUl & STd isich T HH fohdll gER @R # &1 Sy

GATE CS | C foundations | Free study material 27176



& 37UST ohl §H 370+ 31elvT guf &wteh (full expression) #@d g1 int before = x++; &l 3ARTAEGTR
Qeh JUf &ioich §; STl STUSE WHE ol Asteh Ht BT 81 81 3TTct QUi &oieh oh & 814 & Ugel 34h JTaTeh
I&Td QR 1 ST1d &1 Postfix a1 31 “fordt ag o WeHe deh SUSe aret &l” 8l g1 ahs 37T LeHE i Teh
GG sTeh | daeiehs Jg A A foh 37 agt @

&1 foraT gem Iarevor 2: e are 7 sk sifaw sraw

Chs5

int x = 3;

int before = Xx++;

int after = ++x;

printf("%d %d %d\n", before, after, x);

1.int x = 3; & 9E; x=3|

2.int before = x++; H postfix &sieh before i Y= & o oIy 3 3T 81 9 TN & 3Hd deh x
TGohe 4 81 T g1 3TaWAT: x=4, before=3|

3.int after = ++x; H x, 4 ¥ Igh 5 Il g 3R prefix &SIk after ! YF i o g 5 a1 81
SO x=5, before=3, after=5I

4, 33eYe 35 5 8, fohe =12 dfery arrelt 8, ralfoh e &1 ohd before, after, X x 81

before H 3 8l IgdT 8; I8 W 7Y HI chl ShIUT 8, x T AT AT ol | TS 3 4 5 fA, A prefix &sieh
QR A & fear wam af 4 5 5 e, @t postfix @dstes et a1 719 & ez man S mafaat @ g9 & fog
isTen O et AT 3R I 91& chl STaIT SelTT-31erT ford |

a1 < |t Hiar

C TYRUT + & ATORE ht IT¢ T STV Heifchd e T aTeT -Tg ehdT| TG his Zioidh Yeh TR i Faatdm off &
3R I} TR ol A TG 3HTaTh shA h {1 UgdT ot 8, dt IH SraR9fvd sgagR (undefined
behavior) g Tehdr &1 g9 3 & foh C11 T a1 anig [ReiRa uRum a8t a1 ag dhad <F g I<-i &
Y Uch T ohl 1 ol g 3R shal g1 ot srrasaes T8l 8l

&1 fohg §U IaTER0T 2 ! dE ST STefT-31elT Yuf &sTen] | I | S{RTIO T THE TaeT Tl hish 3UA-
3T JHRE o 1T SATaGR i Ta! aT1d | SRIT FoTeh oh oIy foheit huTgerk IR eh IR el uRkome e
I & ST NI UH 4 H TAT T SAM T s TSI Tgl ST ggar=-1 gl

SIWY: &1 U+ ¥ Uge! UaTH hd

g9 IR Hifclen Uil o 3ieh 81 ¢ | 8% M IaTexor & stent & A iR sifam srawern ford | srgRfera SamgeoT
& foTT TReat i STTg IUch HAGR hl AT Tch0T he |

AW UH 1: FRUMMHR HToT

C11 & SR HNThe 3R At FarTferg| sm3eye foify ofiR got e fohx s St feamsy|

CHE6
int a=-23,b=6;
printf("%sd %d\n",a/b,a%b);
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3T U 2: sf<rie & gt =u
3ifa# n 3R p, q # 3@ 74 Feprferq) fUie g1 aret sfHe o hA ol & 39 |

Cas7

int n=4;

int p=++n;

int g=n++;

printf("%sd %d %d\n",n,p,q);

3T U 3: hiSeh &l UHTI
g uRome fRepTferg 3fk gHesy foh & srent &=t &

CHs8

int a=24/5*2;

int b=24/(5*2);
printf("%d %d\n",a,b);

31T U 4: Gf{eh0T &3, TATd g1
T 39 T A C11, r &7 gRMING 7 a1 82 Iwesy & afe a1e 7 r fiie fohar stru, &t or=am was R
TATHR HTIYE HITHT Tg! BIT| TEAT Gt oh folq 39 3727 i 7 TaTg |

CaE9
int i=4;
int r=i++ + 1i;

31T h g1 3R TeAd IAR| bl hIRT

3T U 1 hT &

1. -23 3R 6 &I TR HRTHh -4 3R -3 & o9 §; YT ohl 3R I WR g=-3 A1 81

2.9*%b = (-3)*6 = -18I

3. Y% a-q*b = -23-(-18) = -5l

4. S1a: (-3)*6+(-5)=-23; AThe hl URATUT 5, 6 T BleT § 3R IThT g FoNHS W ST B

5. 3M3eYe: -3 -5, fOhe 713 ufar|

-4 17 C11 o LT hl 3R h1et o T floor division fo T T 81 -3 5 7Teld d¥ich & AThel vl YT

FHTAT g 3R ITY -23 & IO -13 FaT 81 -3 -1 T KA 9T T §, Afch=1 TUHT hl Siid [dthel gl &
-18-1=-191
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J9YTH U 2 T &

1. BT H n=41

2.int p=++n; UG n I 5 HAT § 3R p &l 5 ST &1 SERAT: n=5, p=5I

3.int g=n++; IAAM 5 &t q H T § 3R TV & 3d deh n ahl 6 BT g1 STERAT: n=6, p=5, q=5I
4. ficwishA n, p, q8, 39T 3MIYE 6 5 5 &, e 718 dfer

6 5 6 postfix sl FAT A dT g1 55 5 e SIIdT g foh postfix AR +ft n F&AdT 81 6 4 5 prefix l GREAT AH
AT gl printf Ie= & Ugat T 3uSe &1 goh 8|

SR UH 3 &1 g
1. Ugett G0N & FH UTAfAehdT aret / 3R * o1 IHg 915 SR ¥ &: a=(24/5) *2|
2. quifeh 24/5 ¥ 4 fAeTan 8; fhe 4+2=81 gafeIq a=81
3. G IIYUTT H hlBeh HTSTeh 5+2=10 &Td &1 gUTich 24/10 ¥ 2 fAeTar 81 s4felg b=21
4, 13eYe: 8 2, fohe =15 dfer
2 2 Uget &oieh # ST ShRUT 1Y hlSeh SiE &dT g1 9 2 &g H 34 aTetT 4.8 3@ & R 7un & a1 g fgen

gaTdl 8; C sich H Uget gl YUIich MTTthel 4 AT ehl UTI 8 8 GURI TINUT oh hiSeh 3-1ad hidl | THSH h
ferg g offk gurfen T, <HT wredt €
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3T UH 4 bl gl

2 A H C11 & IR HURHINT AR 81 i++ + 1 H 3fhAC gRT 1 ! I&T 3R IR SIS gRT i &l
UGHT Teh-gaR & 198t unsequenced &, T 39 T simasae s FRaffRa 78 &1 remor + 38 gwRfea
I aTelT ShH g &dTl fAaH N1570 §6.5p2 H 81

r o forg C11 g1 RafRa Slg deareres 9 =161 ¢ iR 98! ¢9-U% Uah [fd smseyqe gl A7 HehdTl 8 3R
9 ey fohy 7T Jeich-THY UR STYTRA JHTa IR 8, HA-eh 9 RN IR A6l | “8 a1 9 H ¥ chis Tah”
oft 7TeTa & SURWITNT AR SHEAHERM bl chadt 31 & URUMHT b HIAT 81 drdTl “huTset giFT o
faroher ghm” ofiR “oher BT &1 AnfeQ” dht oft TREY AT &1 1++ & IRY SR a1 IR Wi & IRI 3R hiBeh o=
¥ hl GHT Sieh T8) gl

gfe g7 “QRIT A1 I, Teh I¢1Y, foik QR 3R A7 A1 ohl Ste” 8, dt & TR0 S1efT-37erT ford:

C®E 10

int 1 = 4;

int old = i;

i=1+1;

int r = old + 1i;
printf("%sd %d\n", r, 1i);

1. [BINTA H i=41

.old=i ¥ old H 4 @1 ST 81
.i=i+1 ¥ i=5 gar 8l

. r=0ld+i & 4+5=9 foraT STaT 81

. r 3R i & g emseye 95 &, foRe =18 dfe

Ig WE ¥U Y g 1Y 1< q1e1 431, GRHINT W 81 599 I8 R 81 gid1 foh sRgRfera sisr ot “arafae
31ef 9 U1 | I SIRRFENT 3721 T hig TR 31ef o1 &1 T8t i s/ 7 9|

u B~ W N

3T g | uget

37§ 37T U 3R TR H €@ ST dTet TS T SR A ¢, el guf &sten! # prefix 3R postfix &1 ¢4
TR Gehd g aAT C11 T MTThA-ATh FTH T Tehd &1 37T UTS | QTd &sTehl ch HIF bl IUTNT ehich ad
RN foh - WA T |

Gia deieft e

I8, UMY SR T ht ey Hifele 81 WG14 N1570 C11 Gfffd-groe & 9die Hew: guria w11/
AT §6.5.5p5-6; &3 3R T THg §6.5.5p1; VI S™TSHE §6.5.16.2p3; postfix §6.5.2.4p2; prefix
§6.5.3.1p2; quf &isTeh §6.8p4 37 Iehl shH §5.1.2.3p3; foHT 3Taedeh shH o dgelTd/UeHT §6.5p2; HHAT &
ITER o URUMH §6.5p5 | hUTSER T T3S URWITNG IaTeRUT hl i H TgRIeh 8, wifche dgt {TST &l
RIS 781 81
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IUHT SR IFht FHT

Teh h1SeR IR BIET Wi G| Postfix H I¥ia TR Sh¥ex ol YRMHT A 31T 8 3R e Teh 9&dT g; prefix

H PSR FadT g 3R TG WR 74T 7 1T 81 YT h1H g WR &H1 U | hex Ueh 9 Tkl 8, Afch T-Ial
AT 37T 81 ehd & | ST hIH Y& et 9 Uget Yeh hIF GRT e | T IaATRUT SeiiT-3eliT guf isich axg &
TG hdT &; U of C FoTeh H s 3TUSE ¥R & UR IhT ohis RI&Id Shil ad gl el

@i d@esf
« C11 A qurfeh / YA I SIRAIeaT @: -19 / 4RI HAM -4 8
« R-gI b R FHATH 314 It TR & ferg: (a/ b) *b+a% b A A a g
« TR-3T AR T G HTST ST §; STRT URHATUT HTSTeh & URATI & BiT &
e * [ % BRI AE ARAB: 24 [5* 2 w13 (24 /5)* 28
o JIROT int TR W X += Kk, X -= k 3R x /= k Gafdq 7071 oht ulRome wad &
« X + 1 A9 fAehrerar 8, x 78} deerdl; X = X + 1 34 3@&dT g
o X++ QRTT A9 &aT §; ++X 79T A T §; 1 X Pl U IgId &
« 37T guf SsTen | f&@TY 7T $TUSe 31Tt &oidh & Ugel QR 81 &
»i++ + | H SARWITYT TagR &, his iR T s el
« hI8H THE T P 8, d FHIIC: SealTd] ohl GHI-ShH dT gl hid
« X 1T 1 gRumH AT H T 3R aredd | IUINT g4 aTell g3 HToTeh IR-3 &

fawa gt m e
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Lesson 3 | English

Conditions and selected branches

Which branch changes bonus?

The program below starts with score=12. Does it give the bonus for the first satisfied condition, or
keep looking for a larger bonus? Predict both printed numbers before reading the trace.
Ccode 1

#include <stdio.h>

int main(void)

{
int score = 12;
int bonus = 0;
if (score >= 10) {
bonus = 2;
} else if (score >= 12) {
bonus = 5;
} else {
bonus = 1;
¥
printf("%sd %d\n", bonus, score + bonus);
return 0;
}

You already know how an assignment changes the current state. A condition now decides
whether an assignment is reached. This lesson uses C11 and small signed int values; every value
read is initialized. All evaluated arithmetic stays within -32767...32767. Each displayed complete
program can be compiled separately. The original practice question 3 is deliberately unsafe and
must only be read, not run.

A condition has a value

A condition is an expression used to decide what happens next. With the integers in this lesson,
zero means false and every nonzero value means true. Thus 0 is false, while 5 and -3 are both
true. A negative number is not automatically false. Testing a variable does not change its stored
value: if x contains -3, testing x does not replace x with 1.

