11ArraysSuppose that, in the example on children’s heights (example in 8.5.1), we had wanted toget details of all children whose heights were more than two standard deviations fromthe mean. (These would be the tallest 5% and the smallest 5% of the children).We would have had problems. We couldn’t have identified these children as we readthe original data. All the data have to be read before we can calculate the standarddeviation and the mean. We could use a clumsy mechanism where we read the datafrom file once and do the first calculations, then we "rewind the file" and read the datavalues a second time, this time checking each entry against the mean. (This scheme sortof works for files, but "rewinding" a human user and requesting the rekeying of allinteractive input is a less practical proposition.)Really, we have to store the data as they are read so we can make a second passthrough the stored data picking out those elements of interest.But how can these data be stored?A scheme like the following is obviously impractical:int main(){double average, stand_dev;double height1, height2, height3, height4, �,height197, height198, �height499, height500;cout << "Enter heights for children" << endl;cin >> height1 >> height2 >> height3 >> � >> height500;Quit apart from the inconvenience, it is illogical. The program would have had to bewritten specifically for the data set used because you would need the same number ofvariables defined, and input statements executed, as you have values in your data set.Collections of data elements of the same type, like this collection of differentheights, are very commonly needed. They were needed back in the earliest days ofprogramming when all coding was done in assembly language. The programmers of11The beginnings inassembly languageprograms

284Arrays the early 1950s got their assemblers to reserve blocks of memory locations for such datacollections; an "assembler directive" such asHEIGHTSZBLOCK 500would have reserved 500 memory locations for the collection of heights data. Theprogrammers would then have used individual elements in this collection by writingcode like:load address register with the address where heights data startadd on "index" identifying the element required// now have address of data element requiredload data register from address given in address registerBy changing the value of the ’index’, this code accesses different elements in thecollection. So, such code inside loops can access each element in turn.Such collections were so common that when FORTRAN was introduced in 1956 itmade special provision for "arrays". Arrays were FORTRAN’s higher level abstractionof the assembler programmers’ block of memory. A FORTRAN programmer couldhave defined an array using a statement like:DIMENSION HEIGHTS(500)and then used individual array elements in statements like:HEIGHTS(N) = H;�IF(HEIGHTS(I) .LT. HMAX) GOTO 50�The definition specifies that there are 500 elements in this collection of data (numbered1 to 500). The expressions like HEIGHTS(N) and HEIGHTS(I) access chosenindividual elements from the collection. The integers N and I are said to "index" intothe array. The code generated by the compiler would have been similar to the fragmentof assembler code shown above. (The character set, as available on the card punchesand line printers of the 1950s and 1960s, was limited, so FORTRAN used left ( andright ) parentheses for many purposes including array indexing; similarly a text stringsuch as .LT. would have had to be used because the < character would not have beenavailable.)As languages evolved, improved versions of the array abstraction were generallyadopted. Thus, in Pascal and similar 1970s languages, arrays could be defined to havechosen subscript ranges:heights : array [1..500] of real;�High level languagesand "arrays"Arrays with boundschecks and chosensubscript ranges

Arrays285 ch_table : array[’a’..’z’] of char;Individual array elements could be accessed as before by subscripting:heights[n] := h;�if(heights[i] > hmax) hmax := heights[i];The compilers for these languages generally produced more complex code that includedchecks based on the details of the subscript range as given in the definition. Theassembly language generated when accessing array elements would typically includeextra instructions to check that the index was in the appropriate range (so makingcertain that the requested data element was one that really existed). Where arrays wereto be used as arguments of functions, the function declaration and array definition hadto agree on the size of the array. Such checks improve reliability of code but introducerun-time overheads and restrict the flexibility of routines.When C was invented, its array abstraction reverted more to the original assemblylanguage programmer’s concept of an array as a block of memory. This was partly aconsequence of the first version of C being implemented on a computer with asomewhat primitive architecture that had very limited hardware support for "indexing".But the choice was also motivated by the applications intended for the language. C wasintended to be used instead of assembly language by programmers writing code forcomponents of an operating system, for compiler, for editors, and so forth. The finalmachine code had to be as efficient as that obtained from hand-coded assemblylanguage, so overheads like "array bounds checking" could not be countenanced.Many C programmers hardly use the array abstraction. Rather than arraysubscripting, they use "pointers" and "pointer arithmetic" (see Part IV) to accesselements. Such pointer style code is often closely related to the optimal set of machineinstructions for working through a block of memory. However, it does tend to lose theabstraction of an array as a collection of similar data elements that can be accessedindividual by specifying an index, and does result in more impenetrable, less readablecode.The C++ language was intended to be an improvement on C, but it had to maintainsubstantial "backwards compatibility". While it would have been possible to introducean improved array abstraction into C++, this would have made the new languageincompatible with the hundreds of thousands of C programs that had already beenwritten. So a C++ array is just the same as a C array. An array is really just a block ofmemory locations that the programmer can access using subscripting or using pointers;either way, access is unchecked. There are no compile time, and no run time checksadded to verify correct usage of arrays; it is left to the programmer to get array codecorrect. Inevitably, array usage tends to be an area where many bugs occur.C’s arraysC++’s arrays

286Arrays

11.1DEFINING ONE DIMENSIONAL ARRAYSSimple C++ variables are defined by giving the type and the name of the variable.Arrays get defined by qualifying the variable name with square brackets [ and ], e.g.:doubleheights[500];This definition makes heights an array with 500 elements. The terms vector and tableare often used as an alternative names for a singly subscripted array like heights.The low-level "block of memory" model behind C’s arrays is reflected in theconvention that array elements start with 0. The definition for the heights[] arraymeans that we can access heights[0] ... heights[499]. This is natural if you arethinking in terms of the memory representation. The first data element is where theheights array begins so to access it you should not add anything to the array’s address(or, if you prefer, you add 0).This "zero-base" for the index is another cause of problems. Firstly, it leads toerrors when adapting code from examples written in other languages. In FORTRANarrays start at 1. In Pascal, the programmer has the choice but zero-based Pascal arraysare rare; most Pascal programs will use 1-based arrays like FORTRAN. All the loopsin FORTRAN and Pascal programs tend to run from 1..N and the array elementsaccessed go from 1 .. N. It is quite common to find that you have to adapt someFORTRAN or Pascal code. After all, there are very large collections of workingFORTRAN routines in various engineering and scientific libraries, and there anumerous text books that present Pascal implementations of standard algorithms. Whenadapting code you have to be careful to adjust for the different styles of array usage.(Some people chicken out; they declare their C arrays to have N+1 elements, e.g.double X[N+1], and leave the zeroth element, X[0], unused. This is OK if you haveone dimensional arrays of simple built in types like doubles; but you shouldn’t take thisway out for arrays of structures or for multidimensional arrays.)A second common problem seems just to be a consequence of a natural, butincorrect way of thinking. You have just defined an array, e.g. xvals[NELEMENTS]:const intNELEMENTS= 100;doublexmax;doublexvals[NELEMENTS];doubleymax;�So, it seems natural to write something like:xvals[NELEMENTS] = v;// WRONG, WRONG, WRONGOf course it is wrong, there is no data element xvals[NELEMENTS]. However, this codeis acceptable to the compiler; the instructions generated for this assignment will be"Vector "or "table"Array index starts atzero!

Defining one dimensional arrays287 executed at run-time without any complaint. The value actually changed by thisassignment will be (probably) either xmax, or ymax (it depends on how your compilerand, possibly, link-loader choose to organize memory). A program with such an errorwill appear to run but the results are going to be incorrect.In general, be careful with array subscripts!You should use named constants, or #defined values, when defining the sizes ofarrays rather than writing in the number of array elements. So, the definitions:const intMAXCHILDREN = 500;�doubleheights[MAXCHILDREN];are better than the definition given at the start of this section. They are better becausethey make the code clearer (MAXCHILDREN has some meaning in the context of theprogram, 500 is just a "magic number"). Further, use of a constant defined at the startof the code makes it easier to change the program to deal with larger numbers of datavalues (if you have magic numbers, you have to search for their use in array definitionsand loops).Technically, the [ and ] brackets together form a [] "postfix operator" thatmodifies a variable in a definition or in an expression. (It is a "postfix operator"because it comes after, "post", the thing it fixes!) In a definition (or declaration), the []operator changes the preceding variable from being a simple variable into an array. Inan expression, the [] operator changes the variable reference from meaning the array asa whole to meaning a chosen element of the array. (Usually, you can only access asingle array element at a time, the element being chosen using indexing. But, there area few places where we can use an array as a whole thing rather than just using a selectedelement; these will be illustrated shortly.)Definitions of variables of the same basic type can include both array definitions andsimple variable definitions:const intMAXPOINTS = 50;�doublexcoord[MAXPOINTS], xmax, ycoord[MAXPOINTS], ymax,zcoord[MAXPOINTS], zmax;This defines three simple data variables (xmax, ymax, and zmax), and three arrays(xcoord, ycoord, and zcoord)each with 50 elements.Arrays can be defined as local, automatic variables that belong to functions:int main(){doubleheights[MAXCHILDREN];�Constants in arraydefinitionsThe [] operatorLocal and globalarraysLocal (automatic)

288Arrays

But often you will have a group of functions that need to share access to the same arraydata. In such situations, it may be more convenient to define these shared arrays as"global" data:doublexcoord[MAXPOINTS], ycoord[MAXPOINTS],zcoord[MAXPOINTS];void ScalePoints(double scaling){// change all points entries by multiplying by scalingfor(int i=0;i<MAXPOINTS;i++) {xcoord[i] *= scaling;ycoord[i] *= scaling;�}void RotatePointsOnX(double angle){// change all points to accommodate rotation about X axis// by angle�Variables declared outside of any function are "globals". They can be used in all theother functions in that file. In fact, in some circumstances, such variables may be usedby functions in other files.You can arrange things so that such arrays are accessible by the functions in one filewhile keeping them from being accessed by functions in other files. This "hiding" ofarrays (and simple variables) is achieved using the static qualifier:static double xccord[MAXPOINTS];static double ycoord[MAXPOINTS];static double zccord[MAXPOINTS];void ScalePoints(double scaling){�Here, static really means "file scope" — restrict access to the functions defined in thisfile. This is an unfortunate use of the word static, which C and C++ also use to meanother things in other contexts. It would have been nicer if there were a separatespecialized "filescope" keyword, but we must make do with the way things have beendefined.Some of you will have instructors who are strongly opposed to your use of globaldata, and even of file scope data. They have reasons. Global data are often a source ofproblems in large programs. Because such variables can be accessed from almostanywhere in the program there is no control on their use. Since these data values can bechanged by any function, it is fairly common for errors to occur when programmersGlobalstatic qualifier"file scope"Caution on using"globals" and "filescope" variables

Defining one dimensional arrays289 writing different functions make different assumptions about the usage of thesevariables.However for small programs, file scope data are safe, and even global data areacceptable. (Small programs are anything that a single programmer, scientist, orengineer can create in a few weeks.) Many of the simple programs illustrated in thenext few chapters will make some use of file scope and/or global data. Different waysof structuring large programs, introduced in Parts IV and V, can largely remove theneed for global variables.11.2INITIALIZING ONE DIMENSIONAL ARRAYSArrays are used mainly for data that are entered at run time or are computed. Butsometimes, you need arrays that are initialized with specific data. Individual dataelements could be initialized using the = operator and a given value:longcount = 0;longmin = LONG_MAX;longmax = LONG_MIN;Of course, if we are to initialize an array, we will normally need an initial value for eachelement of the array and we will need some way of showing that these initializingvalues form a group. The grouping is done using the same { begin and } end bracketsas are used to group statements into compound statements. So, we can have initializedarrays like:short grade_points[6] = { 44, 49, 64, 74, 84, 100 };char grade_letters[6] = { ’F’, ’E’, ’D’, ’C’, ’B’, ’A’ };As shown in these examples, an array definition-initialization has the form:type array_name [ number_elements ] = {initial_val , initial_val , ...,initial_val} ;The various initializing values are separated by commas. The } end bracket isfollowed by a semicolon. This is different from the usage with compound statementsand function definitions; there you don’t have a semicolon. Inevitably, the difference isa common source of minor compilation errors because people forget the semicolon afterthe } in an array initialization or wrongly put one in after a function definition.Generally, if an array has initial values assigned to its elements then these are goingto be constants. Certainly, the marks and letter grades aren’t likely to be changed whenthe program is run. Usually, initialized arrays are const:

290Arrays const short grade_points[6] = { 44, 49, 64, 74, 84, 100 };const char grade_letters[6] = { ’F’, ’E’, ’D’, ’C’, ’B’, ’A’ };You don’t have to provide initial values for every element of an array. You couldhave a definition and initialization like the following:doublethings[10] = { 17.5, 19.2, 27.1 };Here, things[0], things[1], and things[2] have been given explicit initial values;the remaining seven things would be initialized to zero or left uninitialized.(Generally, you can only rely on zero initialization for global and file scope variables.)There aren’t any good reasons why you should initialize only part of an array, but it islegal. Of course, it is an error to define an array with some specified number ofelements and then try to use more initial values than will fit!Naturally, there are short cuts. If you don’t feel like counting the number of arrayelements, you don’t have to. An array can be defined with an initialization list but nosize in the []; for example:intmystery[] = { -3, 101, 27, 11 };The compiler can count four initialization values and so concludes that the array ismystery[4].Seems crazy? It is quite useful when defining arrays containing entries that arecharacter strings, for example a table of error messages. Examples are given in 11.7.11.3SIMPLE EXAMPLES USING ONE-DIMENSIONALARRAYS11.3.1HistogramLets get back to statistics on childrens’ heights. This time we aren’t interested in genderspecific data but we want to produce a simple histogram showing the distribution ofheights and we want to have listed details of the tallest and smallest 5% of children inthe sample.Specification:1.The program is to read height and gender values from the file heights.dat. Theheight values should be in the range 100 � 200, the gender tags should be m or f.The gender tag information should be discarded. The data set will include recordsfor at least ten children; averages and standard deviations will be defined (i.e. noneed to check for zero counts).

