The Development of Set-Theoretic Analysis Toolsfor MacintoshPeter CastineWildganssteig 28D-13503 Berlin, Germanypcastine@mvax.kgw.tu-berlin.deABSTRACT: The Contemporary Music Analysis Package (CMAP) is a set of programs to assist theo-rists and composers in using set theory for analysis and composition. Originally implemented for theUnix operating system, CMAP provides the experienced user with a comprehensive set of tools for cal-culating set class membership, row matrices and partitions, set relations, and other information.Interest in making these tools available for other computer systems has been great. However, develop-ing a version of CMAP for Macintosh has proved to be a challenge, due to the inherent differencesbetween character-based and graphic user interfaces. At the same time, the Macintosh system soft-ware has facilitated the implementation of several features into CMAP that were not included in theoriginal Unix version.KEYWORDS: Set Theory, Computer, Programming, Unix, Macintosh.

BackgroundSet-theoretic musical analysis, as described by Babbitt, Forte, Rahn, and many other writers, is a promis-ing field for the development of computer-based tools. Most of the methods described in the literature aretime-consuming and error-prone when done by hand. The relationships discussed in set-theoretic analysisare difficult (at best) to distinguish by ear, so that the audition of a piece of music is a less reliable meansof checking the accuracy of a given analysis than, for instance, analyses of functional harmony. In addi-tion, the convention of using decimal or hexadecimal numbering of pitch classes, introduced to provide anotation that would better lend itself to the more-or-less mathematical language used in the literature ofset theory, is an extra step in the analysis process that is not free from error.There are a number of computer-based tools available to aid in set-theoretic analysis. An extensive collec-tion of tools is provided in the �Contemporary Music Analysis Package� (CMAP). CMAP provides func-tions to analyze and manipulate pitch class sets and pitch class rows, including calculation of interval,invariance, and adjacent interval vectors, analysis of set complex relations, and calculation of invariancerelations among set class and in pitch class rows.CMAP under UnixThe original version of CMAP was developed by Craig Harris and Alexander Brinkman between 1985 and1987. CMAP was originally developed for the Unix operating system, and many characteristics of theCMAP package reflect this heritage, in particular, dependence upon the piping of filter programs and theuse of Unix shell scripts for providing a flexible set of analysis tools to the experienced Unix user.Furthermore, a �C� function library is included with the CMAP package. This provides users with accessto the data structures used by CMAP and tools for manipulating CMAP�s internal database.CMAP was soon ported to run under MS-DOS. The MS-DOS version is essentially identical to the Unixversion and provides access to the same set of tools. The batch programming language provided underMS-DOS, although less powerful than the Unix scripting language, still provides sufficient flexibilityfor the experienced user to adapt CMAP to his purposes.Functions of CMAPThe basic CMAP package consists of 29 separate programs used for the analysis of pitch class sets.Without cataloguing the entire repertoire of CMAP programs, I hope to give an impression of the range