A comparison computes an int result: 1 when its relation holds and 0 otherwise. Use < and > for
strict comparisons, <= and >= to include equality, == to test equality, and != to test inequality. For
score=12, score>=10 gives 1, score==10 gives 0, and score!=10 gives 1. These tests read score;
none assigns a new score.

Keep assignment and equality separate. x = 5 stores 5 in x. x == 5 asks whether the current x is 5.
An assignment is permitted in a C condition, but it still assigns: if the condition is x =5, x becomes
5 and the condition is true. That is not an equality test. Write x == 5 when equality is intended,
and keep ordinary updates in their own statements as in the earlier lessons.

Source rule: comparison results and integer conditions are specified in C11 draft N1570,
886.5.8p6, 6.5.9p3 and 6.8.4.1p2; assignment value is covered by 86.5.16p3.
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Choose one route with if, else if and else

Read the program in worked example 1 in this order. The parentheses contain each condition. The
braces contain the statements belonging to that branch.

1. Test score>=10. If it is true, run that first braced body and skip the entire else part.
2. Only if the first test is false, reach the second if inside the else part. Test score>=12 then.

3. Only if both reached tests are false, run the final else body. A final else has no condition of its
own.

4. Continue with printf after the whole chain.

An else-if chain is one connected choice. It does not rank conditions or choose the largest
assigned value. This particular ordering makes the score>=12 branch unreachable: any score that
reaches it has already failed score>=10 and therefore is below 10. If the intended rule were to
prefer the higher threshold, test score>=12 first. We trace the program actually written before
deciding whether its rule is the intended one.

Worked example 1: first match wins
1. After the declarations: score=12, bonus=0.
2. First test: 12>=10 gives 1, so enter the first body.
3. Execute bonus=2. State: score=12, bonus=2.

4. Skip the entire else part. The expression score>=12 is not evaluated on this run, and neither
later assignment is executed.

5. printf reads bonus=2 and computes score+bonus as 12+2=14. Output: 2 14, followed by a
newline.

The output is not 5 17: a later mathematically true condition is irrelevant when execution never
reaches its test. It is not 1 13 either: else is the alternative to a false condition, not a statement
that always runs last.

By contrast, two separate if statements are two decisions. After the first one finishes, execution
reaches the second one and evaluates it using the current state. Both bodies may run. If the first
body changes a variable used by the second test, use the new value there. Practice question 1
below makes this distinction concrete without changing its tested variable.

Build a condition with !, && and | |

Logical operators also produce the int value 0 or 1. They do not return an arbitrary nonzero
operand. For example, the logical expression (-3) && 5 is true and produces 1, not 5 or -3.

* I means logical NOT. !0 is 1, while !5 and !(-3) are 0. It reverses truth, not the sign of a number.

* With left && right, evaluate the left operand first. If it is zero, the whole result is 0 and do not
evaluate the right operand. If left is nonzero, evaluate right; the result is 1 exactly when right
is also nonzero.

+ With left | | right, evaluate the left operand first. If it is nonzero, the whole result is 1 and do
not evaluate the right operand. If left is zero, evaluate right; the result is 1 exactly when right
is nonzero.
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The skipped work is called short-circuit evaluation. “Skipped” is stronger than “calculated but
ignored”: the expression is not evaluated at all. For && and | |, the first operand is sequenced
before the second when the second is needed. This sequencing rule belongs to these logical
operators; it is not a rule that every C expression evaluates from left to right. See N1570,
86.5.3.3p5 and 886.5.13p3-4, 6.5.14p3-4.

Worked example 2: prove which divisions are skipped

Ccode 2
#include <stdio.h>

int main(void)

{
int divisor = 0;
int value = 15;
int all = (divisor != 0) && (value / divisor > 2);
int any = (value > 10) || (value / divisor > 2);
printf("sd %d\n", all, any);
return 0;

¥

1. Initial state: divisor=0, value=15.

2. To initialize all, first evaluate divisor!=0. The comparison 0!=0 gives 0.

3. The left operand of && is false, so value/divisor>2 is skipped. No division occurs. Store all=0.
4. To initialize any, first evaluate value>10. The comparison 15>10 gives 1.

5. The left operand of | | is true, so value/divisor>2 is skipped here too. Store any=1.

6. printf prints 0 1, followed by a newline. divisor and value still contain 0 and 15.

The zero stored in divisor does not itself make this run undefined: no evaluated operation divides
by it. Reversing either pair of operands would make the division occur first for these initial values
and would lose that protection. The && guard divisor!=0 also protects the division when the
starting divisor changes: if zero it skips, and if nonzero the quotient with numerator 15 is
representable. The | | expression shown is safe for value=15 because its left operand is true; it is
not a general zero-divisor guard. For value=3 and divisor=0, that particular | | left operand would
be false and its right operand would divide by zero. A true result in one run is not a safety proof
for all inputs.

Test an inclusive interval with two comparisons

To ask whether m is from 2 through 5 including both ends, require both facts: m>=2 and m<=5.
Write (m>=2)&&(m<=5). At m=2 both comparisons hold; at m=5 both hold; at m=1 the first fails,
and at m=6 the second fails. Use parentheses to make the two comparisons easy to read.

Do not import the mathematical shorthand 2<=m<=5 into C. C groups it as (2<=m)<=5. With m=8,
the first comparison gives 1 and then 1<=5 gives 1, incorrectly accepting 8. In fact either first
result, 0 or 1, is <=5. Parenthesizing the whole chained expression does not repair its meaning.
The correct two-comparison expression must join the conditions with &&. Also, (m>2)&&(m<5) is a
different interval because it excludes 2 and 5.
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Practice: attempt all four before opening the solutions

The questions use new values or a different control-flow demand from the worked traces. They
are unscored practice.

Practice question 1: two independent decisions

Find the final flags value. State whether each body runs and explain why this is different from an
else-if chain.

Ccode 3
#include <stdio.h>

int main(void)

{
int m=9, flags=0;
if(m%3==0){flags+=1;}
if(m>5){flags+=2;}
printf("sd\n", flags);
return 0;

}

Practice question 2: negation followed by AND

Find z. Name the value of !a, say whether the right operand of && is evaluated, and give the
logical result.

Ccode 4
#include <stdio.h>

int main(void)

{
int a=0,b=5;
int z=('a)&&(b>2);
printf("%d\n",z);
return 0;

}

Practice question 3: repair the guard order

For d=0 and n=14, is the condition below safe? Rewrite only the order of its two operands so that
it safely guards division. Do not execute the original to guess an output; this is a behavior-
classification and repair question.

Ccode5
#include <stdio.h>

int main(void)

{
int d=0,n=14;
int result=(n/d>1)&&(d!=0);
return 0;

}
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Practice question 4: keep the endpoints

For a general int m, which expression tests the inclusive interval [2,5]?
* A: (m>=2)&&(mM<=5)
* B: (m>2)&&(m<5)

Choose A or B, then predict both printed results in the m=5 check.

Ccode 6
#include <stdio.h>

int main(void)

{
int m=5;
printf("%sd %d\n", (m>=2)&&(m<=5), (m>2)&&(m<5));
return 0;

}

Practice solutions and wrong-answer feedback

Practice question 1 solution
1. Start with m=9, flags=0.
2. Compute m%3 as 9%3=0; 0==0 gives 1. The first body adds 1, leaving flags=1.

3. Reach the second independent if. The test 9>5 gives 1, so its body adds 2 to the current
flags=1.

4. Final flags=3; output is 3 and a newline. Both tests were evaluated and both bodies ran.
A result of 1 wrongly skips the second if as though it were an else-if. A result of 2 keeps only the

second change, but += adds to the current flags instead of replacing it. A result of 0 overlooks that
both comparisons are true. m remains 9 throughout.

Practice question 2 solution
1.a=0 and b=5.
2.1ais 10, which gives 1.

3. Since the left operand of && is nonzero, evaluate b>2. The comparison 5>2 gives 1.

4. Both operands are true, so z=1 and the output is 1 followed by a newline.

The answer 0 confuses !0 with 0. The answer 5 confuses a logical result with b's stored value: &&
yields 0 or 1. Neither a nor b changes, and the right operand is not skipped on this run.
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Practice question 3 solution

The original has undefined behavior. Its left operand evaluates n/d before there is any check of d;
at these values that is 14/0. Under C11 there is no prescribed output, and a crash is not a
guaranteed outcome. The fact that the right comparison would be false cannot undo the already
evaluated invalid division.

The repaired condition is (d!=0)&&(n/d>1). A complete safe check is:

Ccode?7
#include <stdio.h>

int main(void)

{
int d=0,n=14;
int result=(d!=0)&&(n/d>1);
printf("sd\n", result);
return 0;

}

1. d!=0 evaluates as 0!=0 and yields 0.
2. && skips n/d>1, so no division occurs.

3. result becomes 0; this repaired program prints 0 and a newline.

Merely adding parentheses around the original condition does not change operand order.
Replacing && with | | does not repair the original leftmost division. “The original returns 0
because d is zero” is also wrong: the guard is too late. The unsafe classification follows from
N1570, 86.5.5p5; the repair uses 86.5.13p4.

Practice question 4 solution

A'is correct. At m=5, the first expression checks 5>=2 and 5<=5, both true, and produces 1. The
second checks 5>2 (true), then 5<5 (false), and produces 0. The printed pair is 1 0, followed by a
newline.

B would also reject m=2, so it cannot describe an interval that includes both endpoints. The pair 1
1 misses the strict upper comparison; the pair 0 0 wrongly treats equality as disallowed by <=. For
a lower boundary check, m=1 makes A's first comparison false, so its right comparison is skipped;
that still correctly gives 0.

Carry the state forward

Before moving on, explain worked example 1's skipped second test and worked example 2's
skipped divisions without evaluating them. A branch chooses whether to run a body once. The
next lesson repeatedly tests a condition so that a body can run zero, one or several times, with a
new state on each pass.
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Analogy and its limits

Imagine a clerk following a written routing card. “If the parcel weighs at least 10 units, place a
blue sticker; otherwise, check the next rule.” Once the first route is taken, the clerk does not also
follow the alternative route. Two separate cards saying “if” would instead require two decisions,
so both actions could happen. That distinction mirrors the first-match chain and the independent
if statements.

A guard is like “Is there a nonzero number of boxes? If so, calculate items per box.” Asking
whether the boxes exist must come before division. The comparison does not secretly calculate
the quotient. This picture helps with &&, but the actual C rule is exact: a zero left operand skips
the right operand. For | |, a nonzero left operand skips the right operand. The analogy does not
permit reordering the checks.

Quick reference

* An int condition is false at 0 and true at every nonzero value, including negative values.

* <, >, <=,>=, ==and != produce int 0 or 1. x=5 assigns; x==5 compares.

+10is 1; ! of a nonzero value is 0.

* left && right: evaluate left first; skip right when left is zero.

* left | | right: evaluate left first; skip right when left is nonzero.

* && and | | produce 0 or 1. Their sequencing is not a general left-to-right rule for all operators.

+ In an if/else-if/else chain, take the first reached true branch and skip its alternatives. Separate
if statements are separate decisions.

* Inclusive [2,5]: (m>=2)&&(m<=5). The chained form 2<=m<=5 does not express that interval in
C.

* Before dividing by d, put a protecting d!=0 test on the left of &&. A skipped division is not
evaluated; an already evaluated division by zero cannot be repaired by a later test.

* To trace: record the current state, each reached condition, the selected body, the skipped
operands or branches, and the resulting state.

Back to contents
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T R AT 7T ARATT

bonus & RIF-HY 2rET FEAi?