Example: histogram291

2.The input is to be terminated by a sentinel data record with a height 0 and anarbitrary m or f gender value.3.When the terminating sentinel data record is read, the program should print thefollowing details: total number of children, average height, standard deviation inheight.4.Next the program is to produce a histogram showing the numbers of children ineach of the height ranges 100�109 cm, 110�119 cm, �, 190�199 cm. Theform of the histogram display should be as follows:100 |110 |*120 |***130 |*******************�5.Finally, the program is to list all heights more than two standard deviations fromthe mean.Program designThe program breaks down into the following phases:get the datacalculate mean and standard deviationprint mean and standard deviationproduce histogramlist extreme heightsEach of these is a candidate for being a separate function (or group of functions).The main data for the program will consist of an array used to store the heights ofthe children, and a count that will define the number of children with records in the datafile. The array with the heights, and the count, will be regarded as data that are sharedby all the functions. This will minimize the amount of data that need to be passedbetween functions.The suggested functions must now be elaborated:get_datainitialization — zeroing of some variables, opening fileloop reading data, heights saved, gender-tags discardedmeanuse shared count and heights array,loop summing valuescalculate averagePreliminary designDecision in favour of"shared" dataFirst iterationthrough design

292Arrays std_devneeds mean, uses shared count and heights arraycalculate sum of squares etc and calculatestandard deviationhistogramuse shared count and heights array, also needown array for the histogramzero out own arrayloop through entries in main array identifyingappropriate histogram entry to be incrementedloop printing histogram entriesextreme_valsneeds to be given average and standard deviationuses shared count and heights arrayloop checking each height for extreme valuemainget_datam = mean(), print m (+ labels and formatting)sd = std_dev(), print sdhistogramextreme_vals(m,sd)The "get_data" and "histogram" functions both appear to be moderately elaborateand so they become candidates for further analysis. Can these functions be simplifiedby breaking them down into subfunctions?Actually, we will leave the histogram function (though it probably should be furtherdecomposed). Function getdata really involves two separate activities — organizing fileinput, and then the loop actually reading the data. So we can further decompose into:open_filetry to open named file,if fail terminate programread_dataread first data (height and gender tag)while not sentinel valuesave height dataread next dataget_datainitialize count to zerocall open_filecall read_dataThe ifstream used for input from file will have to be another shared data elementbecause it is used in several functions.Second iteration,furtherdecomposition intosimpler functions

Example: histogram293

Third iteration,finalize shared data,derive functionprototypesThe final stage before coding involves definition of i) constants defining sizes forarrays, ii) shared variables, and iii) the function prototypes.const int MAXCHILDREN = 500;static double s_heights[MAXCHILDREN];static short s_count;static ifstream s_input;void open_file(void);void read_data(void);void get_data(void);double mean(void);double std_dev(double mean);void histogram(void);void extreme_vals(double mean, double sdev);int main();The shared data have been defined as static. As this program only consists of onesource file, this "file scoping" of these variables is somewhat redundant. It has beendone on principle. It is a way of re-emphasising that "these variables are shared by thefunctions defined in this file". The names have also been selected to reflect their role; itis wise to have a naming scheme with conventions like ’s_’ at the start of the name of astatic, ’g_’ at the start of the name for a global.ImplementationThe file organization will be:#include <stdlib.h>

#include <iostream.h>

#include <fstream.h>

#include <math.h>

#include <assert.h> const int MAXCHILDREN = 500;

static double s_heights[MAXCHILDREN];

static short s_count;

#included headersDefinitions ofconstants and static(shared) variables

294Arrays static ifstream s_input;

void open_file(void)

{�}void read_data(void)

{�}�int main()

{�return 0;

}The open_file() routine would specify the options ios::in | ios::nocreate,the standard options for a data input file, in the open() call. The ifstream should thenbe checked to verify that it did open; use exit() to terminate if things went wrong.void open_file(void){s_input.open("heights.dat",ios::in | ios::nocreate);if(!s_input.good()) {cout << "Couldn’t open the file. Giving up."<< endl;exit(1);}return;}The read_data() routine uses a standard while loop to read and process input datamarked by a terminal sentinel record, (i.e. read first record; while not sentinel record {process record, read next record }). The data get copied into the array in the statements_heights[s_count] = h;.void read_data(void){double h;chargender_tag;s_input >> h >> gender_tag;while(h > 0.0) {if(s_count < MAXCHILDREN)s_heights[s_count] = h;elseFunction definitionsmain()open_file()read_data()Store data element inarray

Example: histogram295 if(s_count == MAXCHILDREN)cout << "Ignoring some ""data records" << endl;s_count++;s_input >> h >> gender_tag;}if(s_count>MAXCHILDREN) {cout << "The input file contained " << s_count<< " records." << endl;cout << "Only the first " << MAXCHILDREN <<" will be processed." << endl;s_count = MAXCHILDREN;}s_input.close();}Note the defensive programming needed in read_data(). The routine must dealwith the case where there are more entries in the file than can be stored in the array. Itcan’t simply assume that the array is large enough and just store the next input in thenext memory location because that would result in other data variables beingoverwritten. The approach used here is generally suitable. When the array has justbecome full, a warning gets printed. When the loop terminates a more detailedexplanation is given about data elements that had to be discarded.Because it can rely on auxiliary functions to do most of its work, function get_data()itself is nicely simple:void get_data(void){s_count = 0;open_file();read_data();}The mean() and std_dev() functions both involve simple for loops thataccumulate the sum of the data elements from the array (or the sum of the squares ofthese elements). Note the for loop controls. The index is initialized to zero. The loopterminates when the index equals the number of array elements. This is requiredbecause of C’s (and therefore C++’s) use of zero based arrays. If we have 5 elements toprocess, they will be in array elements [0] ... [4]. The loop must terminate before wetry to access a sixth element taken from [5].double mean(void){double sum = 0.0;for(int i=0; i<s_count; i++)sum += s_heights[i];return sum / s_count;}Report if datadiscardedget_data()mean() and std_dev()

296Arrays double std_dev(double mean){double sumSq = 0.0;for(int i=0; i<s_count; i++)sumSq += s_heights[i]*s_heights[i];return sqrt((sumSq - s_count*mean*mean)/(s_count-1));}Function histogram() is a little more elaborate. First, it has to have a local array.This array is used to accumulate counts of the number of children in each 10cm heightrange.Assumptions about the particular problem pervade the routine. The array has tenelements. The scaling of heights into array indices utilizes the fact that the heightvalues should be in the range 100 < height < 200. The final output section is set togenerate the labels 100, 110, 120, etc. Although quite adequate for immediatepurposes, the overall design of the routine is poor; usually, you would try to createsomething a little more general purpose.Note that the local array should be zeroed out. The main array of heights was notinitialized to zero because the program stored values taken from the input file and anyprevious data were just overwritten. But here we want to keep incrementing the countsin the various elements of the histo[] array, so these counts had better start at zero.The formula that converts a height into an index number is:int index = floor((s_heights[i] - 100.0)/10.0);Say the height was 172.5, this should go in histo[7] (range 170 ... 179); (172.5-100)/10 gives 7.25, the floor() function converts this to 7.The code uses assert() to trap any data values that are out of range. Thespecification said that the heights would be in the range 100 � 200 but didn’t promisethat they were all correct. Values like 86 or 200 would result in illegal references tohisto[-2] or to histo[10]. If the index is valid, the appropriate counter can beincremented (histo[index] ++ ; — this applies the ++, increment operator, to thecontents of histo[index]).Note the "nested" for loops used to display the contents of the histo[] array. Theouter loop, with index i, runs through the array elements; printing a label andterminating each line. The inner loop, with the j index, prints the appropriate numberof stars on the line, one star for each child in this height range. (If you had larger datasets, you might have to change the code to print one star for every five children.)void histogram(void){inthisto[10];for(int i = 0; i < 10; i++)histo[i] = 0;histogram()Nested for loopsInitialize elements oflocal array to zero

Example: histogram297 for(i = 0; i < s_count; i++) {int index = floor((s_heights[i] - 100.0)/10.0);assert((index >= 0) && (index < 10));histo[index]++;}cout << "Histogram of heights : " << endl;for(i=0;i<10; i++) {cout << (10*(i+10)) << " |";for(int j = 0; j<histo[i]; j++) cout << ’*’;cout << endl;}}The function that identifies examples with extreme values of height simply involvesa loop that works through successive entries in the heights[] array. The absolutevalue of the difference between a height and the mean is calculated and if this valueexceeds twice the standard deviation details are printed.void extreme_vals(double mean, double sdev){double two_std_devs = sdev*2.0;cout << "Heights more than two standard deviations from"" mean: " << endl;int n = 0;for(int i=0;i<s_count;i++) {double diff = s_heights[i] - mean;diff = fabs(diff);if(diff > two_std_devs) {cout << i << " : " << s_heights[i] << endl;n++;}}if(n==0)cout << "There weren’t any!" << endl;}Note the introduction of a local variable set to twice the standard deviation. Thisavoids the need to calculate sdev*2.0 inside the loop. Such a definition is often notneeded. If two_std_devs was not defined, the test inside the loop would have beenif(diff > sdev*2.0) �. Most good compilers would have noticed that sdev*2.0could be evaluated just once before the loop; the compiler would have, in effect,invented its own variable equivalent to the two_std_devs explicitly defined here.Because the real work has been broken down amongst many functions, the main()function is relatively simple. It consists largely of a sequence of function calls with justa little code to produce some of the required outputs.Convert value toindex and verifyNested for loops

298Arrays int main(){get_data();double avg = mean();double sd = std_dev(avg);cout << "Number of records processed : " << s_count <<endl;cout << "Mean (average) : " << avg << endl;cout << "Standard deviation :" << sd << endl;histogram();extreme_vals(avg, sd);return 0;}11.3.2Plotting once moreThe plotting program, presented in section 10.11.2, can be simplified through the use ofan array.We can use an array to hold the characters that must be printed on a line. Most ofthe characters will be spaces, but the mid-point character will be the ’|’ axis marker andone other character will normally be a ’*’ representing the function value.The changes would be in the function PlotFunctionValue(). The implementationgiven in section 10.11.2 had to consider a variety of special cases — the ’*’ on the axis,the ’*’ left of the axis, the ’*’ to the right of the axis. All of these special cases can beeliminated. Instead the code will fill an array with spaces, place the ’|’ in the centralelement of the array, then place the ’*’ in the correct element of the array; finally, thecontents of the array are printed. (Note the -1s when setting array elements tocompensate for the zero-based array indexing.)void PlotFunctionValue(double value, double range){int where = floor(value/range*HALF) + HALF;charline_image[WIDTH];for(int i=0;i<WIDTH;i++)line_image[i] = ’ ’;line_image[HALF-1] = ’|’;if((where>0) && (where < WIDTH))line_image[where-1] = ’*’;for(i=0;i<WIDTH;i++)cout << line_image[i];cout << endl;Determine element tobe setDefine array and fillwith blanksPlace centre markerPlace value markprovided it is in rangePrint contents ofcharacter array

Example: plotting once more299 return;}This version of PlotFunctionValue() is significantly simpler than the originalThe simplicity is a consequence of the use of more sophisticated programmingconstructs, in this case an array data structure. Each new language feature may seemcomplex when first encountered, but each will have the same effect: more powerfulprogramming constructs allow simplification of coding problems.11.4ARRAYS AS ARGUMENTS TO FUNCTIONSThe functions illustrated so far have only had simple variables as arguments and results.What about arrays, can arrays be used with functions?Of course, you often need array data that are manipulated in different functions. Thehistogram example, 11.3.1, had a shared filescope (static) array for the heights and thiswas used by all the functions. But use of filescope, or global, data is only feasible incertain circumstances. The example in 11.3.1 is typical of where such shared data isfeasible. But look at the restrictions. There is only one array of heights. All thefunctions are specifically designed to work on this one array.But, generally, you don’t have such restrictions. Suppose we had wanted histogramsfor all children, and also for boys and girls separately? The approach used in 11.3.1would have necessitated three different variations on void histogram(void); therewould be c_histogram() that worked with an array that contained details of theheights of all children, b_histogram() — a version that used a different filescope arraycontaining the heights for boys, and g_histogram() — the corresponding function forprocessing the heights of girls. Obviously, this would be unacceptably clumsy.Usually, you will have many arrays. You will need functions that must begeneralized so that they can handle different sets of data, different arrays. There has tobe a general purpose histogram() function that, as one of its arguments, is told whicharray contains the data that are to be displayed as a histogram. So, there needs to besome way of "passing arrays to functions".But arrays do present problems. A C (C++) array really is just a block of memory.When you define an array you specify its size (explicitly as in x_coord[100] orimplicitly as in grades[] = { ’f’, ’e’, ’d’, ’c’, ’b’, ’a’ };), but this sizeinformation is not "packaged" with the data. Arrays don’t come with any associateddata specifying how many elements they have. This makes it more difficult for acompiler to generate instructions for functions that need argument arrays passed byvalue (i.e. having a copy of the array put onto the stack) or that want to return an array.A compiler might not be able to determine the size of the array and so could not workout the amount of space to be reserved on the stack, nor the number of bytes that wereto be copied.Limitations of sharedglobal and filescopedataReasons forrestrictions on arraysas arguments tofunctions

