P oin ters Explained John Tsiom bik as July 18, 2004 Abstract Ov er the last few y ears I ha v e w atc hed v arious p eo- ple who tried to do their �rst steps with C or C++, and I ev en to ok on the resp onsibilit y of teac hing the sub ject on v arious o ccasions. F rom these ex- p eriences I concluded that one of the concepts that most p eople ha v e di�cult y understanding, is p oin t- ers. Th us I decided to write this article on the sub- ject of p oin ters in C and C++, to help p eople grasp this p o w erfull to ol that these languages pro vide. 1 In tro duction The C programming language is designed in suc h a w a y , as to pro vide full con trol of the mac hine to the programmer. This design decision b ehind C, mak es it a v ery p o w erfull programming language, that giv es programmers the to ols to do things that simply cannot b e done with other languages. One of the most p o w erfull to ols that C pro vides is what is called p ointers . P oin ters are cen tral to C pro- gramming, as they pro vide the abilit y to manipu- late the actual b ytes on the memory of the com- puter. Note that although w e are talking ab out C, ev erything applies to C++ as w ell, since p oin ters are exactly the same in b oth languages. 2 Memory Organization First let’s review the w a y memory is organized in a computer, from the viewp oin t of the CPU. The CPU can access an y part of the main memory , b y sp ecifying the address of the exact p osition in mem- ory that it w an ts to read or write to the memory con troller. This address is an in teger, of v arying range b et w een computer systems. F or the t ypical PC it is a 32bit n um b er, so the pro cessor can actu- ally access up to 4GB of memory . The b ottomline Figure 1: memory organization in a system with 32bit addressing is that the memory is actually seen as a big linear arra y of v alues, eac h ha ving a unique iden tifying address as w e can see in Figure 1. When w e create a v ariable in a C program, for example: int x; the compiler sets aside a memory p osition for this v ari- able, and k eeps an in ternal tag that sa ys where in memory is x lo cated. So when w e access that v ari- able lik e this: x = 10; the compiler kno ws where that v ariable is lo cated in memory , and it simply c hanges the v alue there to 10. 3 The Address of a V ariable As w e said, eac h v ariable that w e de�ne in a C pro- gram is k ept at some sp eci�c lo cation in memory , and eac h lo cation in memory has a unique address. 1

So, since C is designed to pro vide total con trol of the computer to the programmer, it also pro vides a w a y to get the actual address of the lo cation in memory where a v ariable is stored in. This is done with a sp ecial op erator that is called the addr ess-of op erator, and is represen ted b y the sym b ol & . F or start let’s see a minimal co de sample that illustrates ho w to prin t the address of a v ariable. int a; printf("The address is: %p\n", &a); In the ab o v e example, the %p is the format sp eci�er that tells prin tf that it is prin ting an address. In C++ the same thing can b e done lik e this: int a; cout << "address of a is: " << &a << endl; C++ do es not need to b e told what is sen t to the cout stream, it detects it automatically and uses the correct prin ting form. The address is usually prin ted in hexadecimal form as y ou will see if y ou try the ab o v e example, since it is easier to read and more compact for large n um b ers. As w e sa w, w e can get the address of a v ariable easily , but where do w e store it? I men tioned earlier that addresses are actually just in teger n um b ers, so it w ould seem a go o d idea to use an in teger for that purp ose, and that is actually what w e do when w e program directly in assem bly . C ho w ev er, is a high lev el language where w e can manipulate these ad- dresses in a more in tuitiv e w a y , and b e able to tell (and manipulate accordingly) what t yp e of v ari- able exactly lies in that lo cation of memory . So it mak es sense to ha v e a sp ecialized t yp e to hold suc h addresses. 4 P oin ters P oin ters are just a sp ecial kind of v ariable that can hold the address of another v ariable, nothing more, nothing less. There are some new op erators that w e can use with p oin ters, and some of the existing op erators c hange sligh tly when acting on p oin ters, but all in all it’s nothing w eird. Still, let’s tak e things from the b egining. 4.1 P oin ter Declaration When w e declare a p oin ter, w e ha v e to sp ecify the t yp e of v ariables that it will p oin t to (con tain the address of ). The syn tax of the declaration is v ery simple, w e just write the v ariable t yp e that the p oin ter p oin ts to, follo w ed b y a * and the name of the p oin ter. See some examples of p oin ter dec- larations b elo w: int *p1; float *p2; unsigned int *p3; char *p4; Here p1 is a p oin ter that can p oin t to an int v ari- able, p2 p oin ts to a float , p3 to an unsigned int , and p4 to a char . Also there is a p oin ter t yp e that can p oin t to an ything, ho w ev er there are some restrictions on what w e can do with that kind of p oin ters. These are called void p ointers and are declared lik e this: void *p5; 4.2 Using P oin ters As w e said, p oin ters hold addresses. So it follo ws that w e can assign to a p oin ter the address of a v ariable as tak en with the & op erator. Let’s see a small sample and explain what happ ens. int a = 10; int *ptr = &a; Here w e �rst declare an in teger named a and ini- tialize it to 10, and then w e create a p oin ter to in t named ptr and assign the address of a to it. If w e graphicaly depict the memory of that program it will lo ok lik e Figure 2. A v ery common op eration that w e can do with a p oin ter is what w e call indir e ction . That means, to access the con ten ts of the memory that it p oin ts to, indirectly , through the p oin ter. That can b e done with the indir e ction op er ator , that is again represen ted b y this * sym b ol. Do not confuse this op erator with the use of that sym b ol in delclaration of p oin ters, they are not the same thing. So if w e w an t to access the con ten ts of the memory lo cation where ptr p oin ts to, w e do it lik e this: *ptr; . Let’s see a small co de fragmen t that illustrates p oin ter indirections. 2