I & Ul H {9 | score=12 g1 9T g Ugel! Tal <Al Sl S &1, AT IGch 916 IR TST d1d gl
TBIT? ¢4 UgH T Ugel BUA aTell 1 SeAT3T ohl STTH oSy

Cals 1
#include <stdio.h>

int main(void)

{
int score = 12;
int bonus = 0;
if (score >= 10) {
bonus = 2;
} else if (score >= 12) {
bonus = 5;
} else {
bonus = 1;
}
printf("%d %d\n", bonus, score + bonus);
return 0;
}

s uTe & MU= 1 foh SraTeTHe gdH /g (state) Sa FeadT g1 31« T (condition) dT &) foh
ferelt sraTgHe deh ugaT g a1 el | Fgl C11 3R ®Ie signed int AT &1 ITTT 81 Ug ST ¥ Uget & IR
A1 & a8, SR Hedifehd murTet & Gt A -32767...32767 H I8d 1 Uk U1 UNITH S1eliT Hehfeld
e ST HehdT &1 HeT 37191 U 3 SRR SGRI&d §; I chael U 8, Il i |

2ref ohT Y Ueh A9 glar @

2T Yeh isieh (expression) & i 31T sheH d9 8IdT 81 39 UTS o YUTichl H =T AT 37 Teld 3R g IR-
[ A <1 37 gt 81 39felg 0 7Te7d @, wifchT 5 3fR -3 a1 Tt & | K UTcHeh T&AT 37U+ 3T el Aa! gidl|
fopdt TR At <1 b ARG SiTa & ITehT TUTRd AT ol agadT: X H -3 g1 df X &l Sira 38 1 & gl dgardt|

T AT ORUTH int giaT 8: Ty Tat 81 af 1, Teid 81 af 01 T%d ol oh felg < 3R >, SRTaRT aht ot i
PR & AT <= 3R >=, & S & AT ==, 3R R&R 7 g7 &t &g & fow 1= forgd &1 score=12 R
score>=10 &I A 1, score==10 &1 A 0, 3R score!=10 &1 A 1 &1 & SiTd score bl Ued! &; ahis AaT
score gl & |

JTSTHE 3R TRERT ol ST | x = 5, X H 5 @AT &1 X == 5 IBdT g [oh X Tl add= A9 5 8 a1 Aal | C <l
T | SrAT8HCe forka=1 a9 8, IR ag a9 off srars-de gl hrar 8: *1d x = 5 gl dt x & 5 &7 SI1a1 § 3R <1 Fat
I 81 I8 SRIERT <l ST AIg1 & | SRTeR) g@1 gt df x == 5 foid, 3R I 31uSe &l ugel & ura| hl avg
3T YA § 9 |

ia-frae: e o gRomd SR guifer <rat o forg C11 @1 N1570 #%iter, §86.5.8p6, 6.5.9p3 3R 6.8.4.1p2
¢d | SrETEHe & A T 9 §6.5.16p3 H B
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if, else if 3R else & Yeh AT FAT
ITEUT 1 Bl 3T ohH B UG | TTieT hiBahi | U 6| IS IS & 3T ARAT & hY- g

1. score>=10 STd | &I gt dl Uget IS PISHh! aTett body TTY 3R TR else W B

2. Uged! S Tetd g1 R 81 else & 3fex aret gk if ek ugd | ot score>=12 Siid|

3. T deh Ugd! g8 S Teld 81 df ifdH else Y body I | 3ifaH else el Ut @IS 21 61 gldlt|

4. G ¢j@el & a8 printf TR 3 91
else-if St SGeTT T & ST Yeh AT &1 I8 AT bl IchiT a1 it 3R TG ST IS 814 T JH g
AT | 59 A9 3 | score>=12 @l AraT &l Tt Ug< Hehcll: gl deh Uge dTell Score Uget gl
score>=10 H 3 thel 3T &, §HIQ @8 10 § BT 171 Al 995 # &8 threshold et urufaendr &t gt ot
score>=12 ! Ugdl Sild | Uge! aRad B fold WU T ¢4 & IGch d1E dd o (o ferdl g% sfeda o g
a1 T8t |
& forar gom SerevoT 1: ugett 9at e g+t St @

1. giwomrai & &1g: score=12, bonus=0|

2. ugett Sife: 12>=10 9 1 fAerar g, safeig ugett body # Uasr gidT g

3. bonus=2 TeAdT g1 SMGRAT: score=12, bonus=2|

4. 731 else 9T P& STAT 81 39 aR score>=12 &l Hedichd g aidl 3R &1& dTet &1 SrTSTAC ot 18
e |

5. printf, bonus=2 ugdr & 3R score+bonus @t 12+2=14 fAeTerdT g1 3M3eYe: 2 14, A 73 dfRi|

3IITYC 5 17 761 §: ST ehl <7 01 hl 38 F HET 81, aa I 39 deh Ug &1 I&eh! il g giarl 1 13 ot
T8l 8: else TAd U< T dehfclen IAT &, 3id T gHRA Tea dTAT hY= Toil

g9 foid, & STelT if SR QY STelTT U § 1 UgelT X 81 o 918 R deh Ugdehy IaHT STawl ¥ ITh!
Sird &l STt 81 &Y ht body @eT Hehdlt 81 Uge! body 39 TR bl daet & f1d gast <1 ugd! 8, df gast Sird
# 7 a9 o | A2 o U 1 # Siid 77 38 9 I Fao f51 g iR e 8

1, && 3R | | @ ard g1

dTfchep SiTaRext ot uRomd oft int A 0 a1 1 ghar &1 3 foredt oft TR-3=1 operand ot e argg =&f 3|
31807 & foig (-3) && 5 dTfcher ®U & Tl g 3k 1 3ar 8, 5 a1 -3 Tall
o | afchas NOT 110 & 1, Stafeh 15 3R I(-3) ¥ 0 fAeTdT 81 I8 IdT ScetdT 8, ST ol (g T8l

« left && right & uget sTAT operand S| a8 I 8 df 91 RO 0 8 3R &1¢ operand T Jedich 4
e | I IR-3 81 a1 gl S el ot - g1t aRom 1 8, 3=am 01

« left | | right # uget ST operand SiTd | a8 TR-T g1 dt Gx1 ulRum 1 g 3R 14 operand ohT Hedich
9 | T A gt It gt Sifd; gt RS gt aRumE 1 8, erer 01
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3T dRE 3MTEaRYh N Bl &t short-circuit evaluation @gd &1 “®ts ar” o1 3ref “IurHT ek ulRoma
e fopan” A8l 8: I &Teh ol TTUHT gl 81 el | && 3R | | #, & operand &l S&exd gt dt ot ey
operand ohT HedichT 34ch Ugal shiAd gidT &1 I8 I 3 dlfcheh SHTUReRT T §; 99 Tg sy 7 [apret foh
C &I g3 STk a4 ¥ 3¢ Hedifehd giar 81 N1570, §6.5.3.3p5 3R §86.5.13p3-4, 6.5.14p3-4 |

&1 fraT gaim SeTeRuT 2: Si-& W g2, I Rad

CHls2
#include <stdio.h>

int main(void)

{
int divisor = 0;
int value = 15;
int all = (divisor != 0) && (value / divisor > 2);
int any = (value > 10) || (value / divisor > 2);
printf("sd %d\n", all, any);
return 0;

1. greaTdt srg=m: divisor=0, value=151

2. all &t 719 37 & A uget divisor!=0 fAhre | 0!=0 T g1 & 0 fAeTar g1

3. && I 91T operand TTed g, 39feiY value/divisor>2 B SIdT &1 Shis 9T gl siaTl all=0 & |
4. any @l A9 37 & forg uget value>10 Feprei| 15>10 <t goT & 1 a8l

5. | | =1 9mdT operand Tgt 8, 34feig &l +t value/divisor>2 g S1dT 81 any=1 3|

6. printf ¥ 0 1 3R fthe 713 dfert Bt 81 divisor 3R value o AT 37t +ft 0 3R 15 81

divisor # [ g1 A1 ¥ 39 aR undefined behavior &l giar: arda # Hedifchd ferelt momm # 393 Wi
g1 gaMTI 56 ¥ fohelt it operand SiTET @l shA IeTet TR S LT AT o felq 9T Uged g1 3R JRafm
TH gt STl && arelT divisor!=0 g 3Tt divisor I&er UR Ht 9T chl &1 T 8: Y 8l dl 1T
BT §; TR-T 81 ot 3iaT 15 aTet 39 9RT T IR int & FefUd gt dhar 81 fearan man | | aisia
value=15 IR gRf&id g Hifch IThT a1l operand Tg! &; T8 YA divisor & Fa= aTell AT TS Tal gl
value=3 3fR divisor=0 W gt | | T IR operand TTeld &1 3R &Y & =T T T NI | Yeh IR Tt
gRoTH T Tt 39Ye & oI e a1 usmor 781 81

g1 AT wfga siaRter & o &t g
m, 29 5 9a & ok @1 R anfirer & a8 yet & g &t ard =1fdw: m>=2 ik m<=51 Rrd

(M>=2)&&(mM<=5)1 m=2 R &=l go=1 el &; m=5 W &1 F&l &, m=1 W Ugett Teid & 3R m=6 W
I A §1 S g AT i & oY shtsas @l

O & B¢ U 2<=m<=5 &t C # aY g 7 fad 1 C 38 (2<=m)<=5 I I Tqfed Hal 81 m=8 R Ugait
AT 1 AT &, TRk 1<=5 & 1 Aretar &, 3T 8 Tt &1 & WihR g ST &1 arad & Ugeft gl a1 0
g1 1, a1 gt <=5 81 R chained &isTeh & FTgR hi¥h A d IGehT A Tal GURdTI ol &Y H g Jol-T bl
&& G SIIEAT ST g1 (M>2)&&(m<5) 31T IHaRTe §, Filfeh ag 2 3R 5 bl Sisdr gl
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3T g1 3T q Ugs 9=l U e
&7 usil & g fhG 39 @ 31elTT H19 AT 3T FIGSUI-UaTg &l 31TH &1 346 3ich T8l &1

31 U 1: & @aa f[Avka
flags o1 Sifas A1 FeRfeig | s/a1sq o &2 body Teid! 8 a1 7gl, 3R U8 else-if ht st ¥ e il g1

Cahis3
#include <stdio.h>

int main(void)

{
int m=9, flags=0;
if(m%3==0){flags+=1;}
if(m>5){flags+=2;}
printf("sd\n",flags);
return 0;

}

31T UL 2: NOT & 1€ AND

Z T A FeRIfeIg | |a &l A9 Id18Y, && 3T &A1 operand SITdT SITdT ¢ AT e 9d18y, 3R 3ifad arfchan
gRomyg Sy

Cahis4
#include <stdio.h>

int main(void)

{
int a=0,b=5;
int z=('a)&&(b>2);
printf("sd\n",z);
return 0;
}
31WTH UH 3: TS &1 shH GUR

d=0 3R n=14 & forg = & 2rf TRfera & a1 7812 3T hadt gHf operands T ThH TgeThe {NT ht JRIST
A TTAT TS FATST | SMITYE T STIHH T o foIT Tl THITH 7 ATV, TgT AIgR T iffepzor 3R R
HAT &

Cahis5
#include <stdio.h>

int main(void)

{
int d=0,n=14;
int result=(n/d>1)&&(d!=0);
return 0;

}
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31T U 4: - ot anfaer =&

HHET int m & foIY &hi=-91 &steh &A1 faRE dfgd [2,5] SiarTel Siiear g2
« A: (Mm>=2)&&(m<=5)
» B: (M>2)&8&(m<5)

A a1 B g, fthk m=5 areft Sifa & ®u+ aret i1 aRoms Id18g|

CHhiE6
#include <stdio.h>

int main(void)

{
int m=5;
printf("%sd %d\n", (m>=2)&&(m<=5), (m>2)&&(m<5));
return 0;

}

31T & IR g IR TTeTd <RI hl hRUT

YT U 1 T &
1. gr&3ma & m=9, flags=01
2. M%3 ¥ 9%3=0 A1 §; 0==0 ¥ 1 fA<Tar g1 Ugell body, 1 St & 3R flags=1 ! ST 8|
3. g W if de Ugad g1 9>5 ¥ 1 fAerar g, safay Iuh! body adA™ flags=1 # 2 Sitsd 81
4. 3id ¥ flags=3 §; 3MMIeYe 3 3R =13 Ufery &1 <1 Sifd g2 3R & body el |

1 IR & R G if hl else-if hl ag Terd &1 T B a1 a1 81 2 IR hadl GERT I&eT1d IQ&dT 8, Selfch +=
gad flags # STgar 8, I8 2 8 Faeldr a1 | 0 IR | 41 o1 Tal 811 &l I1d e T8 &1 @R FHI m &l 7

9 AT Bl

ST U 2 <hl g1
1. a=0 3R b=5 &I
2. la 3afd 109 1 Aerar g1
3. && I 91T operand R-g 8, 34fIY b>2 Siam Sirdm 81 5>2 & 1 fAerdn g1
4. 3 operands Tl g, 9fy z=1 g iR 8M3eye 1, fix 718 dfa &1