300Arrays

No arrays as valuearguments or asresultsThe authors of the first C compilers decided on a simple solution. Arrays can’t bepassed by value. Functions can not return arrays as results. The language is slightlyrestricted, but the problems of the compiler writer have gone. What is more, aprohibition on the passing of arrays as value arguments or results preemptivelyeliminated some potentially inefficient coding styles. The copying operations involvedin passing array arguments by value would have been expensive. The doubling of thestorage requirement, original plus copy on the stack, could also have been a problem.This decision restricting the use of arrays with functions still stands. Which makesC, and therefore C++, slightly inconsistent. Simple variables, struct types (Chapter 16),and class instances (Chapter 19) can all be passed by value, and results of these type canbe returned by functions. Arrays are an exception.When an array is passed as an argument to a function, the calling routine simplypasses the address of the array; i.e. the caller tells the called function where to find thearray in memory. The called function then uses the original array. This mechanism,where the caller tells the called function the address of the data, is called pass byreference.As well as passing the array, the calling function (almost always) has to tell thecalled function how many elements are in the array. So most functions that take arraysare going to have prototypes like:type function_name(array argument, integer argument)For example, we could take the mean() function from 11.3.1 and make it more useful.Instead ofdouble mean(void); // finds mean of data in s_heightswe can havedouble mean(double data_array[], int numelements);This version could be used any time we want to find the mean of the values in an arrayof doubles. Note, the array argument is specified as an "open array" i.e. the []contains no number.double mean(double data_array[], int numelements){double sum = 0.0;for(int i=0; i<numelements; i++)sum += data_array[i];return sum / numelements;}This improved version of mean() is used in the following codefragment:Arrays are alwayspassed by reference

Arrays as arguments to functions301 int main(){double heights[100];double h;int n = 0;cout << "Enter heights:" << endl;cin >> h; // Not checking anything herewhile(h > 0.0) {heights[n] = h;n++;cin >> h;}double m = mean(heights, n);cout << "The mean is " << m << endl;return 0;}Figure 11.1 illustrates the stack during a call to mean(). The hexadecimal numbers,e.g. , shown are actual addresses when the program was run on a particular machine.By convention, data addresses are always shown in hexadecimal ("hex").The instruction sequence generated for the call m = mean(heights, n) would besomething like:load register with the address of array heights (i.e. addressof heights[0])store in stackload register with value of nstore in stacksubroutine callload register with value in return slot of stackstore in mclean up stackThe instructions in function mean() would be something like:load an address register a0 with contents offirst argument slot of stack frameload integer register d0 with contents ofsecond argument slot of stack framezero contents of double register f0zero second integer register d1loopcompare integer registers d0 and d1if contents equal jump to endFunction call witharray as argument

302Arrays

"Stack frame" for int main()"Stack frame" for double mean()heights[0]0xeffff3905Arguments values on stackSpace left for result

Housekeeping infosum860170

"Stack Frame" register holds this address144130136162

0162heights[99]h

5nAddress0xeffff390

Address argument on stack specifies start of arrayFigure 11.1Stack with when calling double mean(double data_array[], intnumitems).copy content d1 to register d2multiply d2 by 8copy content of a0 to address register a1add content of d2 to a1add double from memory at address a1 to register f0add 1 to d1jump to loopendconvert integer in d0 to double in f1divide f0 by f1store f0 in return slot of stack frameThis code uses the array identified by its address as provided by the calling routine.Typically, it would hold this "base" address in one of the CPU’s address registers. Thenwhen array elements have to be accessed, the code works out the offset relative to thisbase address to get the actual address of a needed element. The data are then fetchedfrom the memory location whose address has just been determined. (The bit about"multiplying an integer index value by 8" is just part of the mechanics of converting theindex into a byte offset as needed by the hardware addressing mechanisms of amachine. Programmers may think in terms of indexed arrays, machines have to use

Arrays as arguments to functions303 byte addresses so these have to be calculated. The value of the ’multiplier’, the 8 in thiscode, depends on the type of data stored in the array; for an array of longs, themultiplier would probably be 4. The operation wouldn’t actually involve amultiplication instruction, instead the required effect would be achieved usingalternative quicker circuits.)const and non const argumentsThe function mean() doesn’t change the data array it is given; it simply reads valuesfrom that array. However, functions can change the arrays that they work on. So youcould have the function:void change_cm_to_inches(double h[], int n){// I’m too old fashioned to be happy with cm,// change those height values to inchesfor(int i = 0; i < n ; i++)h[i] /= 2.54;}If called with the heights[] array, this function would change all the values (or, atleast, the first n values) in that array. (Coding style: no return — that is OK in a voidfunction, though I prefer a function to end with return; the smart h[i] /= 2.54; — itis correct, I still find it easier to read h[i] = h[i] / 2.54.)Function mean() treats its array argument as "read only" data; functionchange_cm_to_inches() scribbles all over the array it was given. That is asubstantial difference in behaviour. If you are going to be calling a function and givingit an array to work with, you would usually like to know what is going to happen to thecontents of that array.C++ lets you make this distinction explicit in the function prototype. Since mean()doesn’t change its array, it regards the contents as — well constant. So, it should statethis in its prototype:double mean(const double data_array[], int numelements);As well as appearing in function declarations, this const also appears where thefunction is defined:double mean(const double data_array[], int numelements){double sum = 0.0;�}

304Arrays

The compiler will check the code of the function to make certain that the contents of thearray aren’t changed. Of course, if you have just declared an argument as const, it isunlikely that you will then write code to change the values.The main advantage of such const (and default non const) declarations is fordocumenting functions during the design stage. In larger projects, with manyprogrammers, each programmer works on individual parts and must make use offunctions provided by their colleagues. Usually, all they see of a function that you havewritten is the prototype that was specified during design. So this prototype must tellthem whether an array they pass to your function is going to be changed.11.5STRINGS: ARRAYS OF CHARACTERSSometimes you want arrays of characters, like the grade symbols used in one of theexamples on array initialization:const char grade_letters[6] = { ’F’, ’E’, ’D’, ’C’, ’B’, ’A’ };The example in 11.8.2 uses a character array in a simple letter substitution approach tothe encryption of messages. If you were writing a simple word processor, you mightwell use a large array to store the characters in the text that you were handling.Most arrays of characters are slightly specialized. Most arrays of character are usedto hold "strings" — these may be data strings (like names of customers), or promptmessages from the program, or error messages and so forth. All these strings are justcharacter arrays where the last element (or last used element) contains a "null"character.The null character has the integer value 0. It is usually represented in programs as’\0’. All the standard output routines, and the string library discussed below, expect towork with null terminated arrays of characters. For example, the routine inside theiostream library that prints text messages uses code equivalent to the following:void PrintString(const char msg[]){int i = 0;char ch;while((ch = msg[i]) != ’\0’) { PrintCharacter(ch); i++; }}(The real code in the iostream library uses pointers rather than arrays.) Obviously, ifthe message msg passed to this function doesn’t end in a null character, this loop justkeeps printing out the contents of successive bytes from memory. Sooner or later, youare going to make a mistake and you will try to print a "string" that is not properlyterminated; the output just fills up with random characters copied from memory.You can define initialized strings:"null character"

Strings305 const char eMsg1[] = "Disk full, file not saved.";const char eMsg2[] = "Write error on disk.";The compiler checks the string and determines the length, e.g. "Write � disk." is 20characters. The compiler adds one for the extra null character and, in effect, turns thedefinition into the following:const char eMsg2[21] = {’W’, ’r’, ’i’, ’t’, ’e’,’ ’, ’e’, ’r’, ’r’, ’o’,’r’, ’ ’, ’o’, ’n’, ’ ’,’d’, ’i’, ’s’, ’k’, ’.’,’\0’};If you want string data, rather than string constants, you will have to define acharacter array that is going to be large enough to hold the longest string that you use(you have to remember to allow for that null character). For example, suppose youneeded to process the names of customers and expected the maximum name to be thirtycharacters long, then you would define an array:char customername[31];(Most compilers don’t like data structures that use an odd number of bytes; so usually, asize like 31 gets rounded up to 32.)You can initialize an array with a string that is shorter than the specified array size:char filename[40] = "Untitled";The compiler arranges for the first nine elements to be filled with the characterconstants ’U’, ’n’, �, ’e’, ’d’, and ’\0’; the contents of the remaining 31 elements are notdefined.Input and output of stringsThe contents of the character array containing a string, e.g. filename, can be printedwith a single output statement:cout << filename;(The compiler translates "cout takes from character array" into a call to aPrintString() function like the one illustrated above. Although filename has 40characters, only those preceding the null are printed.)

306Arrays cin >> characterarrayThe input routines from the iostream library also support strings. The form "cingives to character array", e.g.:cin >> filename;is translated into a call to a ReadString() function which will behave something likethe following code:void ReadString(char target[]){char ch;// Skip white spacech = ReadCharacter();while(ch == ’ ’)ch = ReadCharacter();// read sequence of characters until next spaceint i = 0;while(ch != ’ ’) {target[i] = ch;i++;ch = ReadCharacter();}// Terminate with a nulltarget[i] = ’\0’;}The input routine skips any leading "whitespace" characters (not just the ’ ’ spacecharacter, whitespace actually includes things like tab characters and newlines). Afterall leading whitespace has been consumed, the next sequence of characters is copiedinto the destination target array. Copying continues until a whitespace character is read.Of course there are no checks on the number of characters read! There can’t be. Thecompiler can’t determine the size of the target array. So, it is up to the programmer toget the code correct. An array used in an input statement must be large enough to holdthe word entered. If the target array is too small, the extra characters read just overwriteother variables. While not a particularly common error, this does happen; so becautious. (You can protect yourself by using the setw() "manipulator". This wasillustrated in section 9.7 where it was shown that you could set the width of an outputfield. You can also use setw() to control input; for example, cin >> setw(5) >>data will read 4 characters into array data, and as the fifth character place a ’\0’.)The iostream library code is written with the assumption that any character arrayfilled in this way is going to be used as a string. So, the input routine always places anull character after the characters that were read.With "cin >> array", input stops at the first white space character. Sometimes, it isnecessary to read a complete line containing several words separated by spaces. Thereis an alternative input routine that can be used to read whole lines. This routine,Caution, area wherebugs lurkgetline()

Strings307 getline(), is part of the repertoire of things that an istream object can do. Itsprototype is (approximately):getline(char target[], int maximum_characters,char delimiter = ’\n’);Function getline() is given the name of the character array that should hold the inputdata, a limit on the number of characters to read, and a delimiter character. A call togetline() has a form like:cin.getline(target, 39, ’\n’);(read this as "cin object: use your getline function to fill the array target with up to 39characters of input data").The delimiter character can be changed. Normally, getline() is used to readcomplete lines and the delimiter should be the ’\n’ character at the end of the line. Butthe function can be used to read everything up to the next tab character (use ’\t’ as thedelimiter), or any other desired character. (Caution. The editors used with somedevelopment environments use ’\r’ instead of ’\n’; if you try reading a line from a textdata file you may not find the expected ’\n’.)Characters read from input are used to fill the target array. Input stops when thedelimiter character is read (the delimiter character is thrown away, it doesn’t get storedin the array). A null character is placed in the array after the characters that were read.The integer limit specifies the maximum number of characters that should be read.This should be one less than the size of the target array so as to leave room for the nullcharacter. Input will stop after this number of characters have been read even thoughthe specified delimiter has not been encountered. If input stops because this limit isreached, all unread characters on the input line remain in the input buffer. They willprobably confuse the next input operation! (You can clear left over characters by usingcin.ignore() whose use was illustrated earlier in section 8.2.)The string library and the ctype functionsThere is a standard library of routines for manipulating strings. The header file string.hcontains declarations for all the string functions. Some of the more commonly usedfunctions are:strcpy(char destination[], const char source[]);strncpy(char destination[], const char source[], int numchars);strcat(char target[], const char source[]);strncat(char target[], const char source[], int numchars);int strcmp(const char firststring[], const char secondstring);string.h

308Arrays int strncmp(const char firststring[], const char secondstring,int num_chars_to_check);int strlen(const char string[]);(These aren’t the exact function prototypes given in the string.h header file! They havebeen simplified to use only the language features covered so far. The return types forsome functions aren’t specified and character arrays are used as arguments where theactual prototypes use pointers. Despite these simplifications, these declarations are"correct".)The following code does not compile:char baskin_robertson[50]; // Famous for ice creamscout << "Which flavour? (Enter 1..37) : ";int choice;cin >> choice;switch(choice) {case 1: baskin_robertson = "strawberry"; break;case 2: baskin_robertson = "chocolate"; break;�case 37: baskin_robertson = "rum and raisin"; break;default: baskin_robertson = "vanilla"; break;}If you try to compile code like that you will get some error message (maybe "lvaluerequired"). In C/C++, you can not do array assignments of any kind, and those "cases"in the switch statement all involve assignments of character arrays.You can’t do array assignments for the same reason that you can’t pass arrays byvalue. The decision made for the early version of C means that arrays are just blocks ofmemory and the compiler can not be certain how large these blocks are. Since thecompiler does not know the size of the memory blocks, it can not work out how manybytes to copy.However, you do often need to copy a string from some source (like the stringconstants above) to some destination (the character array baskin_robertson[]). Thefunction strcpy() from the string library can be used to copy strings. The code givenabove should be:switch(choice) {case 1: strcpy(baskin_robertson, "strawberry"); break;�default: strcpy(baskin_robertson, "vanilla"); break;}Function strcpy() takes two arguments, the first is the destination array that getschanged, the second is the source array. Note that the function prototype uses theYou can’t assignarrays:strcpy()