Figure 2: Memory diagram int a = 10; int *ptr = &a; printf("a contains the value %d\n", a); printf("ptr points to %p\n", ptr); printf("there lies the value %d\n", *ptr); *ptr = 25; printf("now a contains the value %d\n", a); Here w e �rst declare a and ptr just lik e b efore, then w e prin t a (whic h is 10). After that w e prin t ptr , that is, the con ten ts of the v ariable ptr whic h is an address, the address of a to b e sp eci�c. And �- nally w e prin t *ptr , whic h is the v alue of the mem- ory lo cation where ptr p oin ts to (again 10, since it p oin ts to the lo cation of a in memory). Then w e go on and c hange the con ten ts of the lo cation where ptr p oin ts to b y writing *ptr = 25; , whic h means assign the value 25 to wher ever ptr p oints to . That in essence c hanges the v alue of a whic h w e then prin t to illustrate that c hange. Belo w is the output of the co de as it w ould b e prin ted if the �gure 2 w as real. a contains the value 10 ptr points to 2 there lies the value 10 now a contains the value 25 One limitation of void p ointers (p oin ters that p oin t to an ything), is that they cannot b e dereferenced. And that mak es sense, if w e consider the fact that eac h data t yp e tak es di�eren t ammoun t of memory to b e stored. On a 32bit PC for example an int needs 4 b ytes, while a short 2 b ytes. So in order to get the actual v alue stored there, the compiler has to kno w ho w man y consecutiv e memory lo cations to read in order to get the full v alue. 4.3 P oin ter Arithmetic Another v ery usefull thing w e can do with p oin ters is to do arithmetic on them. That migh t b e ex- p ected of course, since as w e said p oin ters are just in tegers, and y ou can do arithmetic op erations on in tegers. Ho w ev er, there is one small di�erence on p oin ter arithmetic that mak es their use ev en more in tuitiv e and easy . T ry the follo wing co de: char *cptr = (char*)2; printf("cptr before: %p ", cptr); cptr++; printf("and after: %p\n", cptr); W e declare a p oin ter named cptr and assign the ad- dress 2 to it. W e prin t the con ten ts of the p oin ter, incremen t it, and prin t again. Surely enough the �rst time it prin ts 2 and then 3, and that w as ex- actly what w e exp ected. Ho w ev er try this one as w ell: int *iptr = (int*)2; printf("iptr before: %p ", iptr); iptr++; printf("and after: %p\n", iptr); No w the output, on m y mac hine, is iptr before: 2 and after: 6 ! Wh y do es this p oin ter p oin t to the address 6 after w e incremen ted it b y one and not to 3 as the previous p oin ter? The answ er is that the arithmetic op era- tions on p oin ters are designed to b e in tuitiv e. An int is 4 b ytes on m y mac hine, that means that if w e ha v e an int at the address 2, then that int o ccupies the lo cations 2, 3, 4 and 5. So to get to the next int w e ha v e to lo ok at the address 6, 7, 8 and 9. So when w e add one to a p oin ter, it is not the same as adding one to an y in teger, it means move this p ointer to the next value whic h in the case of int on m y mac hine is 4 b ytes ahead. The 3 reason that in the �rst example with the char p oin ter, the actual address after incremen ting w as one more than the previous address is b ecause the char data t yp e needs exactly one b yte of storage, so the next c har is indeed on the next b yte. Another limitation of void p oin ters, is that w e cannot p erform arithmetic on them. Since the com- piler cannot kno w ho w man y b ytes to incremen t it, to get to the next v alue. So void p oin ters can only b e used to k eep addresses there, that w e then cast to a sp eci�c p oin ter t yp e b efore using. 4.4 Arra ys and P oin ters There is a strong connection in C b et w een arra ys and p oin ters. So strong indeed that most of the time, w e can treat them as the same thing. The fact is that the name of an arra y can b e considered as just a p oin ter to the b egining of a memory blo c k that is as big as the arra y . So for example making a p oin ter p oin t to the b egining of an arra y is done in exactly the same w a y as assigning the con ten ts of a p oin ter to another: short *ptr; short array[10]; ptr = array; and then w e can access the con ten ts of the arra y through the p oin ter as if the p oin ter itself w as that arra y . F or example this: ptr[2] = 25; is p erfectly legal! F urthermore, w e can treat the arra y itself as a p oin ter, for example the follo wing: *array = 4; is equiv alen t to: array[0] = 4; , and in general *(array+n) is equiv alen t to array[n] . The only di�erence b et w een an arra y , and a p oin ter to the b egining of an arra y is that the com- piler k eeps some extra information on an arra y . F or example if w e get the size of eac h using the sizeof op erator, for the p oin ter w e will get the size of a p oin ter in b ytes, that is, ho w m uc h space do es a p oin ter o ccup y in memory . While in the case of the arra y , w e will get the size that the arra y o ccu- pies in memory , whic h is the n um b er of elemen ts in the arra y times the size of eac h elemen t. So on m y mac hine, for the ab o v e example, sizeof(ptr) giv es me 4, while sizeof(array) giv es 20 (10 ele- men ts, 2 b ytes eac h). 4