0 IR F 10 ol Terdt & 0 AT AT g1 5 IR H drfches afkoma 8iR b & Tfed A1 &t Ueh AT 1T 8 &&

haet 09T 1 &1 8l a 3R b # i Faalra 781 gidr, 3R 39 IR &/l operand BIeT gl SirdT|
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319qTH U 3 &1 &l

7o d undefined behavior g1 34T ST operand d &Y Sifa & Ugdt n/d Mdkrerar g; gl ag 14/0 81
C11 35 forg i [fga am3eye &l sardr, 3R crash g1 +ff [Afa aRoma =6 81 1€ gorm a1 # 7era
gidl, 3@ Uge &) YehT SIHTT T T Y &1 ST

et g3 < (d!1=0)&&(n/d>1) &1 3Teht I Frfard Sifa:

Cag7
#include <stdio.h>

int main(void)

{
int d=0,n=14;
int result=(d!=0)&&(n/d>1);
printf("sd\n", result);
return 0;

}

1. d!=0 3rufg 0!=0 ¥ 0 fAtar g1

2. &&, n/d>1 ol BIS AT §; ST IS WHT gl BraTl
3. result # 0 @1 SITdT §; =T U 0 3R 735 tfery S1uar g1

T 2 & IRI 3R el hish I & operands T o gl d&erdl| && @l | | # d&at 37 § off gad g

T AT gl GERAT! “d [ & 9feIq Jot 0 wlterd 8" +ff 7erd 8: 1S 9gd a16 | 1T §1 SrgRfad SqagR
@ N 1570, §6.5.5p5 # 8; GUR §6.5.13p4 & [aH R aneikd g1

ST UH 4 <hl g1

A Tl 81 m=5 WR gl e&isieh 5>=2 3R 5<=5 Siddl §; &l ol &, 4e1g 1 AT §1 ERT 5>2 @l F@l 3R
fihR 5<5 @l TTeAd UTdT 8, 39feiy 0 fAetar &1 ®u arett Sitst 1 0, fohr 715 dfery 81

B, m=2 @t oft srfiepR T, 3TfelT ag ail AR ol nfiet ahet aTetT SidRTeT gl g1 1 1 IR & T
JIT P TTE §; 0 0 IR H <= hl SRIERT SRR e arelt J1 fordm 7wt g1 et AR & s <l Sitg d§ m=1
TR A Sl gl Jor1 TTeTd 8, SHfelq Ih! T3 Jor-T et o, fthe off Tgt aRuma 0 fAerdr g1

ST SiF H IHE SraRAT o
3§ I Uget IareRur 1 &t F gl i 3R IaTgRuT 2 oh P T et {1 Hedifend fehy aemsy ) amar

T &l & foh body Tk IR Ief-il g a1 gl | 37Tl UTe H *1d IR-IR Sirdt Sy, d1fes body [, Ten a1 &g
IR Tt 3R R IR 5 AT T IUTNT hR |
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IUHT SR IFht FHT

A of @i = ford gg fAder & urder wR fRem arar ¢: “aoi swA-8-ahH 10 gehts g1 dt ierl fee
S, g1 al SFTAT f39 S |7 Ugall IAT @i oh d1E 98 dehiedan A& UR I T@1 IeTdT| 39h dgat &f 37T
afefat or srerT-srer “afe” fAdsr g at &t fofa s gt 8fik <1 1 &) Tondt &1 T8t Ugett-Tel-mma areft
SR 3R T if HYAT T SR Bl

e U1 8 “oT feeal oht T TR-S 82 a+ft ufd feea axgat i dwear et 1” 9T et 9 g fesai
T ST St g | JoT [T HRTthel g (Hdhrerd! | I8 O && THEH H #GG hdl &, aifchT C ol Tleh
3w g8l 8 foh Il operand I &Y At e/l @ear gl | | # 9l R-3 8t dt </l gedT 81 39 IuAT 9 Sl
T T TGl i STATT g1 At

afta def
« int 21 0 TR TTerd 3R 8= TR-FT 7 R T &; FOTcHR 71 oft T 21

<, >, <=,>=, == 3R 1= int A9 0 a7 1 AT &1 x=5 TS T &; X==5 JeIT T &|

<1081, IRYIAA W ! ¥ 0 Aear g1

« left && right: AT g Sird; 98 L 81 df &/l SIS

« left | | right: STt uge Sifd; a8 TR-=7 8 df el Bis|

« && 3R | |, 0 a1 1 & §1 IhT hH Gt 3fTRex & foIT I aTU-9-31d a9 F81 g1

« if/else-if/else el # Ugell Ugd! g8 Hal AT o 3R Ik fAehed BIS| 31 if hy e Aofa €
- 241 A= gfga [2,5]: (m>=2)&&(m<=5)1 2<=m<=5 & chained 9 C § Ig 3Tl Tl IdTdT|

« d & 9FT e O Ugel RET & arert d!=0, && o &Y I | BIST AT 91T Je-ifchd @l 81dT; Uget 8 Ioh
[ Y 9T ol d1E <l S Tg) GUR! |

« ¢ H ford: g sraen, g3 ugd! 2rd, It body, ©¢ operands a1 IRETY, 3R Ik 1 hl e
oo gt wR e
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Lesson 4 | English

Loops, updates and stopping

What happens after the last square is added?

This program adds squares. Predict both sum and i at printf. In particular, decide whether i is still
4 when the loop finishes.

Ccode 1
#include <stdio.h>

int main(void)
{
int sum = 0;
int i;
for (1 =1; 1 <= 4; i++) {
sum += i * i;
}
printf("sd %d\n", sum, 1i);
return 0;

}

A loop repeats a body while its condition allows another pass. Each completed pass is an iteration.
You already know how to read an assignment and interpret a zero/nonzero condition. Keep those
same rules: each new test and update reads the current state, not the starting state. This lesson
uses C11, initialized-before-read int values and intermediate results within -32767...32767. All
displayed complete programs can be compiled separately.

Read the four stages of for

In for (i=1; i<=4; i++), the first part sets the starting state, the middle part is a condition, and the
last part is an update. The two semicolons separate those parts; they do not mean all three
happen before the body.

1. Initialization: execute i=1 once when the loop is reached.

2. Test: evaluate i<=4 using the current i. If false, leave the loop immediately.

3. Body: if the test was true, run the braced statements in order.

4. Update: after this body completes, execute i++, then return to step 2, not step 1.
Here i is declared before the loop so it is still available to printf afterwards. Its declaration int i;
does not give it a usable starting value, but the for initialization assigns 1 before any read. The
earlier sum=0 establishes an accumulator: a variable that retains a running total between

iterations. sum += i*i means compute the square using the current i, then add it to the current
sum. Do not reset sum to zero inside the body; doing so would discard earlier contributions.

The update i++ is separate from the body's arithmetic. Its old expression value is unused; its
important effect here is to increase i by 1. The final update still happens after the final successful
body. Only the next test discovers that no more body should run.
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Source rule: the order of the for stages is specified in C11 draft N1570, §6.8.5.3p1. Its loop
stopping rule is §6.8.5p4.

Worked example 1: total, body count and final state
1. Before the first test: sum=0 and initialization has set i=1.
2. Test 1: 1<=4is true. Body: i*i=1; sum=0+1=1. Update: i=2.
3. Test 2: 2<=4 is true. Body: i*i=4; sum=1+4=5. Update: i=3.
4. Test 3: 3<=4 is true. Body: i*i=9; sum=5+9=14. Update: i=4.
5. Test 4: 4<=4 is true. Body: i*i=16; sum=14+16=30. Update: i=5.
6. Test 5: 5<=4 is false. Do not run the body or another update. Exit with sum=30, i=5.
7. Output: 30 5, followed by a newline.

There is one initialization, five condition evaluations, four body executions and four updates. The
body sees i=1,2,3,4; the condition also sees the stopping value 5. The pair 30 4 misses the last
update. The pair 55 5 wrongly adds the square of 5 even though its test fails.

Why the accumulator is correct and why the loop stops

Aloop invariant is a statement about the state that remains true at a chosen checkpoint. Here
choose “just before every test”: sum contains the squares of all positive integers already visited,
from 1 through i-1. This is an ordinary description of what the variable means, not a new
statement added to the code.

* At the first test, i=1 and no terms have been visited, so the total is 0. The statement holds
before any body runs.

« If the statement holds and i<=4 is true, the body adds exactly the next square i*i. The update
moves i to the next integer, so before the next test the total again covers exactly 1 through i-1.

* On exit i=5, so the preserved statement says sum covers 1 through 4. This agrees with
1+4+9+16=30.

Correct accumulation and stopping are separate questions. This loop stops because i starts at 1
and increases by 1 on each completed pass until it becomes 5. Its test then fails. Every visited
value, product and total is small and representable. A condition alone does not force progress: if
the needed update is missing, you cannot assume the condition eventually becomes false. We
only trace finite, safely bounded loops here.

while checks first; the body supplies the progress

A while loop has the form while (condition) followed by a body. Test the condition before every
possible body execution. If false initially, the body runs zero times. A while statement has no
automatic update field: the statements inside its body must change the state when progress
requires it.
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Worked example 2: halve an integer on every pass

Ccode 2
#include <stdio.h>

int main(void)

{
int n = 41;
int steps = 0;
while (n > 3) {
n=n/2;
steps++;
}
printf("sd %d\n", n, steps);
return 0;
}

1. Start: n=41, steps=0.

2. Test 1: 41>3 is true. Body: n=41/2=20; then steps becomes 1.
3. Test 2: 20>3 is true. Body: n=20/2=10; then steps becomes 2.
4. Test 3: 10>3 is true. Body: n=10/2=5; then steps becomes 3.

5. Test 4: 5>3 is true. Body: n=5/2=2; then steps becomes 4.

6. Test 5: 2>3 is false. Exit without another division or increment.

7. Output: 2 4, followed by a newline.

The body runs four times; the condition is evaluated five times. n is assigned four times by the
body, and steps++ runs four times. Do not invent a fifth update after the final failed test. There is
no separate for-style update stage in this while loop.

At each test, steps counts completed halvings and n is the integer obtained from the starting 41
by exactly those halvings. The description is true for zero steps; each body carries out one integer
division and increments steps once, so it stays true. Integer division is performed on every pass:
41/2is 20, and 5/2 is 2. Keeping 20.5 or 2.5 would trace a different kind of arithmetic.

For termination, while n>3, n is an integer at least 4. Dividing it by 2 gives a nonnegative integer
strictly smaller than n. A strictly decreasing nonnegative integer cannot keep decreasing forever,
so it eventually reaches a value at most 3 and the next test fails. This reasoning uses both the test
and the update. With a starting n of 3 or 0, the first test is already false: zero bodies, one test, and
steps remains 0. Source rules: N1570, §6.8.5.1p1 and integer division 86.5.5p6.

Empty ranges and the post-test alternative

A for or while loop can have an empty set of body executions. For example, start a for loop at i=6
and use i<=4: initialization still sets i to 6, the first test fails, and neither body nor update runs. The
accumulator keeps its starting value. “A loop must run once to test its condition” is false for these
pre-test forms.
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A do...while loop puts the condition after the body. Its sequence is body — test —» body - test,
until a test fails. There is a semicolon after its closing while(condition). With normal entry and
completion of the body, the body runs once before any test, even when the corresponding initial
pre-test condition would be false. Practice question 3 below compares this boundary directly. See
N1570, §6.8.5.2p1.

For the finite loops in this lesson, which leave only because the condition becomes false, use
these counts:

« for: one initialization; k bodies and k updates; k+1 tests, including the last failed test. If k=0,
there is one test and no updates.

* while: k bodies and k+1 tests. Count assignments and increments from its body; there is no
implicit update.
+ do...while: k bodies and k tests, with k at least 1 in the examples here. Each completed body is

followed by one test, including the final false one.

These are counts of the source program's logical steps. They do not claim a particular number of
machine instructions or physical tests after compiler optimization. The counts assume the simple
normal flow shown here; early exits and other control-flow features are outside this lesson.

Practice: trace before checking the answers

These four questions are unscored. Record tests, bodies and updates separately rather than
looking only at the last printed value.

Practice question 1: an update larger than one

List the i values seen by the body, the final sum and final i. Count the condition evaluations and
updates.