Strings309 const qualifier to distinguish between these roles; destination[] is modified so it isnot const, source[] is treated as read only so it is const.Function strcpy() copies all the characters from the source to the destination, andadds a ’\0’ null character so that the string left in the destination is properly terminated.(Of course, there are no checks! What did you expect? It is your responsibility to makecertain that the destination array is sufficient to hold the string that is copied.)Functions strncpy() copies a specified number of characters from the source to thedestination. It fills in elements destination[0] to destination[numchars-1]. Ifthe source string is greater than or equal to the specified length, strncpy() does notplace a ’\0’ null character after the characters it copied. (If the source string is shorterthan the specified length, it is copied along with its terminating null character.) Youcan use strncpy() as a "safe" version of strcpy(). If your destination array is ofsize N, you call strncpy() specifying that it should copy N-1 characters and then youplace a null character in the last element:const int cNAMESIZE = 30;�char flavour[cNAMESIZE];�strncpy(flavour, othername, cNAMESIZE-1);flavour[cNAMESIZE-1] = ’\0’;The strcat() function appends ("catenates") the source string onto any existingstring in the destination character array. Once again it is your responsibility to makesure that the destination array is large enough to hold the resulting string. An exampleuse of strcat() is:char order[40] = "pizza with ";�strcat(order,"ham and pineapple");changes the content of character array order from:pizza with

\0............................to:pizza with ham and pineapple

\0...........Function strncat() works similarly but like strncpy() it transfers at most thespecified number of characters.Function strlen() counts the number of characters in the string given as anargument (the terminating ’\0’ null character is not included in this count).These functions compare complete strings (strcmp()) or a specified number ofcharacters within strings (strncmp()). These functions return 1 if the first string (orstrcat()strlen()strcmp() andstrncmp()

310Arrays first few characters) are "greater" than the second string, 0 if the strings are equal, or -1if the second string is greater than the first.The comparison uses the "collating" sequence of the characters, normally this is justtheir integer values according to the ASCII coding rules: 32: ’ ’ 33: ’!’ 34: ’"’ 35: ’#’ 36: ’$’ 37: ’%’ 38: ’&’ 39: ’’’ 40: ’(’ 41: ’)’ 42: ’*’ 43: ’+’ 44: ’,’ 45: ’-’ 46: ’.’ 47: ’/’ 48: ’0’ 49: ’1’ 50: ’2’ 51: ’3’ 52: ’4’ 53: ’5’ 54: ’6’ 55: ’7’ 56: ’8’ 57: ’9’ 58: ’:’ 59: ’;’ 60: ’<’ 61: ’=’ 62: ’>’ 63: ’?’ 64: ’@’ 65: ’A’ 66: ’B’ 67: ’C’� 86: ’V’ 87: ’W’ 88: ’X’ 89: ’Y’ 90: ’Z’ 91: ’[’ 92: ’\’ 93: ’]’ 94: ’^’ 95: ’_’ 96: ’‘’ 97: ’a’�For example, the code:char msg1[] = "Hello World";char msg2[] = "Hi Mom";cout << strcmp(msg1, msg2) << endl;should print -1, i.e. msg1 is less than msg2. The H’s at position 0 are equal, but thestrings differ at position 1 where msg2 has i (value 105) while msg1 has e (value 101).Another group of functions, that are useful when working with characters andstrings, have their prototypes defined in the header file ctype.h These functions include:int isalnum(int);// letter or digit?int isalpha(int);// letter?int iscntrl(int);// control characterint isdigit(int);// digit?int islower(int);// One of ’a’�’z’?int ispunct(int);// Punctuation mark?int isspace(int);// Spaceint isupper(int);// One of ’A’�’Z"?int tolower(int);// Make ’A’�’Z’ into ’a’�’z’int toupper(int);// Make ’a’�’z’ into ’A’�’Z’int isprint(int);// One of printable ASCII set?Collating sequence ofcharactersctype11.6MULTI-DIMENSIONAL ARRAYSYou can have higher dimensional arrays. Two dimensional arrays are common. Arrayswith more than two dimensions are rare.Two dimensional arrays are used:

Multidimensional arrays311 for all kinds of tables, e.g. a spreadsheet:

Week1234567

Salesperson

1

2

3

4

5

12 6 10 9 23 9 11 12 4 1813 9 8 7 19 8 4 6 6 13 3 2 7 7 15 9 11 13 10 19 0 0 0 0 0to represent physical systems such as electronic interactions between atoms in amolecule:�160200190180170 99�155200194170� 10 10� 10 84� 10and in numerous mathematical, engineering, and scientific computations, e.g calculatingcoordinates of the positions of objects being moved:

312Arrays

sx0000sy0000sz00001.0� Ł � � � � ł � � � Scale axes1.000dx01.00dy001.0dz0

� � � Translate (move) c s 0 0 - s c 0 0 0 0 1 . 0 0 0 0 0 1 . 0 � Ł � � � � ł � � � Rotate about z 1 . 0 0 . 5 2 . 0 1

Multidimensional arrays, definition and initialization313

You don’t have to put in the internal { begin and } end brackets around the data foreach individual row. The compiler will understand exactly what you mean if you writethat initialization as:double mydata[4][5] = {1.0, 0.54, 0.21, 0.11, 0.03, 0.34, 1.04, 0.52, 0.16, 0.09,0.41, 0.02, 0.30, 0.49, 0.19, 0.01, 0.68, 0.72, 0.66, 0.17};However, leaving out the brackets around the row data is likely to worry human readers— so put the { } row bracketing in!With one dimensional arrays, you could define an initialized array and leave it to thecompiler to work out the size (e.g. double vec[] = { 2.0, 1.5, 0.5, 1.0 };). Youcan’t quite do that with two dimensional arrays. How is the compiler to guess what youwant if it sees something like:double guess[][] = {1.0, 0.54, 0.21, 0.11, 0.03, 0.34, 1.04, 0.52, 0.16, 0.09,0.41, 0.02, 0.30, 0.49, 0.19, 0.01, 0.68, 0.72, 0.66, 0.17};You could want a 4x5 array, or a 5x4 array, or a 2x10 array. The compiler can notguess, so this is illegal.You must at least specify the number of columns you want in each row, but you canleave it to the compiler to work out how many rows are needed. So, the followingdefinition of an initialized array is OK:double mydata[][5] = {{ 1.0, 0.54, 0.21, 0.11, 0.03 },{ 0.34, 1.04, 0.52, 0.16, 0.09 },{ 0.41, 0.02, 0.30, 0.49, 0.19 },{ 0.01, 0.68, 0.72, 0.66, 0.17}};The compiler can determine that mydata[][5] must have four rows.At one time, you could only initialize aggregates like arrays if they were global orfilescope. But that restriction has been removed and you can initialize automatic arraysthat are defined within functions (or even within blocks within functions).11.6.2Accessing individual elementsIndividual data elements in a two dimensional array are accessed by using two []operators; the first [] operator picks the row, the second [] operator picks the column.Mostly, two dimensional arrays are processed using nested for loops:

314Arrays const int NROWS = 25;const int NCOLS = 80;char screen[NROWS][NCOLS];// initialize the "screen" array to all spacesfor(int row = 0; row < NROWS; row++)for(int col = 0; col < NCOLS; col++)screen[row][col] = ’ ’;Quite often you want to do something like initialize a square array so that all off-diagonal elements are zero, while the elements on the diagonal are set to some specificvalue (e.g. 1.0):double t_matrix[4][4];�for(int i = 0; i < 4; i++) {for(int j = 0; j < 4; j++)t_matrix[i][j] = 0.0;t_matrix[i][i] = 1.0; // set element on diagonal}These "cost" of these double loops is obviously proportional to the product of thenumber of rows and the number of columns. As you get to work with more complexalgorithms, you need to start estimating how much each part of your program will"cost".The idea behind estimating costs is to get some estimate of how long a program willrun. Estimates can not be very precise. After all, the time a program takes run dependson the computer (120MHz Pentium based machine runs a fair sight faster than 15MHz386). The time that a program takes also depends on the compiler that was used tocompile the code. Some compilers are designed to perform the compilation taskquickly; others take much longer to prepare a program but, by doing a more detailedcompile time analysis, can produce better code that results in a compiled program thatmay run significantly faster. In some cases, the run time of a program depends on theactual data values entered.Since none of these factors can be easily quantified, estimates of how long aprogram will take focus solely on the number of data elements that must be processed.For some algorithms, you need a reasonable degree of mathematical sophistication inorder to work out the likely running time of a program implementing the algorithm.These complexities are not covered in this book. But, the estimated run times will bedescribed for a few of the example programs.These estimates are given in a notation known as "big-O". The algorithm forinitializing an MxN matrix has a run time:initialize matrix =O(MxN)Nested for loops forprocessing twodimensional arraysThe "cost" ofcalculations

Multidimensional arrays, accessing individual elements315 or for a square matrixinitialize matrix =O(NxN)orO(N2)Such run time estimates are independent of the computer, the compiler, and the specificdata that are to be processed. The estimates simply let you know that a 50x50 array isgoing to take 25 times as long to process as a 10x10 array.One of the most frequent operations in scientific and engineering programs has acost O(N3). This operations is "matrix multiplication". Matrix multiplication is a basicstep in more complex mathematical transforms like "matrix inversion" and "findingeigenvalues". These mathematical transforms are needed to solve many differentproblems. For example, you have a mechanical assembly of weights and springs youcan represent this using a matrix whose diagonal elements have values related to theweights of the components and whose off diagonal elements have values that aredetermined by the strengths of the springs joining pairs of weights. If you want toknow how such an assembly might vibrate, you work out the "eigenvalues" of thematrix; these eigenvalues relate to the various frequencies with which parts of such anassembly would vibrate.Restricting consideration to square matrices, the "formula" that defines the productof two matrices is:

a0i *bi0

i=0M∑ a0i *bi1 i=0M∑ … … … a0i *biM i=0M∑ a1i *bi0 i=0M∑ … … … … … … … … … … … … … … … … … … … … … … … aMi *bi0

i=0M∑ … … … … aMi *biM i=0M∑ = a00 a01 a02 … … a0M a10 a11 … … … a1M a20 … … … … … … … … … … … … … … … … … aM0 aM1 … … … aMM * b00 b01 b02 … … b0M b10 b11 … … … b1M b20 … … … … … … … … … … … … … … … … … bM0 bM1 … … … bMM

316Arrays

(These are "NxN" arrays with subscripts running from 0 � M, where M = N - 1.).Each element in the product matrix is the sum of N product terms; these product termscombine an element from a row in the first array and an element from a column in thesecond array. For example, if N = 6, then entry product[2][3] is given by:product[2][3] = a[2][0]*b[0][3] + a[2][1]*b[1][3] +a[2][2]*b[2][3] + a[2][3]*b[3][3] +a[2][4]*b[4][3] + a[2][5]*b[5][3];Calculating such a product involves a triple loop:for(int row = 0; row < N; row++)for(int col = 0; col < N; col ++) {double prdct = 0.0;for(int i = 0; i <N; i++)prdct += a[row][i] * b[i][col];product[row][col] = prdct;}(The variable prdct is introduced as a minor optimization. The code would be slowerif you had product[row][col] += a[row][i] * b[i][col] because in this form itwould be necessary to reevaluate the subscripts each time it needed to updateproduct[row][col].)The O(N3) cost of this triple loop code means that if you had a program thatinvolved mainly matrix multiplication that ran in one minute for a data set of size 10,then you would need more than two hours to process a data set of size 50.Just a warning, you must use two separate [] operators when accessing an element ina two dimensional array. Now in languages like Pascal, elements of two dimensionalarrays are accessed using square brackets surrounding a list of array indices separate bycommas:data[i,j]Pascal style array subscriptingNow, in C/C++ you can write code like the following:double d[10][10];�d[ i, j] �That form d[ i, j] will get past the compiler. But, like several earlier examples oflegal but freaky constructs, its meaning is odd.As explained in section 7.7, a comma separated list can be used to define a set ofexpressions that must be evaluated in sequence. So i, j means "evaluate i, e.g.getting the value 4, and throw this value away, then evaluate j, eg. getting the value 9,and use this value as the final value for the complete expression".O(N3) algorithm:matrix multiplicationAnother trap forPascal programmers

Multidimensional arrays, accessing individual elements317

Consequently,d[ 4, 9]in C++ actually meansd[9]What is d[9]?The expression d[9] means the tenth row of the d[][] array (tenth because row 0is the first row so row 9 is the tenth row).In C++ it is legal to refer to a complete row of an array. There aren’t many placeswhere you can do anything with a complete row of an array, but there are a few.Consequently, d[9] is a perfectly legal data element and the compiler would be happy ifit saw such an expression.Now, if you do accidentally type d[ i, j] instead of d[i][j] you are going to end upgetting an error message from the compiler. But it won’t be anything like "You’vemessed up the array subscripts again.". Instead, the error message will be somethinglike "Illegal operand type." Your code would be something like: double t = 2.0*d[i,j];. The compiler would see 2.0*� and expect to find a number (an int, or a long,or a double). It wouldn’t be able to deal with "d[j] row of array" at that point and sowould thing that the data type was wrong.Where might you use an entire row of an array?There aren’t many places where it is possible (and even fewer where it is sensible).But you could do something like the following. Suppose you have an arrayrepresenting the spreadsheet style data shown at the start of this section. Each rowrepresents the number of sales made by each of a set of salespersonnel in a particularweek. You might want the average sales, and have a function that finds the average ofthe elements of an array:double average(const double d[], int n);double salesfigures[20][10];�// Get average sales in week jcout << "Average for this week " <<average(salesfigures[j], 10);�The average() function can be given a complete row of the array as shown in this codefragment.While this is technically possible, it really isn’t the kind of code you want to write. Itis "clever" code using the language to its full potential. The trouble with such code isthat almost everyone reading it gets confused.Using a row of a twodimensional array

318Arrays

11.6.3As arguments to functionsThe example just shown at the end of the preceding section illustrated (but discouraged)the passing of rows of a two-dimensional array to a function that expected a onedimensional array. What about passing the entire array to a function that wants to use atwo dimensional array?This is feasible, subject to some minor restrictions. You can’t have something likethe following:void PrintMatrix(double d[][], int nrows, int ncols);The idea would be to have a PrintMatrix() function that could produce a neatlyformatted printout of any two dimensional array that it was given — hence the "doublyopen" array d[][].The trouble is that the compiler wouldn’t be able to work out the layout of the arrayand so wouldn’t know where one row ended and the next began. Consequently, itwouldn’t be able to generate code to access individual array elements.You can pass arrays to functions, but the function prototype has to specify thenumber of columns in the arrays that it can deal with:void PrintMatrix(double d[][5], int nrows);The compiler will check calls made to PrintMatrix() to make certain that if you docall this function then any array you pass as an argument has five columns in each row.11.7ARRAYS OF FIXED LENGTH STRINGSWe may have a program that needs to use lots of "Messages", which for this examplecan be character arrays with 30 characters. We may need many of the Message thingsto hold different strings, and we may even need arrays of "Messages" to holdcollections of strings. Before illustrating examples using arrays of strings, it is worthintroducing an additional feature of C++ that simplifies the definition of such variablesC and C++ programs can have "typedef" definitions. Typedefs don’t introduce anew type; they simply allow the programmer to introduce a synonym for an existingtype. Thus, in types.h header used in association with several of the libraries on Unixyou will find typedefs like the following:typedef longdaddr_t;typedef longid_t;typedef longclock_t;typedef longpid_t;typedef longtime_t;Typedefs

Arrays of fixed length strings319

The type daddr_t is meant to be a "disk address"; a pid_t is a "process type". Theyare introduced so that programmers can specify functions where the prototype conveysa little bit more about the types of arguments expected, e.g.:void WriteArray(double d[], long n_elems, daddr_t where);The fact that where is specified as being a daddr_t makes it a little clearer that thisfunction needs to be given a disk location.Variables of these "types" are actually all long integers. The compiler doesn’t mindyou mixing them:time_t a = 3;pid_t b = 2;id_t r = a*b;cout << r << endl;So these typedef "types" don’t add anything to the compiler’s ability to discriminatedifferent usage of variables or its ability to check program correctness.However, typedefs aren’t limited to defining simple synonyms, like alternativewords for "long". You can use typedefs to introduce synonyms for derived types, likearrays of characters:typedef char Message[30];This typedef makes "Message" a synonym for the type char � [30] (i.e. the type thatspecifies an array of 30 characters). After this typedef has been read, the compiler willaccept the definition of variables of type Message:Message m1;and arrays of Message variables:;Message error_msgs[10]:and declarations of functions that process Message arguments:void PrintMessage(Message to_print);Individual Messages, and arrays of Messages, can be initialized:Message improbable = "Elvis lives in Wagga Wagga";Message errors[] = {"Disk full","Disk write locked",

320Arrays

"Write error","Can’t overwrite file","Address error","System error"};(Each Message in the array errors[] has 30 characters allocated; for most, the last tenor more characters are either uninitialized or also to ’\0’ null characters because theinitializing strings are shorter than 30 characters. If you try to initialize a Message witha string longer than 30 characters the compiler will report something like "Too manyinitializers".)As far as the compiler is concerned, these Messages are just character arrays and soyou can use them anywhere you could have used a character array:#include <iostream.h>#include <string.h>typedef char Message[30];Message m1;Message m2 = "Elvis lives in Wagga Wagga";Message errors[] = {"Disk full","Disk write locked","Write error","Can’t overwrite file","Address error","System error"};void PrintMessage(const Message toprint){cout << toprint << endl;}int main(){cout << strlen(m2) << endl;PrintMessage(errors[2]);strcpy(m1, m2);PrintMessage(m1);return 0;}This little test program should compile correctly, run, and produce the output:cout << Messagestrlen() and Messagestrcpy() and Message

Arrays of fixed length strings321

26Write errorElvis lives in Wagga WaggaA Message isn’t anything more than a character array. You can’t return any kind of anarray as the result of a function so you can’t return a Message as the result of a function.Just to restate, typedefs simply introduce synonyms, they don’t really introduce newdata types with different properties.As in some previous examples, the initialized array errors[] shown above relieson the compiler being able to count the number of messages and convert the open arraydeclaration [] into the appropriate [6].You might need to know the number of messages; after all, you might have anoption in your program that lists all possible messages. Of course you can count them:const int NumMsgs = 6;�Message errors[NumMsgs] = {"Disk full","�"System error"};but that loses the convenience of getting the compiler to count them. (Further, itincreases the chances of errors during subsequent revisions. Someone adding a coupleof extra error messages later may well just change errors[NumMsgs] to errors[8]and fail to make any other changes so introducing inconsistencies.)You can get the compiler work out the number of messages and record this as aconstant, or you can get the compiler to provide data so you can work this out at runtime. You achieve this by using the "sizeof()" operator.Although sizeof() looks like a call to a function from some library, technicallysizeof() is a built in operator just like + or %. It can be applied either to a type nameor to a variable. It returns the number of bytes of memory that that type or variablerequires:int n = sizeof(errors);// n set to number of bytes needed for// the variable (array) errorsint m = sizeof(Message);// m set to number of bytes needed to// store a variable of type MessageUsing such calls in your code would let you work out the number of Messages in theerrors array:cout << "Array ’errors’ :" << sizeof(errors) << endl;sizeof()

322Arrays

cout << "Data type Message :" << sizeof(Message) << endl;int numMsgs = sizeof(errors)/sizeof(Message);cout << "Number of messages is " << numMsgs << endl;But you can get this done at compile time:Message errors[] = {"Disk full","�"System error"};const int NumMsgs = sizeof(errors) / sizeof(Message);This might be convenient if you needed a second array that had to have as many entriesas the errors array:Message errors[] = {"Disk full",�};const int NumMsgs = sizeof(errors) / sizeof(Message);int err_counts[NumMsgs];11.8EXAMPLES USING ARRAYS11.8.1Letter CountsProblemThe program is to read a text file and produce a table showing the total number ofoccurrences for each of the letters a � z.This isn’t quite as futile an exercise as you think. There are some uses for suchcounts.For example, before World War 1, the encryption methods used by diplomats (andspies) were relatively naive. They used schemes that are even simpler than thesubstitution cipher that is given in the next example. In the very simplest encryptionschemes, each letter is mapped onto a cipher letter e.g. a -> p, b ->n, c->v, d->e, e->r,�. These naive substitution ciphers are still occasionally used. But they are easy tocrack as soon as you have acquired a reasonable number of coded messages.The approach to cracking substitution ciphers is based on the use of letterfrequencies. Letter ’e’ is the most common in English text; so if a fixed substitution likee->r is used, then letter ’r’ should be the most common letter in the coded text. If you

Example: Letter Counts323 tabulate the letter frequencies in the encoded messages, you can identify the highfrequency letters and try matching them with the frequently used letters. Once you haveguessed a few letters in the code, you look for patterns appearing in words and start toget ideas for other letters.More seriously, counts of the frequency of occurrence of different letters (or, moregenerally, bit pattern symbols with 8 or 16 bits) are sometimes needed in modernschemes for compressing data. The original data are analyzed to get counts for eachsymbol. These count data are sorted to get the symbols listed in order of decreasingfrequency of use. Then a compression code is made up which uses fewer bits for highfrequency symbols then it uses for low frequency symbols.Specification:1.The program is to produce a table showing the number of occurrences of thedifferent letters in text read from a file specified by the user.2.Control characters, punctuation characters, and digits are to be discarded. Uppercase characters are to be converted to lower case characters so that the final countsdo not take case into consideration.3.When all data have been read from the file, a report should be printed in thefollowing format:a: 2570, b: 436, c: 1133, d: 1203, e: 3889,f: 765, g: 640, h: 1384, i: 2301, j: 30,k: 110, l: 1296, m: 782, n: 2207, o: 2108,p: 594, q: 51, r: 1959, s: 2046, t: 2984,u: 989, v: 335, w: 350, x: 125, y: 507,z: 71,Design:The program will be something like:get user’s choice of file, open the file, if problems give upzero the countersloop until end of fileget characterif letterupdate countprint out counters in required formatAgain, some "functions" are immediately obvious. Something like "zero the counters"is a function specification; so make it a function.First iteration

324Arrays

Second iterationThe rough outline of the program now becomes:open fileprompt user for filenameread nametry opening file with that nameif fail give upinitializezero the countersprocessfilewhile not end of fileread characterif is_alphabetic(character)convert to lowerincrement its counterprintcountersline count = 0for each letter a to zprint letter and associated count in appropriate fieldsincrement line countif line count is 4 print newline and zero line countmainopen fileinitializeprocessfileprintcountersAt this stage it is necessary to decide how to organize the array of letter counts. Thearray is going to be:longlettercounts[26]We seem to need an array that you can index using a letter, e.g. lettercounts[’a’];but that isn’t going to be correct. The index is supposed to be a number. The letter ’a’interpreted as a number would be 97. If we have an ’a’, we don’t want to tryincrementing the non-existent lettercounts[97], we want to incrementlettercounts[0]. But really there is no problem here. Letters are just integers, soyou can do arithmetic operations on them. If you have a character ch in the range ’a’ to’z’ then subtracting the constant ’a’ from it will give you a number in the range 0 to 25.We still have to decide where to define the array. It could be global, filescope, or itcould belong to main(). If it is global or filescope, all routines can access the array. Ifit belongs to main(), it will have to be passed as a (reference) argument to each of theother routines. In this case, make it belong to main().Third iteration

Example: Letter Counts325

The only other point that needs further consideration is the way to handle thefilename in the "open file" routine. Users of Macs and PCs are used to "File dialog"windows popping up to let them explore around a disk and find the file that they wantto open. But you can’t call those run-time support routines from the kinds of programsthat you are currently writing. All you can do is ask the user to type in a filename.There are no problems provided that the file is in the same directory ("folder") as theprogram. In other cases the user is supposed to type in a qualified name that includesthe directory path. Most Windows users will have seen such names (e.g.c:\bc4\examples\owlexamples\proj1\main.cpp) but most Mac users will never have seenanything like "HD:C++ Examples:Autumn term:Assignment 3:main.cp". Just let theuser type in what they will; use this input in the file open call. If the name is invalid,the open operation will fail.The array used to store the filename (a local to the openfile function) should allowfor one hundred characters; this should suffice even if the user tried to enter a pathname. The file name entered by the user should be read using getline() (this isactually only necessary on the Mac, Mac file names can include spaces and so mightnot be read properly with a "cin >> character_array" style of input).The ifstream that is to look after the file had better be a filescope variable.This involves nothing more than finalising the function prototypes before we startcoding:void Openfile(void);void Initialize(int counts[]);void Processfile(int counts[]);void PrintCounters(const int counts[]);int main()and checking the libraries needed so that we remember to include the correct headerfiles:checking letters and case conversionctype.hi/oiostream.hfilesfstream.hformattingiomanip.htermination on errorstdlib.hNote the difference between the prototype for PrintCounters() and the others.PrintCounters() treats the counts array as read only; it should state this in itsprototype, hence the const. None of the functions using the array takes a countargument; in this program the array size is fixed.Fourth Iteration

326Arrays

Implementation:We might as well define a constant ALPHABETSIZE to fix the size of arrays. The"includes", filescopes, and const declaration parts of the program are then:#include <iostream.h>#include <fstream.h>#include <iomanip.h>#include <ctype.h>#include <stdlib.h>const int ALPHABETSIZE = 26;static ifstream infile;The OpenFile() routine should be useful in other programs (the prompt stringwould need to be replaced). Standard "cut and paste" editing will suffice to move thiscode to other programs; in Chapter 13 we start to look at building up our own librariesof useful functions.void Openfile(void){const int kNAMESIZE = 100;charfilename[kNAMESIZE];cout << "Enter name of file with text for letter"" frequency analysis" << endl;cin.getline(filename, kNAMESIZE-1, ’\n’);infile.open(filename, ios::in | ios::nocreate);if(!infile.good()) {cout << "Can’t open that file. Quitting." << endl;exit(1);}}The check whether the file opening was unsuccessful could have been codedif(!infile) but such shortcuts really make code harder to read the more long windedif(!infile.good()).The Initialize() function is pretty simple:void Initialize(int counts[]){// counts is supposed to be an array of// ALPHABETSIZE elementsfor(int i = 0; i< ALPHABETSIZE; i++)counts[i] = 0;Reusable OpenFile()routine

Example: Letter Counts327

}In Processfile() we need all the alphabetic characters and don’t want whitespace.It would have been sufficient to use "infile >> ch" (which would skip whitespace in thefile). However the code illustrates the use of the get() function; many relatedprograms will want to read all characters and so are likely to use get().void Processfile(int counts[]){while(!infile.eof()) {char ch;infile.get(ch);if(!isalpha(ch))continue;ch = tolower(ch);int ndx = ch - ’a’;counts[ndx]++;}infile.close();}The isalpha() function from ctype.h can be used to check for a letter. Note the useof "continue" in the loop. Probably your instructor will prefer the alternative coding:�infile.get(ch);if(isalpha(ch)) {ch = tolower(ch);int ndx = ch - ’a’;counts[ndx]++;}}It is just a matter of style.The statement:ch = tolower(ch);calls tolower() for all the alphabetic characters. You might have expected somethinglike:if(isupper(ch))ch = tolower(ch);but that is actually more expensive. Calling tolower() for a lower case letter does notharm.