Ccode 3
#include <stdio.h>

int main(void)

{
int sum=0,1i;
for(i=2;i<9;i+=3){sum+=1i;}
printf("sd %d\n",sum,i);
return 0;

}
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Practice question 2: count integer divisions

How often does the body execute? Give count and n at the end, and include the final failed test in
your trace.

Ccode 4
#include <stdio.h>

int main(void)

{
int n=30,count=0;
while(n>0){n=n/3;count++;}
printf("%d %d\n",count,n);
return 0;

}

Practice question 3: first test or first body?

Compare the two loops. Give a and b at the end, with the number of bodies and tests for each.

Ccode5
#include <stdio.h>

int main(void)

{
int a=0,b=0;
while(a<0) {a++;}
do{b++;}while(b<0);
printf("%d %d\n",a,b);
return 0;

b

Practice question 4: choose the inclusive stopping condition

Fill the test in for(i=1; __; i++) so that the body sum+=i adds exactly 1 through 5. Give the final
total and counts. Assume sum begins at 0 and the body contains only sum+=i.

Practice solutions and wrong-answer feedback

Practice question 1 solution

1. Start with sum=0; initialization sets i=2.

2. Test 2<9 is true. Body adds 2: sum=2. Update adds 3: i=5.

3. Test 5<9 is true. Body adds 5: sum=7. Update: i=8.

4. Test 8<9 is true. Body adds 8: sum=15. Update: i=11.

5. Test 11<9 is false. Exit. Output: 15 11, then a newline.
The body visits 2,5,8. There are three bodies, three updates and four tests. A final i of 8 omits the
last update. A final i of 9 assumes the loop stops exactly on its bound, but the update jumps from
8 to 11. sum=26 wrongly includes 11 after its failed test. The invariant is that sum contains exactly

the visited terms before the current i; positive increments of 3 eventually move i beyond the
bound.
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Practice question 2 solution

1. Start: n=30, count=0. Test 30>0 is true.

2. First body: n=30/3=10, count=1. Next test 10>0 is true.

3. Second body: n=10/3=3, count=2. Next test 3>0 is true.

4. Third body: n=3/3=1, count=3. Next test 1>0 is true.

5. Fourth body: n=1/3=0, count=4. Final test 0>0 is false.
There are four bodies and five tests; output is 4 0, then a newline. Three bodies is wrong because
n=1 still satisfies n>0. Five bodies counts the final failed test as a body. A fractional final n is wrong
because both operands of each division are int. While n>0, division by 3 strictly decreases this

positive integer, including the step 1 to 0, so the loop stops. count records exactly how many
divisions have completed.

Practice question 3 solution
1. Start: a=0, b=0.
2. The while test a<0 is 0<0, false. Its body runs zero times; its test runs once; a remains 0.
3. The do body runs before its first test. b++ changes b from 0 to 1.
4. Tts test b<0 is now 1<0, false. The do loop has one body and one test.
5. Output: 0 1, followed by a newline.
The pair 0 0 incorrectly tests the do condition before its body. The pair 1 1 incorrectly grants the

while loop an initial body execution. The do test reads the updated b=1, not the starting b=0. No
extra update happens after either failed test.
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Practice question 4 solution

Ccode 6
#include <stdio.h>

int main(void)

{
int sum=0;
for(int i=1;i<=5;i++){sum+=1i;}
printf("%d\n",sum);
return 0;
}

The declaration int i=1 in the for initializer supplies the starting value. This i belongs to the loop
and is not available after it; printf therefore prints only sum. The next lesson returns to local
variable scope.

Use i<=5; i<6 is also correct for this integer sequence. The body sees i=1,2,3,4,5 and the running
sum becomes 1,3,6,10,15. After the fifth body, i++ makes the loop's i equal to 6. The sixth test
fails, so the outputis 15 and a newline. There is one initialization, five bodies, five updates and six
tests.

The condition i<5 omits the term 5 and produces 10. The condition i<=6 includes an unwanted 6
and produces 21. A proposal that only happens to print 15 but visits other terms does not meet
“exactly 1 through 5.” The accumulator begins at 0 and never resets. Before each test it equals the
sum of positive integers less than the current i; when the failing test is reached, the intended five
terms have been added.

Carry a loop into a function

You can now distinguish the last successful body from the final failed test, describe what an
accumulator means, and explain why a small loop stops. Next, place a finite loop inside a function
and track its local variables separately from the caller's variables.
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Analogy and its limits

Picture adding the prices of a short list to a running total. Before each addition, a marker says
which item is next. A for loop first places the marker, checks whether that item belongs to the list,
adds its price, and moves the marker. After the last addition the marker moves past the list; the
next check stops the work. That is why the final marker position differs from the last position
used for an addition.

The running total remembers earlier items. Clearing it before every new item would keep only the
last price. A while loop is similar but leaves the marker movement to the body. A do...while loop is
like doing one action before checking whether to repeat; use it only when that initial action is
wanted. The analogy describes source-level order, not processor timing.

Quick reference

« for: initialization once - test - body = update — test again.

* A false for test skips both the next body and its update. A last successful body still gets its
update.

* while: test = body — test. Any progress update must be supplied by the body or condition; our
examples keep updates in the body.

* do...while: body - test. The closing while(condition) is followed by a semicolon.

* For normal finite loops that exit only on a false condition: for has k bodies, k updates and k+1
tests; while has k bodies and k+1 tests; do...while has k bodies and k tests, k>=1.

* A pre-test loop can have zero bodies and one test. An initially empty range leaves the
accumulator unchanged.

+ Initialize an accumulator before the loop; add to its current value rather than resetting it each
pass.

* State an invariant at one checkpoint, then check its starting truth and how a body/update
preserves it.

* Explain progress toward a failing condition separately from correct accumulation. Check
intermediate arithmetic stays representable.

* Report body-visited values, the stopping value, body/test/update counts, and the final state.
Source-step counts are not machine-instruction counts.

Back to contents
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s 4 | 86

U, 3TUST 3R Tehet ol erd

sifaw ot Sitg= & a1g T glar 82

gg U &t el AT fAehrerar 81 printf @R sum 3R i, &1 &1 A9 Td18¢ 1 @9 dR IR S s oo aara
ga gug i areft oft 4 & a7 78

Cahlg 1
#include <stdio.h>

int main(void)
{
int sum = 0;
int 1i;
for (i =1; i <=4; i++) {
sum += i * i;
}
printf("sd %d\n", sum, 1i);
return 0;

}

U YT 21t & AT &7 ek body SETdT 81 Ueh W1 TR TRIG (iteration) g1 31U -ATgHE UGHT
3R I/TR-YFT A GHSHT ST 81 dgt s d: nreft Siig 3R SruSe | adH S ot Sird! 8, [oairdt
ST g1 ggl C11, UgA ¥ Uged A UTY §T int =R 3R -32767...32767 & HIdR 3§ dTel Aeed! gRumd
¢ feaTy 1Y 8% QR U Sl S1elT Henford fhar ST dahdT 81

for & IR TRUT U

for (i=1; i<=4; i++) H UgHAT YN LT SFARAT TATAT &, &1d T |HT 0 & 3R Sifaw wmT sraSe g1 &t
semicolon & {TT &l 37T &hd &, 3okl 37 Tg 7Tg! & fob Al body ¥ Uget el

1. 3RY: U dh Ugdd W i=1 chdel Yeh IR TG |

2. Si19: I\ | § i<=4 fAhrel | 7Te7d 81 df gid U ®is|

3. body: Sifa G&! & dt IS PSRl & R oA J TATY|

4. 3yse: g body T g W i++ Ty, fohz TR0T 2 TR AIE, TROT 1 TR g1 |

gl i Y FIVUN U & U 8, 39y a1e & printf | it a8 Iuetey g1 int i; SVOI 37107 31U IUTNH BT
AT 181 &dt, wAfeh for ot TR fohd! oft Uet & gt IUH 1 ¥@dT 81 Ugdl &T sum=0 Uch TdTIeh
(accumulator) SHTdT 8: 8T TR S YARIgRIAT o st 37el deh ohl INT T &1 Sum += i*i &l 37 g IdA i
T T (eATeTey I8 AT sum ® STISATI body & 3aX sum @t fOhe T 71 e U1 e & Ugel Siis ¢ UG
Tl ST

3UST i++, body I TUET & 3HelT g1 TGT 39 sTeh ohl GRIAT A JUANT a1 gIdT; JHhT ST UHT i <ht 1
JeMT 81 Sifaw et body & a1E ot sifaw srgde giar &1 3T 1% arell Sifd gt Fardt g foh 3@ 3R body
el gert Ayl
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Aia-fa9: for & =xoT @1 ehA C11 & N1570 #HIE, §6.8.5.3p1 H &1 U o Ich ol f9H §6.8.5p4 H 81

&« fama gaim IereRuT 1: i, body <t T SRR sifaw arere

1. Ugelt S & Uget: sum=0 3R MR 7 i=1 fhar g1

2. 919 1: 1<=4 "gl &1 body: i*i=1; sum=0+1=11 3Use: i=2|

3. Sifg 2: 2<=4 &l 1 body: i*i=4; sum=1+4=5| 31Use: i=3|

4. Si19 3: 3<=4 Fal g1 body: i*i=9; sum=5+9=14| 3US<: i=4|

5. 319 4: 4<=4 Tgl 81 body: i*i=16; sum=14+16=301 3[US<: i=5I

6. g 5: 5<=4 TeAd g1 T body TeV, 9 Teh 3R 308 | sum=30, i=5 TR aTex Fepai |

7. 3m3eye: 30 5, fOhe 713 dfa
3TRY Teh IR, < T ik Uid IR, body IR IR 3R 3USe IR SR gid1 81 body &l i=1,2,3,4 Aaar g;
1t St Teht ATt A 5 ot fAeTar 81 30 4 ot Siist | Sifdw s1uSe @er g1 55 5 | Terdt ¥ 5 a1 aif ot sttt
g, STafch Il Siid TTerd 8l
T Hgl ol ¢ 3HR U Sehal il 82
U SARTE (loop invariant) 3ra®AT & IR H YT hYA & St g g Siid-feig IR g% IR Tgl 3ga1 81 Jgl foig
g “gX Siid o Sk Ugdl”: sum H Ugel 3T Ieh Y-TcH Yuifehl, T 1 & i-1 deh o Tl ohl ANT g1 g TR Al
31 Fa et g quiF §, shis § STIST ST aTaT 937 Y ol |

- Ugett Sifd WR i=1 g 3R ot apls ug =gt o, 39felq aivr 0 81 body I ¥ Uget &l aui+ 9@l g1

« A9 of qui9 T8t @ 3R i<=4 +ft 9l g1 body Sk SFTeT af i*i STl 81 3TUSE i hl STAT YUIfeh SHIAT 8;

91T SFTet! ST Ugel It fo &1k 1 T i-1 dah &1

« S8R AeheTd 99T i=5 &, safeiu ST @I aui adraT g foh sum & 1 @ 4 dah & aif &1 a8 1+4+9+16=30 &
A @Tar gl

eI TN §=1 3R T FhIT 3Tl U &1 Tg U SHle1q IhdT & foh i, 1 T Y= 8l & W IFR IR 1 F6dT 8
3R 5 99 ST 8| 99 Siid 7Teid gidl g | i # 37 JTeT §2 A, O 3R I Bier a7 int & Ffid e
I g1 haet 21 fores @ wrfar [f9ya 78T gl St sruSe 7 81 af I8 g1 A Uehd foh 21d et 319+ 31y

TeTd 81 ST | T8t §H hael THT g4 dTet, YRIErd BIE THT o U &l 39 e 8

while uget Sitaer 8; wifa body &=l 8

while & while (condition) & & body i<t 81 & I1fad body ¥ Uget *1d Siid | [T H 7Teid gl a
body [ SR e 81 while YA # 31U 3T Tei=t aTell 3USe 1T el &: WIfd o oIy sraet agei gt af
body & U ht Ig HAT BT
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& foraT gomm SeTevuT 2: 8% IR utfer i armeT e

CHls2
#include <stdio.h>

int main(void)
{
int n = 41;
int steps = 0;
while (n > 3) {
n=np/2;
steps++;
}
printf("sd %d\n", n, steps);
return 0;