328Arrays

Function PrintCounters() has a loop processing all 26 characters. The for(;;)statement illustrates some common tricks. The main index runs from ’a’ to ’z’. Thesubsidiary counter j (used for formatting lines) is defined along with the control indexi in the start up part of the loop. Variable i is an integer so cout << i would print anumber; its forced to print it as a character by the coding cout << char(i).void PrintCounters(const int counts[]){for(int i=’a’, j=0; i<=’z’; i++) {cout << char(i) << ":" << setw(5) <<counts[i-’a’] << ", ";j++;if(j == 5) { j = 0; cout << endl; }}cout << endl;}The main() function is nice and simple as all good mains should be:int main(){int lettercounts[ALPHABETSIZE];Openfile();Initialize(lettercounts);Processfile(lettercounts);PrintCounters(lettercounts);return 0;}Someone can read that code and immediately get an overall ("abstract") idea of howthis program works.11.8.2Simple encryptionProblemTwo programs are required; the first is to encrypt a clear text message, the second is todecrypt an encrypted message to get back the clear text.The encryption mechanism is a slightly enhanced version of the substitution ciphernoted in the last example. The encryption system is for messages where the clear text isencoded using the ASCII character set. A message will normally have printable textcharacters and a few control characters. The encryption scheme leaves the controlcharacters untouched but substitutes for the printable characters.Characters whose integer ASCII codes are below 32 are control characters, as is thecharacter with the code 127. We will ignore characters with codes 128 or above (these

Example: Simple encryption329 will be things like p, �, �, �, etc.). Thus, we need only process characters whose codesare in the range 32 (space) to 126 (~) inclusive. The character value will be used todetermine an index into a substitution array.The program will have an array containing the same characters in randomized order,e.g.:static int substitutions[] = {’U’, ’L’, ’d’, ’{’, ’p’, ’Q’, ’@’, ’M’,’-’, ’]’, ’O’, ’r’, ’c’, ’6’, ’^’, ’#’,’Y’, ’w’, ’W’, ’v’, ’!’, ’F’, ’b’, ’)’,’+’, ’h’, ’J’, ’f’, ’C’, ’8’, ’B’, ’7’,’.’, ’k’, ’2’, ’u’, ’Z’, ’9’, ’K’, ’o’,’3’, ’x’, ’ ’, ’\’’, ’=’, ’&’, ’N’, ’*’,’1’, ’z’, ’(’, ’‘’, ’R’, ’P’, ’:’, ’l’,’4’, ’0’, ’e’, ’$’, ’_’, ’}’, ’j’, ’t’,’?’, ’S’, ’q’, ’>’, ’;’, ’T’, ’y’, ’i’,’\\’, ’A’, ’D’, ’V’, ’5’, ’|’, ’<’, ’/’,’E’, ’g’, ’m’, ’,’, ’[’, ’H’, ’%’, ’a’,’s’, ’n’, ’I’, ’X’, ’~’, ’"’, ’G’};(Note the way of handling problem characters like the single quote character and thebackslash character.; these become \’ and \\.)You can use this to get a simple substitution cipher. Each letter of the message isconverted to an index (by subtracting 32) and the letter in the array at that location issubstituted for the original.int ch = message[i];int ndx = ch - 32;int subs = substitutions[ndx];cout << char(subs)Using this simple substitution cipher a message:Coordinate your attack with that of Colonel K.F.C. Sanders. Nosupport artillery available. Instead, you will be reinforcedby Rocket Battery 57.comes out asu//m;A<S[TUn/HmUS[[S>VUaA[\U[\S[U/yUu/5/<T5U’^K^u^U‘S<;Tm,^UUN/U,HEE/m[USm[A55TmnUS%SA5Sq5T^UUx<,[TS;cUn/HUaA55UqTUmTA<y/m>T;UqnU(/>VT[U2S[[TmnUF)^(Can you spot some of the give away patterns. The message ends with ^ and ^UUoccurs a couple of times. You might guess ^ was ’.’ and U was space. That guessLetter substitution forenciphering

330Arrays

would let you divide the text into words. You would then focus on two letter words N/,qn, etc.)You might imagine that it was unnecessary to analyze letter frequencies and spendtime trying to spot patterns. After all decrypting a message just involves looking up theencrypted letters in a "reverse substitution" table. The entry for an encrypted lettergives the original letter:’J’, ’4’, ’}’, ’/’, ’[’, ’v’, ’M’, ’K’,’R’, ’7’, ’O’, ’8’, ’s’, ’(’, ’@’,

’o’,’Y’, ’P’, ’B’, ’H’, ’X’, ’l’, ’-’, ’?’,’=’, ’E’, ’V’, ’d’, ’n’, ’L’, ’c’, ’‘’,’&’, ’i’, ’>’, ’<’, ’j’, ’p’, ’5’, ’~’,’u’, ’z’, ’:’, ’F’, ’!’, ’’’, ’N’, ’*’,’U’, ’%’, ’T’, ’a’, ’e’, ’ ’, ’k’, ’2’,’{’, ’0’, ’D’, ’t’, ’h’, ’)’, ’.’, ’\’,’S’, ’w’, ’6’, ’,’, ’"’, ’Z’, ’;’, ’q’,’9’, ’g’, ’^’, ’A’, ’W’, ’r’, ’y’, ’G’,’$’, ’b’, ’+’, ’x’, ’_’,

’C’, ’3’, ’1’,’I’, ’f’, ’Q’, ’#’, ’m’, ’]’, ’|’,(The underlined entries correspond to indices for ’u’ and ’/’, the first characters in theexample encrypted message.)If you have the original substitutions table, you can generate the reverse table:void MakeRTable(void){for(int i = 0;i < len; i++) {int tem = substitutions[i];tem -= ’ ’;rtable[tem] = i+32;}}and then use it to decrypt a message:void Decrypt(char m[]){char ch;int i = 0;while(ch = m[i]) {int t = rtable[ch - 32];cout << char(t);i++;}}Reversing the lettersubstitution process

Example: Simple encryption331

Of course, the enemy’s decryption specialist doesn’t know your original substitutiontable and so must guess the reverse table. They can fill in a guessed table, try it on themessage text, and see if the "decrypted" words were real English words.How could the enemy guess the correct table? Why not just try different possibletables? A program could easily be devised to generate the possible tables in somesystematic way, and then try them on the message; the success of the decryption couldalso be automatically checked by looking up "words" in some computerized dictionary.The difficulty there relates to the rather large number of possible tables that wouldhave to be tried. Suppose all messages used only the letters a, b, c; the enemy decrypterwould have to try the reverse substitution tables bac, bca, cba, cab, acb, (but presumablynot abc itself). If there were four letters, there would be more possibilities: abcd, abdc,acbd, acdb, �, dbca; in fact, 24 possibilities. For five letters, it is 120 possibilities.The number of possibilities is the number of different permutations of the set of letters.There are N! (i.e. factorial(N)) permutations of N distinct symbols.Because there are N! permutations to be tried, a dumb "try everything" programwould have a running time bounded by O(N!). Now, the value of N! grows ratherquickly with increasing N: NN!time scale 111 second 22 36 424 5120two minutes ago 6720 75040 840320half a day ago 9362880103628800ten weeks ago113991680012479001600136227020800more than a lifetime1487178291200151307674368000back to the stone age!162092278988800017355687428096000186402373705728000Seen any dinosaurs yet?With the letter permutations for a substitution cipher using a full character set, N isequal to 95. Any intelligence information in a message will be "stale" long before themessage is decrypted.Trying different permutations to find the correct one is impractical. But lettercounting and pattern spotting techniques are very easy. As soon as you have a fewhundred characters of encrypted messages, you can start finding the patterns. Simplecharacter substitution cipher schemes are readily broken.O(N!) !You can’t just guess,but the cipher is stillweak

332Arrays

A safer encryptionschemeA somewhat better encryption can be obtained by changing the mapping after eachletter. The index used to encode a letter is:ndx = (ch - 32 + k) % 95;the value k is incremented after each letter has been coded. (The modulo operator isused to keep the value of index in the range 0 to 94. The value for k can start at zero orat some user specified value; the amount it gets incremented can be fixed, or to makethings a bit more secure, it can change in some systematic way.) Using this scheme themessage becomes:uEgH\<[\~<OQX{^EQ@,%UF^L6dJYQGv7Y-2y!Wbb^b %e,_mjz@FuJC=ie$r&j‘:(‘‘leyx$jR40‘SAE‘APjq4eTt]X~o|,Hi;\w@LaGO{HnI#m%W@nGQ"-c"LL8Lh.,WMYrfoDr7.W.3*T\?This cipher text is a bit more secure because there aren’t any obvious repeating patternsto give the enemy cryptanalyst a starting point. Apparently, such ciphers are stillrelatively easy to break, but they aren’t trivial.Specification:1.Write a program "encrypt" and a program "decrypt" that encode and decode shortmessages. Messages are to be less than 1000 characters in length.2.The encrypt program is to prompt the user for a filename, the encrypted messagewill be written to this file.3.The encrypt program is then to loop prompting the user to enter the next line of theclear text message; the loop terminates when a blank line is entered.4.If the line is not blank, the encrypt program checks the message line just entered. Ifthe line contains control characters (apart from newline) or characters from theextended set (those with integer values > 127), a warning message should beprinted and the line should be discarded. If the addition of the line would make thetotal message exceed 1000 characters, a warning message should be printed and theprogram should terminate.5.If the line is acceptable, the characters are appended to those already in a mainmessage buffer. The newline character that ended the input line should be replacedby a space.6.When the input loop terminates, the message now held in a main message buffershould be encrypted according to the mechanism described above, the encryptedmessage is to be written to the file.

Example: Simple encryption333

7.The encrypt program is to close the file and terminate.8.The decrypt program is to prompt the user for a filename, and should then open thefile (the decrypt program terminates if the file cannot be opened).9.The message contained in the file should read and decoded character by character.The decoded message should be printed on cout. Since newlines have beenremoved during the encrypting process, the decrypt program must insert newlineswhere needed to keep the output text within page bounds.10.The two programs should share a "substitutions" array.Design:The encrypt program will be something like:Open output fileGet the messageEncrypt the messageSave message to the fileClose the filewhile the decrypt program will be:Open input fileConvert substitutions table to reverse tableDecrypt the messageThe requirement that the two programs share the same substitutions array is easilyhandled. We can have a file that contains just the definition of the initializedsubstitutions array, and #include this file in both programs.The principal "functions" are immediately obvious for both programs, but some (e.g."Getthe message") may involve additional auxiliary functions.The rough outline of the encrypt program now becomes:Open fileprompt user for filenameread nametry opening an output file with that nameif fail give upGet the messageinitialize message bufferget and check lines until the blank line is enteredadding lines to bufferFirst iterationSecond iteration

334Arrays

Encryptreplace each character in buffer by its encryptionSavewrite string to fileClosejust close the fileencrypt_mainOpen output fileGet messageEncryptSaveClosewhile the decrypt program becomes:Open fileprompt user for filenameread nametry opening an input file with that nameif fail give upMakeRTablebasics of algorithm given in problem statement, minorchanges needed to incorporate the stuff aboutthe changing offsetDecryptinitializeread first character from filewhile not end of filedecrypt characterprint charactermaybe formatting to doread next character from filedecrypt_mainOpen intput fileMakeRTableDecryptSome of these function might be "one-liners". The Close() function probably willbe just something like outfile.close();. But it is worth keeping them in as functionsrather than absorbing their code back into the main routine. The chances are that sooneror later the program will get extended and the extended version will have additionalwork to do as it closes up.

Example: Simple encryption335

The only function that looks as if it might be complex is "Get the message". It hasto read input, check input, add valid input to the buffer, check overall lengths etc. Thatis too much work for one function.The reading and checking of a single line of input can be factored out into anauxiliary routine. This main "Get the message" routine can call this "Get and checkline" from inside a loop.An input line may be bad (illegal characters), in which case the "GetMessage"controlling routine should discard it. Alternatively, an input line may be empty; anempty line should cause "GetMessage" to terminate its loop. Otherwise, GetMessagewill need to know the actual length of the input line so that it can check whether it fitsinto the buffer. As well as filling in an array of characters with input, function"GetAndCheckLine" can return an integer status flag.The "Get the message" outline above should be expanded to:GetAndCheckLineuse getline() to read a complete lineif linelength is zero (final blank input line) return 0check that all characters are "printable", if any arenot then return -1 to indicate a bad linereturn line length for a good lineGetMessageinitialize message buffer and countn = GetAndCheckLine()while n != 0if n > 0(message is valid)check if buffer can hold new line (allowfor extra space and terminating null)if buffer can’t then print warning and quitcopy message to buffer, add extra spaceand null at endn = GetAndCheckLine()The bit about "maybe formatting to do" in function Decrypt() needs to betightened up a bit. We need new lines put in before we reach column 80 (assumedwidth of the screen), but we want to avoid breaking words. The easiest way is to outputa newline if we have just output a space, and our position is already beyond column 60.At this stage it is necessary to decide how to organize data.The array with the letter substitutions will get included from its own file. The arraycan be defined at filescope. This extra file should hold other information that theencrypt and decrypt programs would share. They would both need to know the startingvalue for any ’k’ used to change the encoding of letters and the value of the incrementthat changes k. All these could be defined in the one file: "table.inc":Third iteration

336Arrays

const intkSTART = 0;

const intkINCREMENT = 1;

static int substitutions[] = {

’U’, ’L’, ’d’, ’{’, ’p’, ’Q’, ’@’, ’M’,

’-’, ’]’, ’O’, ’r’, ’c’, ’6’, ’^’, ’#’,

�’E’, ’g’, ’m’, ’,’, ’[’, ’H’, ’%’, ’a’,

’s’, ’n’, ’I’, ’X’, ’~’, ’"’, ’G’

};const int len = sizeof(substitutions) / sizeof(int);

(The development environment you use may have specific requirements regarding filenames. You want a name that indicates this file is not a header file, nor a separatelycompiled module; it simply contains some code that needs to be #included into .cp files.A suffix like ".inc" is appropriate if permitted in your environment.)The ifstream that is to look after the file in the decrypt program can be a filescopevariable as can the ofstream object used in the encrypt program. The "reverse table"used in the decrypt program can also be filescope.Other character arrays can be local automatic variables of specific routines, gettingpassed by reference if required. The encrypt program will require a character arraycapable of holding a thousand character message; this can belong to its main() and getpassed to each of the other functions. Function GetMessage() will have to define anarray long enough to hold one line (»120 characters should be plenty); this array willget passed to the function GetAndCheckLine().The Open-file functions in both programs will have local arrays to store thefilenames entered by the users. The Openfile() function from the last example shouldbe easy to adapt.This involves nothing more than finalising the function prototypes and checking thelibraries needed so that we remember to include the correct header files:

Program encrypt:void OpenOutfile(void);int GetAndCheckLine(char line[], int linelen);void GetMessage(char txt[]);void Encrypt(char m[]);void SaveToFile(const char m[]);Fourth Iteration

Example: Simple encryption337

void CloseFile(void);int main()i/oiostream.hfilesfstream.htermination on errorstdlib.hcopying stringsstring.h

Program decrypt:void OpenInputfile(void)void MakeRTable(void)void Decrypt(void)int main()i/oiostream.hfilesfstream.htermination on errorstdlib.hImplementation:The first file created might as well be "table.inc" with its character substitution table.This could simply be copied from the text above, but it would be more interesting towrite a tiny auxiliary program to create it.It is actually quite common to write extra little auxiliary programs as part of theimplementation process for a larger program. These extra programs serve as"scaffolding" for the main program as it is developed. Most often, you write programsthat produce test data. Here we can generate a substitution table.The code is simple. The table is initialized so that each character is substituted byitself! Not much security in that, the message would be copied unchanged. But afterthis initialization, the data are shuffled. There are neater ways to do this, but a simpleway is to have a loop that executes a thousand times with each cycle exchanging onerandomly chosen pair of data values. The shuffled table can then be printed.#include <iostream.h>#include <stdlib.h>const int NSYMS = 95;const int NSHUFFLES = 1000;int main(){cout << "Enter seed for random number generator" << endl;int s;"Scaffolding"

338Arrays

cin >> s;srand(s);char table[NSYMS];for(int i = 0; i < NSYMS; i++)table[i] = i + ’ ’;// shufflefor(int j = 0; j < NSHUFFLES; j++ ) {int ndx1 = rand() % NSYMS;int ndx2 = rand() % NSYMS;char temp = table[ndx1];table[ndx1] = table[ndx2];table[ndx2] = temp;}// Outputj = 0;for(i = 0; i < NSYMS; i++) {cout << "’" << table[i] << "’, ";j++;if(j == 8) { cout << endl; j = 0; }}cout << endl;return 0;}The output from this program has to be edited to deal with special characters. You haveto change ’’’ to ’\’’ and ’\’ to ’\\’. Then you can substitute the generated tableinto the outline given above for "table.inc" with its const definitions and the definitionof the array substitutions.

EncryptProgram encrypt would start with #includes for the header files describing thestandard input/output libraries etc, and a #include for the file "table.inc".#include <iostream.h>#include <fstream.h>#include <stdlib.h>#include <string.h>#include <ctype.h>#include "table.inc"

Example: Simple encryption339

#includes of systemfiles and project filesNote that the #include statements are different. The system files (the headers thatdescribe the system’s libraries like iostream) are #included with the filename in pointybrackets <�>. A project file, like table.inc, is #included with the filename in doublequotes "�". The different brackets/quotes used tell the compiler where to look for thefile. If the filename is in quotes, then it should be in the same directory as the programcode. If the filename is in <> brackets, then it will be located in some standarddirectory belonging to the development environment.Program encrypt would continue with a definition of the maximum message size,and of a variable representing the output file. Then the functions would be defined.const intkMSGSIZE = 1000;static ofstreamoutfile;void OpenOutfile(void){const int kNAMESIZE = 100;charfilename[kNAMESIZE];cout << "Enter name of message file" << endl;cin.getline(filename, kNAMESIZE-1, ’\n’);outfile.open(filename, ios::out);if(!outfile.good()) {cout << "Can’t open that file. Quitting." << endl;exit(1);}}Function OpenOutFile() is a minor variation on the Openfile() function in theprevious example.Function GetAndCheckLine() is passed the line array that should be filled in, alongwith details of its length. The line is filled using the cin.getline() call, and thelength of the text read is checked. If the length is zero, a terminating blank line hasbeen entered, so the function can return. Otherwise the for loop is executed; eachcharacter is checked using isprint() from the ctype library; returns 1 (true) if thecharacter tested is a printable character in the ASCII set. If any of the characters areunacceptable, GetAndCheckLine() returns -1 as failure indicator. If all is well, a 1success result is returned.int GetAndCheckLine(char line[], int linelen){cin.getline(line, linelen - 1, ’\n’);// Check for a line with no charactersint actuallength = strlen(line);if(actuallength == 0)

340Arraysreturn 0;// Check contents// all characters should be printable ASCIIfor(int i = 0; i< actuallength; i++)if(!isprint(line[i])) {cout << "Illegal characters," " line discarded"; return -1; }return actuallength;}Function GetMessage() is passed the array where the main message text is to bestored. This array doesn’t need to be blanked out; the text of the message will overwriteany existing contents. The message will be terminated by a null character, so if themessage is shorter than the array any extra characters at the end of the array won’t belooked at by the encryption function. Just in case no data are entered, the zerothelement is set to the null character.Function GetMessage() defines a local array to hold one line and uses a standardwhile loop to get and process data terminated by a sentinel. In this case, the sentinel isthe blank line and most of the work of handling input is delegated to the functionGetAndCheckLine().void GetMessage(char txt[]){intcount = 0;txt[count] = ’\0’;const int ll = 120;char Line[ll];int n = GetAndCheckLine(Line,ll);while(n != 0) {if(n > 0) {count += n;if(count > kMSGSIZE-2) {cout << "\n\nSorry that message is""too long. Quitting." << endl;exit(1);}strcat(txt, Line);// add the space to the end of the messagetxt[count] =’ ’;// update message lengthcount++;// and replace the null just overwrittentxt[count] = ’\0’;}n = GetAndCheckLine(Line,ll);}}

Example: Simple encryption341

Function GetMessage() is the one where bugs are most likely. The problem areawill be the code checking whether another line can be added to the array. The arraymust have sufficient space for the characters of the newline, a space, and a null.Hopefully, the checks are done correctly!It is easy to get errors where you are one out so that if you do by chance get a 999character input message you will fill in txt[1000]. Of course, there is no elementtxt[1000], so filling in a character there is an error. You change something else.Finding such bugs is difficult. They are triggered by an unusual set of data (mostmessages are either definitely shorter than or definitely longer than the allowed size)and the error action will often do nothing more than change a temporary automaticvariable that was about to be discarded anyway. Such bugs can lurk undetected in codefor years until someone makes a minor change so that the effect of the error is to changea variable that is still needed. Of course, the bug won’t show just after that change. Itstill will only occur rarely. But sometime later, it may cause the program to crash.How should you deal with such bugs?The first strategy is never to make "out by 1" errors. There is an entire research areaon "proof of program correctness" that comes up with mechanisms to check such codeand show that it is correct. This strategy is considered elegant; but it means you spend aweek proving theorems about every three line function.The second strategy is to recognize that such errors are possible, code carefully, andtest thoroughly. The testing would focus on the special cases (no message, and amessage that is just smaller than, equal to, or just greater than the maximum allowed).(To make testing easier, you might compile a version of the program with the maximummessage size set to something much smaller, e.g. 25).A final strategy (of poor repute) is to eliminate the possibility of an error causingharm in your program. Here the problem is that you might be one out on your arraysubscript and so trash some other data. OK. Make the array five elements larger butonly use the amount originally specified. You can be confident that that extra "slop" atthe end of the array will absorb any over-runs (you know you won’t be six out in yoursubscripting). Quick. Easy. Solved for your program. But remember, you are sendingthe contents of the array to some other program that has been told to deal with messageswith "up to 1000 characters". You might well surprise that program by sending 1001.The Encrypt() function is simple. If kSTART and kINCREMENT are both zero it willwork as a simple substitution cipher. If kINCREMENT is non zero, it uses the moresophisticated scheme:void Encrypt(char m[]){int k = kSTART;for(int i=0; m[i] != ’\0’; i++) {char ch = m[i];m[i] = substitutions[(ch-32 +k ) % len];k += kINCREMENT;}}Beware of "out by 1"errorsProve correctnessCode carefully andtest thoroughlyAvoid

342Arrays

Functions SaveToFile() and CloseFile() are both tiny to the point of nonexistence. But they should still both be functions because they separate out distinct,meaningful phases of the overall processing.void SaveToFile(const char m[]){outfile << m;}void CloseFile(void){outfile.close();}A good main() should be simple, little more than a sequence of function calls.Function main() declares the array msg and passes it to each of the other functions thatneeds it.int main(){char msg[kMSGSIZE];OpenOutfile();cout << "Enter text of message:" << endl;GetMessage(msg);cout << "\nEncrypting and saving." << endl;Encrypt(msg);SaveToFile(msg);CloseFile();return 0;}

DecryptProgram decrypt is a bit shorter. It doesn’t need quite as many system’s header files(reading header files does slow down the compilation process so only include those thatyou need). It #includes the table.inc file to get the chosen substitution table and detailsof the modifying kSTART and kINCREMENT values. It defines filescope variables for itsreverse table and its input file.#include <iostream.h>#include <fstream.h>#include <stdlib.h>#include "table.inc"static int rtable[len];static ifstream infile;

Example: Simple encryption343

The program has an OpenInputfile() function that is not shown here; thisfunction is similar to that in the letter counting example. Function MakeRTable()makes up the reverse substitution table from the data in the #included file with thedefinition of array substitutions. The code here is slightly different from that illustratedin the problem description. Rather than have rtable hold the character, it holds theindex number of the character. This is done to simplify the arithmetic in the Decrypt()function.void MakeRTable(void){for(int i = 0;i < len; i++) {int tem = substitutions[i];tem -= ’ ’;rtable[tem] = i;}}Function Decrypt() reads characters of the encrypted message from the file andoutputs the original message characters. Newlines are inserted at convenient points.The decryption mechanism reverses the encryption. The crypto character is looked upin the array, getting back the index of the character selected in the Encrypt() routine.This isn’t the original character from the clear text message because it will have beenoffset by the k term. So this offset is reversed. That process gives the index number ofthe original character, adding ’ ’ converts this index into the ASCII code.void Decrypt(void){int ch;int linepos = 0;int k = kSTART;ch = infile.get();while(ch != EOF) {int t = rtable[ch - 32];t -= k;while(t<0) t+= len;cout << char(t + ’ ’);if((t==0) && (linepos > 60)){ cout << endl; linepos = 0; }k += kINCREMENT;ch = infile.get();}cout << endl;}The main() routine is simply a sequence of function calls:

344Arrays

int main(){OpenInputfile();MakeRTable();Decrypt();return 0;}11.8.3Simple image processingProblemMost pictures input to computers are simply retouched, resized, recoloured, and thendisplayed or printed. But in some areas like "Artificial Intelligence" (AI), or "PatternRecognition" (PR), or "Remote Sensing", programs have to be written to interpret thedata present in the image.One simple form of processing needed in some AI and PR programs involvesfinding the outlines of objects in an image. The image data itself will consist of anarray; the elements in this array may be simple numbers in the range 0 (black) � 255(white) for a "grey scale" image, or they could be more complex values representing thecolour to be shown at each point in the image (grey scale data will be used to simplifythe example). A part of an image might be:220 220 218 216 222 220 210 10 12 10 8 �220 222 214 218 220 214 216 8 8 8 �230 228 220 220 218 216 40 8 7 �228 226 226 220 221 200 16 10 4 �220 224 218 220 220 60 10 8 5 �218 220 226 220 54 16 9 6 �215 218 220 200 22 11 8 �210 220 214 48 10 8 7 �208 216 202 12 8 4 �206 210 104 8 8 6 �208 212 164 16 8 8 �210 216 200 60 20 9 �212 220 218 200 32 8 6 �This image has a jagged "edge" running approximately diagonally leftwards to a cornerand then starting to run to the right. Its position is marked by the sudden change inintensities.Finding and tracing edges is a little too elaborate to try at this stage. But a relatedsimpler task can be performed. It is sometimes useful to know which row had thelargest difference in intensities in successive columns (need to know row, column

Example: Simple image processing345 number of first of column pair, and intensity difference) and, similarly, which columnhad the largest difference between successive rows.These calculations involve just searches through the array considering either rows orcolumns. If searching the rows, then for each row you find the largest differencebetween successive column entries and compare this with the largest difference foundin earlier rows. If you find a larger value, you update your records of where themaximum difference occurred.The searches over the rows and over the columns can be handled by rather similarfunctions — a ScanRows() function and a ScanCols() function. The functions getpassed the image data. They initialize a record of "maximum difference" to zero, andthen use a nested double loop to search the array.There is one slightly odd aspect to these functions — they need to return three datavalues. Functions usually compute a value i.e. a single number. But here we need threenumbers: row position, column position, and maximum intensity difference. So, thereis a slight problem.Later (Chapters 16 and 17) we introduce struct types. You can define a structthat groups together related data elements, like these three integer values (they don’treally have independent meaning, these value belong together as a group). A functioncan return a struct, and that would be the best solution to the current problem.However, there is an alternative approach that, although not the best, can be usedhere. This mechanism is required in many other slightly more elaborate problems thatwill come up later. This approach makes the functions ScanRows() and ScanCols()into procedures (i.e. void return type) and uses "reference" arguments to communicatethe results.As explained in section 11.4, arrays are always "passed by reference". The callingfunction places the address of the start of the array in the stack. The called functiontakes this address from the stack and places it in one of the CPU’s address registers.When the called function needs to access an element of an array, it uses the contents ofthis address register while working out where required data are in memory. The datavalue is then fetched and used, or a new value is stored at the identified location.Simple types, like integers and doubles, are usually passed by value. However, youcan request the "pass by reference" mechanism. If you specify pass by reference, thecalling function places details of the address of the variable in the stack (instead of itsvalue). The called function, knowing that it is being given an address, can proceed inmuch the same way as it does when passed an array. Its code arranges to load theaddress of the argument into an address register. When the argument’s value is neededthe function uses this address register to help find the data (just like accessing arraysexcept that there is no need to add on an "index" value).Since the function "knows" where the original data variables are located in memory,it can change them. This makes it possible to have a function that "returns" more thanone result. A function can have any number of "reference" arguments. As it runs, itcan change the values in those variables that were passed by the calling function. Whenthe function finishes, its local stack variables all disappear, but the changes it made toMultiple results froma functionPass by referenceagainSimple types asreference arguments