1. &31d: n=41, steps=01

2. 319 1: 41>3 W8l 81 body: n=41/2=20; ft steps & 1 g1 ST 81
3. Sifg 2: 20>3 &l 81 body: n=20/2=10; fthz steps & 2 g} ST 81
4. Sirg 3: 10>3 9@l 81 body: n=10/2=5; fh steps & 3 gl ST 81
5. Siig 4: 5>3 Tl 81 body: n=5/2=2; fthe steps 4 ! STdT g1

6. Sid 5: 2>3 TTeAd g1 Ueh 3R 9T 7 Jeid<t foh faAT ameR fAaped |

7. 3MIYE: 2 4, fhe 5 dfeRT)

body IR R 3R 21 I Hedich Ui IR 8T 81 body & n T STSHE IR dR dUT steps++ IR TR TadT
g1 3ifaH et Sita & 91 Uladr sfusce 9 Sits | 39 while & for SIET 31l 3iUse axUT 8! 8|

g Sl WR steps R &l e SATYT A dTet TROT =a1 8 3R N, BT 41 TR I YuUTfeh YT ok Aar 714
&1 [T TRUT R Ig IUi el §; 8 body Teh YuTich {RT hdl & 3R steps Teh IR FgId! 8, 9felg ol gl
I g1 &1 R IR H YUTich W 81 ahe: 41/2 § 20 3R 5/2 & 2 fAetar g1 20.5 A1 2.5 T@= TR 37 37T
UhR o SHRITIOId Pl o H |

Toh oh folq 3d: n>3 F&! 3§ Ik N hH--H 4 T GUTTeh &1 3 2 T T &4 TR IR-FK 0TS Yuiieh fBerdn
g Sl n 9 &t 9 BT g1 AMaR °edl IR-3 0T Yulieh 3Td aR g g Hehdl, S 3idd: 98 3 a1 394
hH T 37 ST ST TTeld gRiT | 39 dch H U 3R STUSe &I et g | LEIATCA N=3 a7 n=0 I adt Iged!
S48l 7TeTd 8: Y7 body, T Siid, 3R steps T A 0 gdT g1 @id-fa3: N1570, §6.8.5.1p1 3R gutich
T & Y 86.5.5p6

@rett @1 3R body & 1€ Sita arer 9

for a1 while H body Ter ¥t IR 7 I a8 1 T80T & foIT for # i=6 & = P IR i<=4 Sl 3RY
fhe oft i 7 6 T@aT @, <ifch ugent Sire TTrd gl & 3R 9 body Teldt § 1 3US | DT AT JLBSATAT 7T &1
Tgdl g1 “rd St & folg U ohl Teh IR IA-T 1 Ui 34 Ugal-sild dlet %01 oh felq 7Teid 81
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do...while # 21d body @& a1 gl 81 39T shH body — g —» body — Siid g, STd dch <hlg Sild Told =
g1l 3fd aret while(condition) @& aT& semicolon T 1 IHT 4aLT 3R body Tt 811 WR, Ugett St 9
Ugat body Ueh IR Terdt §, et &Y g H Y S areft 3t gt 2ref werd giedtl Hi2 oreamrw wer 3 st Fmr B

g At g1 N1570, §6.8.5.2p1 & |

29 UTS & AT U hadt 1 7Terd 814 R Fererd 81 3ak forg & fmfoar
« for: T 3RY; k body 3R k 3108e; 3ifaH Terd Sirg 9fgd k+1 S| k=0 gf af eh Sild 3R hlg 3Tdse
el |
« while: k body 3R k+1 S| r€18THE 3R Feldt 39! body ¥ fH; i fur srude =181 81
« do...while: k body 3R k Sita; a8l & Ia1eul H k A-T-hd 1 g1 8 T body & 91 Teh Hid g,
Srad sifaw oa Sitg oft anfda g

& g WA & aTfchen RO bl fAfaaT §1 398 compiler optimization & aTe #2fi= fAder a1 areaa &
TeTY 7T URIET0T <hl <his FAfSa Twear =&l Jars <11 @1 fmfaar agf & 9= - yarg R arL g, dia @
et SR s fFi=ruT-yarg gidemd 39 urs 4 Se 8l

31T IR SiFaA & Uget ¢ &

S IR U h 3ich ol &1 chad SifdH BUT A G&H & 911 Siid, body 3R 378 37eliT-3HelT ford|

31T UL 1: Ueh € I3T 3[Use
body & 319 aret i &AM, 3ifad sum iR sifam i @y rd & gegie iR sruge & T fAifag)

CHls3
#include <stdio.h>

int main(void)

{
int sum=0,i;
for(i=2;i<9;i+=3){sum+=1i;}
printf("%sd %d\n",sum,i);
return 0;

}

31T UL 2: guifes WRT hi wem
body fahasit IR Tl 82 3fd & count 3R n IA18Y, 3R ¢ H Sifa# Tera it off e il

Cas4
#include <stdio.h>

int main(void)

{
int n=30,count=0;
while(n>0){n=n/3;count++;}
printf("%d %d\n",count,n);
return 0;

}
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ST U 3: Uget Sird a1 ugs body?
QT U <hl o1 hifolg | 3id & a $iR b J/a18g du1 a1 # body 3R Sira <l Tt QS|

CaHhIE5
#include <stdio.h>

int main(void)

{
int a=0,b=0;
while(a<0){a++;}
do{b++; }while(b<0);
printf("%sd %d\n",a,b);
return 0;

}

31T U 4: 3ifaw ug nfAed &= areft ot

for(i=1; __; i++) & Ot 21 9RY o body sum+=i 8t 1 & 5 des Siig | Sifam g sk FAfaat §ifsg) 7=
o for groema # sum=0 & 3R body # dhad sum+=i gl

31T & IR g IR TTeTd <RI hl BRI

ST U 1 &l &

1. sum=0 ¥ [E &, JRAH =2 giaT 8|

2. 2<9 ¥at g1 body, 2 Sitedt 8: sum=21 3u3e, 3 Sedl 8: i=51

3. 5<9 Hgt g1 body, 5 STt &: sum=71 3U3c: =8|

4. 8<9 U@l g1 body, 8 Sfedt &: sum=15] 3Use: i=111

5. 11<9 7T g1 e fAehet | 3M¥eye: 15 11, fhe 78 dfekd|

body # 2,5,8 31T &1 1 body, i 31ade SR IR Sia g1 Sifad i ot 8 g Sifad sruSe BiedT g1 Sifad i
ohl 9 ThgHAT A oidT & foh U Sten WHAT TR FhTT, STafch U2 8 ¥ 11 WR BANT & ITdl &1 sSum=26 # e

S o 918 11 &t it Site §ar mar 81 57aRue I8 8 foh sum & ada™ | @ ugat body & 31Y Sieh 361 Ul ahr
TN &1 3 I YITcHh JGid<l 3iad: i aht AT & UR o SITc &

GATE CS | C foundations | Free study material 59/76



ST U 2 &l &

1. g&31a: n=30, count=01 Sita 30>0 Ha! gl

2. ggett body: n=30/3=10, count=11 3fiTeit Sirg 10>0 Ha! &

3. & body: n=10/3=3, count=21 3rTelt Sirg 3>0 F&l 81

4, dFd body: n=3/3=1, count=31 37Tl St 1>0 Tel &1

5. reft body: n=1/3=0, count=41 3ifaq Sirg 0>0 7TId 8|
IR body R Ui Sii4 §; 3¥eye 4 0, fii 718 dfery 81 I body e 7Terd & &ifch n=1 R i n>0 F&! &1
gfa body gt | Sifa® Tetd Sird et body 14 ferar mar €1 sifas n &t 947 A1 &A1 7Teia €, ifeh gR T &

T operands int 81 n>0 384 TR 3 & YT 39 YT YUTich ol Tt ¥ gerar g, 1 ¥ 0 arerr @xor oft gan
T &, 3T U Tehal &1 count 81k TR g b W chl T&AT T&dT 8

SV UH 3 &1 g
1. g&31d: a=0, b=01
2. while & Siia a<0 31afd 0<0 Ted g1 IThT body [T IR 3R Siid Teh IR gidl 8; a & 0 g1 8l
3. do &I body Ugel! Sifg & Uget Ieicit &1 b++ ¥ b, 0¥ 1 a1 &1
4. 3G = b<0 31« 1<0 8, ST 7Tefd &1 do H Teh body 3R Yeh Sl g8 |
5. 3M3eye: 0 1, fohe 5 dferd|
0 0 Y STt H do &t 2 @t body & uget Sird foram mar 811 1 7 while &t +ff et @ Yeh et body &

&1 718 81 do &Y ST STUSe g3 b=1 U 8, YT b=0 g1 | fheht +ff 7e7a Sifar & ame sifaRe sraee =gt
gial
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3T UH 4 bl gl

CHs6
#include <stdio.h>

int main(void)

{
int sum=0;
for(int i=1;i<=5;i++){sum+=i;}
printf("%d\n",sum);
return 0;
}

for & AR9 H int i=1 &Y TIVoT g z3ATH 74 St 81 T8 | I U 1 & 3R Ik I8 IJualed gl §; Ty
printf chael sum BTUAT 81 3TTet TS # AT TR & scope TR e i

i<=5 ford; 9 gutien oA & foig i<6 oft @&1 81 body # i=1,2,3,4,5 311d & 3R Iefar AT 1,3,6,10,15 ST
g1 gigdi body & &1 i++ ¥ U aTeTl i, 6 1 ST 81 BS! S TTeTd gl 8, 3T 3MIYE 15 3R =8 ufery 81
U 3RY, Uid body, Uia 31gse 3R B8 Siid gl

i<5 87 7 Ug 5 FedT g 3R ART 10 1T 81 i<=6 F TGN 6 J3dT & R AN 21 37T g1 fondt 3R ue-she &
I § 15 ®U WG, d9 Hft “Eep 1 ¥ 5 dk" <l A1 G 81 gicit | Tamrdeh 0 § [E gidl g SR R @ W
A =81 glanI g Sia & Ugd g I | ¥ BIE ¥-TcHeh YUITehl <l T1T ; el SiTd deh Uga UR 3fead
i UE 8 I o

o hl thar 9 | & ST

379 7Y SHfH Thet body 3R i Teld ST 31T R Tchd &, TaTdh ohl 37 IdT dhd & IR THST Adhd
& foh BIT U R TehdT 81 3Tl TS H HAT U el thar o e 37 3R Iqh W =R, caller & == @
37T ¢ it |

GATE CS | C foundations | Free study material 61/76



IUHT SR IFht FHT

A o DI Gt Y hIFd Tk Terd INT H St 81 8 SIS T Ugel Yeh (0 IdTar & foh srTedt ag sni=-4f 81
for ugel fAI= aar g, Siraar & foh ag avg Gt A & a1 71gl, Iqch! hIFd Siiedr g, fthe A= st agran 81
Sif\ S o a1g ot A= Gt o UR FgdT 8; SFTel! Siid hid Jehd! & | STerg AR < sifaw Shrg ok St
o fory Iuat g8 sifam Smrg s gl

TSIdT INT Uget Sl a3l ol TG T 81 8 18 a%g § Ugel 39 fHeH W dhad sifas dhima =it while # oft
el faarR 8, Afchd =M 3w §g &l 6 body W 81 do...while BET 8 S Yeh i & o a1¢ YT foh
3 qlewET & a1 T8l 38 avft gH 59 98 Ugel S 99 | A1feq | I8 IUAT HId-hIS S ohid THST! &,
processor & I8y gl |

afa e
« for: Teh IR 3RY - Sid - body — U2 - R Srg|

« for &l TTeTd SiTE 3Tell body 3R IHHT U, ST Bl g1 3ifdH el body & are Wi ITehT 3use
glaT 8|

« while: Sifg - body — Sifg| WA &1 3108 body IT 1A | &A1 ST A13T; §HR 3180 | 30se
body & €1
« do...while: body — St 3fd & while(condition) @& ag semicolon g1

« hael Td {Td R Heher atet 9= Wiffd U #: for & k body, k 302 3R k+1 Sii4; while & k
body 3R k+1 Si9; do...while & k body 3R k Sifg, S8l k>=1 81

» Ug-SiTa aTel o & T body 3R Ueh Sifer gt Gehdll &1 2311 & Wreft TaT & Tamaeh g} seerar|

« TR i U 9 Uge! AM &; B TR e e o Folg IAh IdHH A4 H Sig |

» Yo Sita-fag R g7aRue ard; = & Igar gt 8T 8k body/ed@e @ s g1 i |

- Jg! TN § 37T Tg U foh TeAd 21 chl 3R TRTf &hd giclt &1 ffar &t 7o oft int & fasfia gt
Tifgul

» body # 31Y A, I+ arelt A, body/Sita/sTda8e i At ofiR sifaw srawn &1 ia & T=om &t f=dt
gefi fder 6 fad gt 81

v gt m i
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Lesson 5 | English

Functions, copied arguments and local state

What changes when a function is called

This program changes an x inside transform. Does the x in main change too? Predict the two
printed numbers before reading the trace.