346Arrays

the caller’s variable remain in effect. So, by changing the values of several referencearguments, a function can "return" several values.When you define the function prototype, you chose whether it uses pass by value orpass by reference for simple variables (and for structs). If don’t specify anything, youget pass by value. If you want pass by reference you write something like:void MultiResultFunction(int& ncount, double& dmax);Here, & is used as a qualifier that turns a simple type, e.g. int, into a "referencetype", e.g. int&. Apart from a few very rare exceptions, the only place you will seevariables of reference types being declared is in function prototypes.In the C++ source code for MultiResultFunction(), the reference variable ncountand dmax will be treated just like any other int and double variables:void MultiResultFunction(int& ncount, double& dmax){int m, d;cout << "Current count is " << ncount << endl;�cin >> �;�ncount += 2;�dmax = 0;cin >> d;�dmax = (d > dmax) ? d : dmax;return;}Because ncount and dmax are references, the compiler generates instructions fordealing with them that differ from those used to access ordinary variables like m and d.The compiler "knows" that the value in the reference variables are essentially addressesdefining where to find the data. Consequently, the generated machine code is always ofthe form "load address register from reference variable, use address register’s contentswhen accessing memory to get data value, use data value, (store back into memory atplace specified by contents of address register)".Variables passed by values are sometimes referred to as "input parameters"; theyprovide input to a function but they allow only one way communication. Referencevariables allow two way communication. The function can use the values already inthese variable (as above where the value of ncount is printed) or ignore the initialvalues (as with dmax in the code fragment above). Of course they allow output from afunction — that was why we introduced them. So here, ncount is an "input output" (or"value result") parameter while dmax is an output (or "result") parameter.There are some languages where the "function prototypes" specify whether areference argument is an output (result) or an input-output (value result) parameter.Specifying pass byreferenceReference typesInput, output, andinput-outputparameters

Example: Simple image processing347

C++ does not have any way of indicating this; but this kind of information should formpart of a function’s description in the program design documentation.When passing arrays, we sometimes used const to indicate that the function treatedthe array as "read only" (i.e. the array was an "input parameter"), so why is thefollowing inappropriate?void Testfunction(const int& n){�}This is legal, but it is so much simpler to give Testfunction() its own copy of asimple variable like an int. The following would be much more appropriate:void Testfunction(int n){�}When we get to structs, we will find that these can be passed by value or byreference. Passing a struct by value means that you must make a copy. As this copyingprocess may be expensive, structs are often passed by reference even when they are"input parameters". In such circumstances, it is again appropriate to use the constqualifier to flag the role of the argument.Now, to return to the original problem of the image processing program, we canachieve the required multi-result functions ScanRows() and ScanCols() by usingpass by reference. These functions will be given the image data as const arrayargument along with three integers that will be passed by reference (these will be"output" or "result" arguments because their initial values don’t matter).Specification:1.Write a program that will analyze "image data" to identify the row with themaximum difference in intensity between successive columns, and the column withthe maximum difference in intensity between successive rows.2.For the purposes of this program, an image is a rectangular array of 40 rows and 50columns. The intensity data can be encoded as short integers (or as unsigned shortintegers as all data values should be positive).3.The program is to prompt the user for a filename; the image data will be read fromthis file. The file will contain 2000 numbers; the first 50 values represent row 0,the next 50 represent row 1 and so forth. The image data can be assumed to be"correct"; there will be 2000 numbers in the file, all numbers will be positive and in

348Arrays

a limited range. The format will have integer values separated by spaces andnewlines.4.The program is identify the positions of maximum difference and print details inthe following style:The maximum difference in a row occurred in row 7between column 8 and column 9, where the difference was 156The maximum difference in a column occurred in column 8between row 3 and row 4, where the difference was 60Design:The program will be something like:Open input file and load image from fileCheck rows for maximumPrint row detailsCheck columns for maximumPrint column detailsA program with three functions — LoadImage(), ScanRows(), and ScanColumns() —along with main() seems appropriate. The output statements should be simple and canbe handled in main() rather than made into separate output routines.The specification essentially guarantees that the input will be valid, so there will beno need to check the data read. Provided the file can be opened, a double for loopshould be able to read the data. The array size, and loop limits, should be defined byconst data elements; that will make things easier to change (and to test, using and asmall array 8x10 rather than 40x50).The ScanRows() and ScanCols() will have very similar structures. They have toinitialize the "maximum difference" to zero (and the position to 0, 0). Then there willbe an outer loop over the number of rows (columns) and an inner loop that will run toone less than the number of columns (rows). In order to find a difference, this innerloop has to compare elements ’[0]’ to ’[N-2]’ with elements ’[1]’ to ’[N-1]’. Thestructure for both these routines will be something like the following (using rows forthis example):scaninitialize max_difference, row, col all to zerofor row 0 to maxrows - 1 dofor col = 0 to maxcols -2 dodifference = image[row][col+1] -image[row][col]difference = abs (difference);if( difference > max_difference)replace max_difference, row, colFirst iterationSecond iteration

Example: Simple image processing349

As this is a simple problem, we have already finished most of the design. work. Allthat remains is deciding on data representations and function prototypes.Here it seems worth while using a "typedef" to introduce the name Image as namefor a two dimensional array of short integers:const int kROWS = 40;const int kCOLS = 50;typedef short Image[kROWS][kCOLS];This will make the function prototypes a little clearer — we can specify an Image as anargument.The program only needs one Image. This Image could be made a filescope variablebut it is generally better style to have it defined as local to main() and arrange that it ispassed to the other functions. (It doesn’t make much difference in this simple program;but eventually you might need to generalize and have more than one Image. Then youwould find it much more convenient if the ScanRows() and ScanCols() functionsused an argument to identify the Image that is to be processed.)Following these decisions, the function prototypes become:void LoadImage(Image picy);void ScanRows(const Image picy, int& row, int& col, int& delta)void ScanCols(const Image picy, int& row, int& col, int& delta)int main();Obviously LoadImage() changes the Image belonging to main(); the "scan" functionsshould treat the image as read-only data and so define it as const.The two scan functions have three "reference to integer" (int&) arguments asexplained in the problem introduction.The header files will just be iostream and fstream for the file input, and stdlib(needed for exit() which will be called if get an open failure on the image file).Implementation:There is little of note in the implementation. As always, the program starts with the#includes that load the header files that describe the library functions employed; thenthere are const and typedef declarations:#include <iostream.h>#include <fstream.h>Third iteration"Type Image"Function prototypes

350Arrays

#include <stdlib.h>const int kROWS = 40;const int kCOLS = 50;typedef short Image[kROWS][kCOLS];In this example, the file opening and input of data are all handled by the sameroutine so it has the ifstream object as a local variable:void LoadImage(Image picy){const int kNAMESIZE = 100;charfilename[kNAMESIZE];cout << "Enter name of image file" << endl;cin.getline(filename, kNAMESIZE-1, ’\n’);ifstream infile;infile.open(filename, ios::in | ios::nocreate);if(!infile.good()) {cout << "Couldn’t open file." << endl;exit(1);}for(int i = 0; i < kROWS; i++)for(int j = 0; j < kCOLS; j++)infile >> picy[i][j];infile.close();}Generally, one would need checks on the data input. (Checks such as "Are all values inthe specified 0�255 range? Have we hit the end of file before getting all the valuesneeded?".) Here the specification said that no checks are needed.The input routine would need to be changed slightly if you decided to save space bymaking Image an array of unsigned char. The restricted range of intensity valueswould make it possible to use an unsigned char to represent each intensity value andthis would halve the storage required. If you did make that change, the input routinewould have to use a temporary integer variable: { unsigned short temp; infile>> temp; picy[i][j] = temp; }. If you tried to read into an "unsigned char"array, using infile >> picy[i][j];, then individual (non-blank) characters would beread and interpreted as the intensity values to initialize array elements!The ScanRows() function is:void ScanRows(const Image picy, int& row, int& col, int& delta){delta = 0;row = 0;

Example: Simple image processing351

col = 0;for(int r = 0; r < kROWS; r++)for(int c = 0; c < kCOLS-1; c++) {int d = picy[r][c+1] - picy[r][c];d = fabs(d);if(d>delta) {delta = d;row = r;col = c;}}}Function ScanCols() is very similar. It just switches the roles of row and column.Apart from the function calls, most of main() consists of output statements:int main(){intmaxrow, maxcol, maxdiff;Image thePicture;LoadImage(thePicture);cout << "Image loaded" << endl;ScanRows(thePicture, maxrow, maxcol, maxdiff);cout << "The maximum difference in a row occurred in row "<< maxrow<< "\n\tbetween column " << maxcol<< " and column " << (maxcol+1)<< ", where the difference was "<< maxdiff << endl;ScanCols(thePicture, maxrow, maxcol, maxdiff);cout << "The maximum difference in a column occurred in""column " << maxcol<< "\n\tbetween row " << maxrow<< " and row " << (maxrow+1)<< ", where the difference was "<< maxdiff << endl;return 0;}You would have to test this program on known test data before trying it with a realimage! The values of the consts kROWS and kCOLS can be changed to somethingmuch smaller and an artificial image file with known data values can be composed. Asnoted in the previous example, it is often necessary to build such "scaffolding" ofauxiliary test programs and test data files when developing a major project.

352Arrays

EXERCISES1The sending of encrypted text between parties often attracts attention — "What do they want tohide?"!If the correspondents have a legitimate reason for being in communication, they can proceedmore subtly. Rather than have M. Jones send K. Enever the message’q%V"Q \IH,n,h^ps%Wr"XX)d6J{cM6M.bWu6rhobh7!W.NZ..Cf8qlK7.1_’Zt2:q)PP::N_jV{j_XE8_i\$DaK>yS(i.e. "Kathy Darling, the wife is going to her mother tonight, meet me at Spooners 6pm,Kisses Mike")this secret message can be embedded in a longer carrier message that appears to be part of amore legitimate form of correspondence. No one is going to look twice at the following itemof electronic mail:From: M. JonesTo: K. EnverRe: Report on Library committee meeting.Hi Kate, could you please check this rough draft report that I’ve typed; hopeyou can call me back today if you have any problems.--------Meeting of the

Kibrary Committee, Tuesday Aug ast 15th,Present: D. Ankers, R t Bailey, J.P. Cauroma, �Letters from the secret message are substituted for letters in the body of the original (theunderlines shown above mark the substitutions, of course the underlining would not really bepresent). Obviously, you want to avoid any regularity in the pattern of "typing errors" so theembedding is done using a random number generator.The random number generator is first seeded (the seed is chosen by agreement betweenthe correspondents and then set each time the program is run). The program then loopsprocessing characters from the carrier message and characters from the secret text. In theseloops, a call is first made to the random number generator — e.g. n = (rand() % IFREQ)+ 3;, the value obtained is the number of characters from the carrier message that should becopied unchanged; the next character from the secret text is then substituted for the nextcharacter of the carrier text. The value for IFREQ should be largish (e.g. 50) because youdon’t want too many "typing errors". Of course, the length of the carrier text has to besignificantly greater than (IFREQ/2) times the secret text. "Encrypting" has to beabandoned if the carrier text is too short (you’ve been left with secret text characters but havehit end of file on the carrier). If the carrier is longer, just substitute a random letter at the nextpoint where a secret text letter is required (you wouldn’t want the apparent typing accuracy to

Example: Simple image processing353

suddenly change). These extra random characters don’t matter; the message will just come toan end with something like "Kisses MikePrzyqhn Tuaoa". You can rely on an intelligentcorrespondent who will stop reading at the point where the extracted secret text no longermakes sense.Write the programs needed by your good fiends Mike and Kate.The "encrypting" program is to take as input:an integer seed for the random number generator,the message (allow them a maximum of 200 characters),the name of the file containing the original carrier text,the name of the file that is to contain the adjusted text.The encrypting program should print a warning "Bad File" if the carrier text is too short toembed the secret text; otherwise there should be no output to the screen.The "decrypting" program is to take as input:an integer seed for the random number generator,the name of the file containing the incoming message,it should extract the characters of the secret text and output them on cout.2.Change the encrypt and decrypt programs so that instead of sharing a fixed substitutionstable, they incorporate code from the auxiliary program that generates the table.The modified programs should start by prompting for three small positive integers.Two of these define values for variables that replace kSTART and kINCREMENT. The thirdserves as the seed for the random number generator that is used to create thesubstitutions table.3.Write a program that will lookup up details of distances and travel times for journeysbetween pairs of cities.The program is to use a pair of initialized arrays to store the required data, one array tohodl distances, the other travel times. For example, if you had just three cities, you mighthave a distances array like:const int NCITIES = 3;const double distances[NCITIES][NCITIES] = {{ 0.0, 250.0, 710.0 },{ 250.0, 0.0, 525.0 },{ 710.0, 525.0, 0.0 }};with a similar array for travel times.The program is to prompt the user to enter numbers identifying the cities of interest, e.g.Select starting city:1) London,2) Paris,3) VeniceCIty Number :Given a pair of city identification numbers, the program prints the details of distanceand travel time. (Remember, users generally prefer numbering schemes that start at 1 rather

354Arrays

than 0; convert from the users’ numbering scheme to an internal numbering suitable for zerobased arrays.)You should plan to use several functions. The city names should also be stored in anarray.4.The arrays of distance and travel time in exercise 3 are both symmetric about the diagonal.You can halve the data storage needed by using a single array. The entries above thediagnoal represent distances, those below the diagonal represent travel times.Rewrite a solution to assignment 3 so as to exploit a single travel-data array.