Ccode 1
#include <stdio.h>

int transform(int x) {
X =X + 4;
return 2 * x;

int main(void) {
int x = 3;
int y = transform(x);
printf("sd %d\n", x, y);
return 0;

}

A function packages a calculation under a name. In int transform(int x), the first int says that
a call returns an integer. transform is the function's name, and int x declares its integer
parameter. The braces contain its body. The definition appears before main, so its name and
parameter type are known when it is called.

In transform(x), the expression between parentheses is an argument. Here it reads the caller’s x.
The parameter is the separate variable declared by the function; the argument supplies its
starting value. The return value is the result sent back by return. These are three roles: supplied
value, local receiving variable, and result of the call.

An ordinary int argument is passed by value: the parameter receives a copy of the argument’s
value. Changing the copy does not change the caller’s integer variable. A repeated name does not
join the two variables. Even if the parameter had been named p, the call would still supply 3.

Use two separate state records whenever control enters a function: one for the caller and one for
the current call. While the helper runs, leave the caller’s record visible but unchanged unless a
later caller statement assigns a new value.

Worked trace 1 A copied parameter

1. Before the call, the caller is main and its state is x = 3. The initialization of y is waiting for a
value.

2. For transform(x), read the caller’s current x: the argument value is 3. Enter transform with a
separate parameter also named x, initialized to 3. Record two boxes: caller x = 3; callee x = 3.

3.In transform, x = x + 4 reads the callee’s 3 and stores 7 in that same callee parameter. The
caller’s box still contains 3.
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4. return 2 * x computes2 * 7 = 14 and ends this call. It returns the number 14; it does not
print 14 or assign to the caller’s x.

5. Back in main, the call expression has value 14, so the waiting initialization completes with
y = 14.The caller's stateisnow x = 3, y = 14.

6. printf reads the caller’s two variables in the written output order. The output line is 3 14.

The decisive check is where each assignment happens. x = x + 4 belongs to transform;

int y = transform(x) belongs to main. The latter stores the returned number in y. Returning a
value and assigning it to a chosen caller variable are separate steps. No “copy back” happens
when the helper finishes.

return ends the current function call immediately. If an if branch executes a return, statements
after that return are not executed during that call. The integer helpers here provide a return value
on every reachable path. printf is the operation that displays output; the return in a helper only
supplies the call's value.

Worked trace 2 A loop inside a helper

The next helper adds the positive odd integers no larger than its argument. It is called twice.
Predict whether the second call begins with the first call’s total.

Ccode 2
#include <stdio.h>

int odd sum(int n) {
int total = 0;
for (int k = 1; k <= n; k += 2) {
total += k;
}
return total;

}

int main(void) {
int n = 6;
int first = odd sum(n);
int second = odd sum(3);
printf("sd %d %d\n", n, first, second);
return 0;

1. Caller: n = 6. The first call receives parameter n = 6 and initializes its own total = 0.

. First call, test k

1:1 <= 6istrue. Add 1, so total = 1;thenk += 2 makes k = 3.

. First call, test k = 3: true. Add 3, so total = 4; updatetok = 5.

. First call, test k

5:true. Add 5, so total = 9; updatetok = 7.

u A W N

. First call, testk = 7: 7 <= 6 is false. The body has run 3 times and the test 4 times. Return 9;
caller stores first = 9.

6. Second call: the argument is the constant 3. A new parameter has n = 3, and this call's new
local total is initialized to 0. Caller n remains 6.

7.Second call, test k = 1:true. Add 1, giving total = 1; updatetok = 3.
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8. Second call, test k

3: true. Add 3, giving total = 4; updatetok = 5.

9. Second call, test k = 5: false. The body has run 2 times and the test 3 times. Return 4; caller

stores second = 4.

10. Caller state:n = 6, first = 9, second = 4. The outputlineis6 9 4.

At the start of each loop test, total contains the sum of the odd positive integers already
processed. Initially none have been processed, so 0 is correct. Each successful body adds the
current odd k; the update moves to the next odd integer. This explains the accumulator’s
meaning, not just the final number.

For the supplied inputs, k increases by 2 until it exceeds n, so the loop terminates. At the
boundary odd sum(0), the first testis 1 <= 0, which is false: no body executes and the function
returns 0. A helper with a loop can still return normally when its loop executes zero times.

The local variable total is initialized by int total = 0 every time this declaration is reached on a
new call. “Local” does not mean “automatically zero”: the initializer is what supplies 0. The second
call has its own initialized local; it does not continue from 9. Here total can be named from its
declaration through the rest of the helper’s body, including the loop body. The k declared in the
for initializer can be named in that loop’s test, update and body; it is outside its scope after the
loop. main cannot name either helper-local variable. It receives a number through the return
value instead.

The caller's n and the helper’s parameter n are also separate. The second call uses the literal 3, so
it does not even read caller n for that argument. The first call’'s returned 9 remains in caller first
while the second call computes its result.

Combining small functions

One function’s returned value can be another function’s argument. Read outer(inner(value)) by
finding the inner call’s result, then using that number as the argument of the outer call. This
follows the data needed by the calls; it is not a rule that unrelated C arguments always run left to
right.

In the practice below, twice multiplies its integer parameter by 2 and plus3 adds 3. Applying the
two calculations in a different order can change the result. Keep each call's argument and
returned value visible instead of mentally merging the two function bodies. These helpers use
only their integer parameters and local calculations, so there are no other state changes to track.

A reliable call trace

1. Read the current value of the argument expression in the caller.

2. Start a separate callee state and give the parameter that value.

3. Execute the helper’s statements in order, including tests, loop updates and local initializers.
4. Stop that call at the executed return and record its value.

5. Resume the caller’s pending expression and store the value only where the caller’s statement
says to store it.

GATE CS | C foundations | Free study material 65/76



All programs here use C11, initialized ordinary signed int values and small, representable
intermediate results. The shown helpers are defined before their calls. Trace only the supplied
inputs and the explicitly stated small boundaries; a loop formula is not a promise of safe
arithmetic for every possible int.

Practice

For each program, record the caller state, the argument received by each helper, and the returned

value. Try all four before opening their solutions.

Practice 1

Give the caller value and returned result.

Ccode 3
#include <stdio.h>

int decrease(int p){p-=2;return p;}

int main(void) {
int z=9;
int ans=decrease(z);

printf("%d %d\n",z,ans);

return 0;

Practice 2

Compare the two compositions.

Ccode 4
#include <stdio.h>

int twice(int p){return p*2;}
int plus3(int p){return p+3;}

int main(void) {
int a=twice(plus3(4)
int b=plus3(twice(4)
printf("%d %d\n",a,b
return 0;
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Practice 3

Find results at a negative input, zero, and a positive input.

Ccode5
#include <stdio.h>

int nonnegative(int p){if(p>=0){return 1;}return 0;}

int main(void) {
int a=nonnegative(-2);
int b=nonnegative(0);
int c=nonnegative(3)
printf("%sd %d %d\n",a,b,c);
return 0;

’

Practice 4

Trace two calls and explain why the second total starts at zero.

Ccode 6
#include <stdio.h>

int sum_to(int n){int total=0;for(int k=1;k<=n;k++){total+=k;}return total;}

int main(void) {
int a=sum_to(4);
int b=sum to(2);
printf("%d %d\n",a,b);
return 0;

Practice solutions

Practice 1
1. Caller starts with z = 9. The call decrease(z) supplies argument value 9.
2. Inside decrease, the separate parameter startsatp = 9.p -= 2givesp = 7.
3. return preturns 7. Caller stores ans = 7; caller z is still 9.
4. The output lineis 9 7.
7 7 would incorrectly copy the parameter’s change back to z. 9 9 would ignore the executed

subtraction and returned value. 7 9 makes both mistakes. Track the variable that each
assignment actually names.
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Practice 2
1. For a, the inner call is plus3(4). Its parameteris 4 and itreturns 4 + 3 = 7.
2. The outer call is therefore twice(7). It returns 7 * 2 = 14, stored in a.
3. For b, the inner call is twice(4), which returns 8.
4, The outer call is therefore plus3(8), which returns 11, stored in b.
5. The output line is 14 11. Each helper uses a new parameter for its own call.
11 14 reverses which composition belongs to a and b. 14 14 assumes adding 3 and multiplying by

2 can be interchanged; they cannot, because in the first composition the added 3 is also doubled.
7 8 stops after the inner calls and omits the outer calls.

Practice 3

1. With argument -2, parameter p = -2. The testp >= 0 is false, so execution reaches return 0.
Thusa = 0.

2. With argument O, the test ® >= 0 is true. return 1 ends this call immediately, so the later
return 0 is not executed. Thusb = 1.

3. With argument 3, the test is true and the call returns 1. Thus ¢ = 1.
4. The output lineis® 1 1. Both routes return an integer.
0 0 1treats>=as>and wrongly excludes zero. 0 0 0 assumes the final return always overwrites

an earlier return, but a returned call has already ended. -2 0 3 repeats the arguments even
though the function returns a classification value.

Practice 4
1. First call: parameter n = 4, local total = 0.

2.Fork =1, 2, 3, 4,thesuccessive totalsarel, 3, 6, 10.After each body, k increases by 1.
At k = 5, the test fails. There are 4 body executions and 5 tests.

3. Return 10 and store a = 10 in the caller.

4. Second call: parameter n = 2, a fresh local total = 0. Fork = 1, 2,totalsarel, 3;atk = 3,
the test fails. There are 2 body executions and 3 tests.

5. Return 3 and store b = 3. The output line is 10 3.

10 13 incorrectly starts the second accumulator at 10. 6 1 omits the endpoint despite k <= n.
15 6 wrongly executes the body for the first failed-test values 5 and 3. The update prepares the
next test; it does not guarantee another body execution.

Check your explanation

A complete explanation distinguishes the caller’s variable, the current call's parameter, and the
returned number. If a helper has a loop, include its first failed test. Use these same records in the
separate C foundation learning review.
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Source note

C11 semantics are referenced to the WG14 N1570 committee draft. For copied arguments, local
initialization, loop scope and return values, see 886.5.2.2, 6.2.1-6.2.4, 6.8.5.3 and 6.8.6.4.

Analogy and its limits

Think of a helper as a calculation desk. You write the number 3 on a request slip while keeping
your own record of 3. The desk writes 3 in its own working box, changes that box to 7, and sends
back a result slip showing 14. Your record still says 3. If you file the result under y, then y becomes
14.

On the next visit, the desk begins a new worksheet. In odd_sum, the written instruction

int total = 0 starts that worksheet's total at zero. An old worksheet's total is not reused. The
separate boxes model distinct integer variables; the paper story is only a tracing aid, not a claim
about how a computer physically stores them.

Quick reference

* Function definition: return type, function name, typed parameters, then a braced body; place
these definitions before calls.

* Argument: the value supplied by the caller. Parameter: a separate receiving variable. Return
value: the result of the call expression.

* An ordinary int parameter receives a copy. Assigning to it does not assign to the caller’s
variable.

* return expression; evaluates the expression, ends this call and supplies its result. It does not
print.

* A caller stores the returned number only when its own statement does so.

* When a local declaration is reached in a new call, its initializer runs for that call. int total = 0
supplies zero; locality alone does not.

* A variable declared in a block is usable only within its scope. The int kin a for initializer
belongs to that loop, not the statements after it.

* For a nested single-argument call, compute the inner return value to obtain the outer
argument. Do not infer a general left-to-right argument-order rule.

* Trace loops inside helpers exactly as before: test, body, update, next test, including the final
false test.

* Worked trace 1 prints 3 14; Worked trace 2 prints 6 9 4. Restrict arithmetic claims to the
stated small inputs.

Back to contents
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haR, 3ITYHeE hl hidt R AT sraaT

ThealRT hidl giF UR T Jeeadl &

g U transform o 31 Ueh x SGeAdT &1 &1 main &l x Al SEAdT 87 ¢ Ue § Ugal ®U+ arett g
RT3 T STAT ST

Care

#include <stdio.h>

int transform(int x) {
X =X+ 4;
return 2 * x;

}

int main(void) {
int x = 3;
int y = transform(x);
printf("sd %d\n", x, y);
return 0;

}

Thar o} 1101 oht Qe AT &dT @1 int transform(int x) H Ugall int ddTdT & foh shieT Tek quifen
dAlerdt 81 transform haE ol ATH g 3R int x IGehT Yuiich TR Tiftrd ohdT 81 s o 3iae Ih!
body g1 aRHTNT main & Uget &t TS &, TFIT Pl & VI WR Thar= I ATH R RHeR &1 TR 19 &

transform(x) H chlBeh oh 3fax T Hsieh ATYAC | Tl a8 caller T x UgdT g1 IRHIER I8 37T TR g o
TherTT <hl TRHTST SifSd ehelt 8; STYHT IThT YT A T 8| AT A7 | ag URUMH 8 S return
I WoTd1 81 & i AR SrerT ¢ feam AT A, I TgUT SR aTelt R @R 3R il 1 gRomH |

MR int ATYAC AT I il & T # f&ar ST 8 (pass by value): BRiieR st sfde & AT Y shidt
At 81 Ut Saeq & caller &1 QuTich @R 81 IGerdl| Yk ST ATH &1 =1 bl Teh gl a1 &aT| TRTHTeR &
T p gidT, a9 off 5T it T 3T 3 & Aeram

TheRTET | TAIRT ohid THY SIRAT oh &f 31T Repls I-1G: e caller T 3R GERT I<AT &hid &l helper &
e oh GRM caller o1 Repid G+ IE, wifche I 7 91&cl; 911G H caller T hig Ry 4T A TS e, a4t
3Gt ReplS sea |

&« forar 29 1 Rt & A i
1. hldl T gl el aTell har (caller) main g SR ITch! SIARAT x = 3 g1 y T SRHIAOT 7t A
e i uciten e @1 8|

2.transform(x)%%‘Qcallerﬁ?ﬂ#ﬁﬂxaﬁqﬁ:aﬂéﬁiwm3%|transformﬁuﬁszaﬂerq?W
RTHteR x At 3 fAear g1 &l srer @ ford: caller & x = 3; FoTQ 77T thar™ (callee) H x = 31

3. transform& 3@ x = x + 4 callee &l 3 UG I RMHIR F 7 Rad1 g1 caller & @M T areff oft 3
=
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4. return 2 * x4 2 * 7 =14 Fchctdr & R Ig i GHT gidl &1 Ig T&AT 14 Alerar g; 7 14 Sudar g,
T caller & x H 3T hedT gl

5. main # wie WR ehicT SsTeh T HH 14 §, 3HIY FehT G IRHIARUT QI EIdT 8: y = 141 319 caller &t
JRTX = 3, y = 148l

6. printf caller & af =R &l ford 1Y 3M3eye v H UgdT g1 U aTell tfer 3 14 81

& Sild Ig ¢ foh 82 SrATSTHC gl gldl 81 x = x + 4 I &Y transform A §;

int y = transform(x) EHEF?Frmainﬁ%I@Wiﬁﬂ?ﬂﬁ%ﬂﬁﬁyﬁmglqﬂmaﬁ?caller%
T 7Y R A I @GHT 3T TROT &1 helper & FATH g4 TR IRIHIER &1 A 31U+ 31T caller & @R # arqd
ohidT A&l gl

return IdH therTH thict o AW e &1 81 gfe foddt i f mam # return =IeTdl 8, df 39 ehicl H Ik

TG & hY 8l TeId | T8 & Yuifeh helpers g HHd ASITEH-UY IR A cicrd g1 33eye e &l s

printf &dT g; helper &I return chdd chict &l A T 8l

& fohaT 29 2 helper & 3igR T[u
ST helper ST+ YA & BIET AT ITh SRTER YTHS [AH T Sliedl &1 39 &l IR AT 17 8|
Ugel SITAT IST: RIT GURY ohict Ugel! ehict oh INT & & gHil?

Cahls2
#include <stdio.h>

int odd sum(int n) {
int total = 0;
for (int k = 1; k <= n; k += 2) {
total += k;
}
return total;

}

int main(void) {
int n = 6;
int first = odd sum(n);
int second = odd sum(3);
printf("sd %d %d\n", n, first, second);
return 0;

}

1. callerdn = 68| ugell shlcdt & WRHIER Bl n = 6 fAcTar & 3R I ST WIH total = 09 YE
gl &l

2.UgHI B k = 1HISIa: 1<=6Tal gl 1 e W total = 1; Rk += 2Tk = 31

3. Ut i H k = 3 I i Tgl g1 3 S8 W total = 4; AUSCH G k = 51

4. g AT k = 5 hI A Tat gl 5 SIS TR total = 9; TS F G k = 7|

5.ugell did A k = 7 hl S 7 <= 6 Told &1 body 3 IR Telt 3R 81d 4 IR it 751 9 wltedr g; caller &

first = 9 @I AT &1
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6. GE ehicl T ATYAC RRTR 3 81 A RFIR A n = 3 8 3R 39 i T 94T WHI total R 0 &
R g1 &1 caller @t n 3rsfY off 6 &1

7.3 PAF k = 1FHI g TGel gl 1 e W total = 1; 3Use & 9% k
8. A BIA A k = 3 FISifd Gel g1 3 e+ W total = 4; 3USe & 1T k

9. @A AT H k = 5 Sl9 7Terd g1 body 2 IR Tt 3R 21 3 IR STl T51 4 Alear g; caller &
second = 4 3@ ST &l

31

51

10. caller fr 3@®M: n = 6, first = 9, second = 4| BUA aTell UfeRT 6 9 4 B

U I g SI1d & [F A total H Ugd & JAIAT Y-TcHen fawH Teamsdl ot ahT 81 (% | Ut ohls Tt =ig)
8, 39fY 0 8l 81 8 Wthel body AT fawH k SISl 8; STUS< 3MTel! fIwH T deh Ugdra &1 S8Y chad
3ifay T 8!, ThT STHT e aret TR <ht 31 off Ww glar g

f&T T inputs TR k B IR 2 F1&dT ¢ 3R 3id & n T I2T1 81 SITdl 8, $AfeIY U ehdT g | HHT-AH
odd_sum(0) WR Ugell Siid 1 <= 0 7Teid 8: body Teh IR I 781 Fefdl IR thar 0 dlerdl 81 helper T U
YA IR T WR A helper AT &Y & HH 1T HehdT 8l

RIS B H int total = O €YU deh UgeH IR R R total fhe 3RH glar g1 “®Ir1g” g a1 31
"3 Y " 81 6: 0 3 dTell initializer 81 gL ehlel T S(UAT RN feham g3 =R §; a8 9 9 31 78l
J&dT| T8l total T ATH IHeh! IIVUT o TG helper i a1kl body #, 0 I body dfed, IuahT fohar
GehdT g1 for oh ARHIR0T 7 TfSq k a1 1A 3T U <t 21, 31use 3R body H IuAT gidT 8; U & 91c a8
3707 scope & e g1 main 39 &l helper-RIHT TRf &t AT e I8 ol U AhdT| I return value
ok AT O 9T A 8l

caller @1 n 3R helper &1 TRTHeR n +ff 317 81 gERY hict # [RARIh 3 8, 4fg 39 smRjde & forg caller
T n Ugl I Tg1 S| Ugett it I &lter 9 caller & first H gdl 8, STelfch QURI chict STUAT GRUMH Hehrerd!
gl

B¢ haRE STISeh? TUHET T

Qeh ThalRT ohT STETaT AT R ohl STRGHE 81 AhdT 61 outer (inner(value)) Ugd THY Ugdl e arcit
Rl opT RO fAchTel, fohe ag! Tt siTgR dTett e oh STYAC & ¥4 H of | Ig hia oh folg 3masdeh A1
ohH §; 39T 31 I8 T8l foh C & Sriefda smfe gz a1¢ & i Ierd &1

A & I | twice WWWﬁZ@WW%ﬁplus3wﬁ3m%Iﬁmaﬁaﬂ
hHl Tl 9 URUTH Sad TehdT | Q1 thar &t body @t 79 # fAe & a9 8 Sid I SIRjAe R
e A e ferd | & helpers dhaet S19+ gurich TRTHIER SR ST TUMT IUANT &hed 8, S4ferg fohelt
O AT H IGATd hT ¢ g hAl Bl

hieT AT WRIQHE 39
1. caller ® 3mR{Hc sTeh T AT A US|

2. callee &Y ST ST YLFE A R I WHIR @t agt A <
3. helper & %y A & TV, Td, U TS IR W SRHeRor off ford |
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4. {519 return o1 fAsaTe &Y, 981 I9 il el Adh 3R IFehT A ford |
5. caller T SERT isich YT e 3R AT hael I TR A T ST@T caller I w= hgdl g

gl gt i C11, 3RY fohg ¢ 9= signed int R BIET, Afta &t 51 Gept areft Aegadt ey
SUANT &hxd & | fE@TT Y helpers MU= sidt & Ugel URHWING &1 had [T Y inputs 3R WE ¥9 T Fd1Y
BI¢ HHAT-ATT T ¢ hY; U T his o &2 §Hd int o foig GRfga sicrmfog &t mRE 781 21

HHYH

& U # caller &t s/@®T, &% helper @t ffer smfde ofiR dterar A ford | 87 3@ & Uget I”i U
S|

3 1
caller & =R 3R «ii¢ GRUMH T ATH I8

C®E 3
#include <stdio.h>

int decrease(int p){p-=2;return p;}

int main(void) {
int z=9;
int ans=decrease(z);
printf("%sd %d\n",z,ans);
return 0;

}

HYH 2
ST thar-Ta-Teit i g1 hIfSg|

Cahs4
#include <stdio.h>

int twice(int p){return p*2;}
int plus3(int p){return p+3;}

int main(void) {
int a=twice(plus3(4));
int b=plus3(twice(4));
printf("%sd %d\n",a,b);
return 0;
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31 3
UM A, Y 3R YTHS AT TR IRUMH Fadrsy|

CHE5
#include <stdio.h>

int nonnegative(int p){if(p>=0){return 1;}return 0;}

int main(void) {
int a=nonnegative(-2);
int b=nonnegative(0);
int c=nonnegative(3);
printf("%sd %d %d\n",a,b,c);
return 0;

}

A 4

Y hicT T 8 hITIY SR Fa13Y foh gt IR total Y0 9 T [F BT &

Chs6
#include <stdio.h>

int sum_to(int n){int total=0;for(int k=1;k<=n;k++){total+=k;}return total;}
int main(void) {

int a=sum_to(4);

int b=sum to(2);

printf("%sd %d\n",a,b);

return 0;

}
31T & g

A 1

T.caller #gEF z = 98l decrease(z) Pl YA A 9 It

2. decrease & 3R AT RHIR p = 9V LEEAIglp -= 2T p = 7 g8l
3. return p @7 dtear gl caller H ans = 7 @1 ST §; caller ahr z 3reft oft 9 &1
4, 3T3cYe UfeRT 97 B

7 7 AT IR IRTHIER T FeaTd TTeld &1 9 z B aray ohidl fohar a1 g1 9 9 A WR gelq 3R ol J1F &l Biel
Tl 79 B Q! TAfaar 81 8 STgHe aad | O @R T AT JXdT &, ST T ¢ el
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39T 2
1. a & oI 3ieR arefl et plus3(4) g1 ST RHIER 4 § 3R TG 4 + 3 = 7 Alerd 8l
2. 39fIT ST8R aTeft hid twice(7) €1 T8 7 * 2 = 14 Alerdl 8, Sl a H a1 ST 8l
3. b & 1Y 3feR aTett ahled twice (4) &, STt 8 SAterd &
4. 3gfIq d1x aTeft dhid plus3(8) &, ST 11 Sterd &; I8 b & &1 SIIa1 81
5. 3¢y UferT 14 11 €1 &% helper 371U+t ehiel o folq =am TRter IUTRT T 8l
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