% getset 439a4583a 9283 4-15 8-28 b5a9b0

SETNAME Z-SET M-SET IC VECTOR INV VECTOR ORDER CYCLE

------- ----- ----- --------- ---------- ----- ----------

6-6 z38 m38 [421242] (11000011) {012567} <113115>

4-9 z0 m 9 [200022] (22226666) {0167} <1515>

4-15 z29 m29 [111111] (10000331) {0146} <1326>

8-28 z0 m28 [448444] (44440000) {0134679a} <12121212>

5-5 z0 m14 [321121] (10000111) {01237} <11145>

% prime type set: 439a4583a

34589a = t3p( 6-6) {012567} 38 38 421242 77 11000011 113115 type pc set: 9283

2389 = t2p( 4-9) {0167} 9 0 200022 43 22226666 1515 type pc set: 4-15

0146 = t0p(4-15) {0146} 29 29 111111 77 10000331 1326

Figure 1: CMAP output for the programs getset and prime. In this, and in all following displays ofCMAP output, data entered by the user is shown in bold face. Both programs display the set class andits normal order, the Z-related and M-related sets, and the interval class, invariance, and adjacentinterval vectors of the sets entered. Additionally, prime shows the twelve-tone operation used to mapthe normal order of the set class to the set entered.of different functions available to the user.Perhaps the most central programs are getset and prime. Both programs are used to enter either arbitrarycollections of pitch classes or set class names. The programs display the set class name, the M-related andZ-related sets, the interval class, invariance, and adjacent interval vectors, and the prime forms of all setsentered. There are two differences between these programs. Prime is an interactive program used to ana-lyze sets. Getset, on the other hand, will process all sets entered on the command line or, alternately, willgenerate all set classes of a given cardinality. In either case, getset also provides options for testing setsfor properties of the interval vector and invariance. For instance, you can ask getset to list all set classesof cardinality four that contain all six interval classes exactly once.1Further programs are available for processing sets. In every case, the sets to be processed are entered onthe command line. The programs complement, intersect, union, setdif, and symdif do what one wouldexpect. Several programs calculate twelve-tone operations: transpose can do more than what its namesuggests�it can also apply inversion, M5 and M7 operations to operands specified on the command line;rowop performs the same operations (with the addition of retrogression) on ordered pc sets; and a thirdprogram, pcmap, has the primary function of calculating the mapping of each pitch class in the originalset to its pendant in the set resulting from the twelve-tone operation invoked.One of the more time-consuming activities in set theory is calculating row matrices. CMAP providestwo functions for this activity. The first, matrix, will print out a standard twelve-tone row matrix and amatrix of order number specifying the position of each pitch class in the original row. The second,imatrix, generates invariance matrices as developed by Bo Alphonce [1974], which are useful for findinginvariant properties of a pitch class row.Four further programs operate on pitch class rows. Rowstruct will calculate all rows of a given cardinal-ity imbricated in a given row, and rotarray will calculate rotational arrays as described by John Rogers[1968]. Rotarray will also calculate the set class for each vertical combination of pitch classes generated.The rowcomb program is similar in function to rotarray, however, the options provided are slightly dif-ferent. Finally, the partition program will find all occurrences of a given set class in an ordered pc set.Set complex relationships2 are even more tedious to calculate than row matrices. The program kh does allthe dirty work. The user simply needs to type in all the set classes to analyze in the command line; the

% intersect 91827 ab90a92 set 1 = 12789 set 2 = 029ab intersection = {29}

NORMAL ORDER TTO NAME PRIME FORM M Z IC VECTOR INV VECTOR CINT

============ === ==== ============ == == ========= ========== ======

92 = t9p( 2-5) 05 1 0 000010 11009988 57

% matrix -t ab6328715904

Row:[a b 6 3 2 8 7 1 5 9 0 4 ]

Pitch Class Numbers Order Numbers a b 6 3 2 8 7 1 5 9 0 4 0 1 2 3 4 5 6 7 8 9 a b

9 a 5 2 1 7 6 0 4 8 b 3 9 0 8 4 7 6 2 a b 5 1 3

2 3 a 7 6 0 b 5 9 1 4 8 4 3 0 6 2 a 1 8 9 7 b 5

5 6 1 a 9 3 2 8 0 4 7 b 8 2 7 0 9 3 4 5 a b 6 1

6 7 2 b a 4 3 9 1 5 8 0 2 6 4 1 0 b 3 9 7 8 5 a

0 1 8 5 4 a 9 3 7 b 2 6 a 7 5 8 b 0 9 3 6 1 4 2

1 2 9 6 5 b a 4 8 0 3 7 7 4 9 2 8 1 0 b 5 a 3 6

7 8 3 0 b 5 4 a 2 6 9 1 6 5 3 a 1 8 b 0 4 2 9 7

3 4 b 8 7 1 0 6 a 2 5 9 3 b 1 5 6 7 a 2 0 4 8 9 b 0 7 4 3 9 8 2 6 a 1 5 1 a 6 b 3 9 5 4 2 0 7 8

8 9 4 1 0 6 5 b 3 7 a 2 5 9 b 7 a 2 8 1 3 6 0 4

4 5 0 9 8 2 1 7 b 3 6 a b 8 a 9 5 4 7 6 1 3 2 0

Figure 2: CMAP output for the programs intersect and matrix. The output of the programs union, setdif,and symdif is similar to that of intersect. Matrix has an option for printing conventional note names, butinput is limited to hexadecimal integers.program prints out a table of all K, Kh, and K* relations.Several programs are available for calculating other similarity relations between a set and itself (setmap)or between two different sets (subset). Setmap takes all transpositions of a set, as well as transpositionunder inversion, M5, and M7. It then calculates the number of pitch classes common to both versions ofthe set, and the set class of the intersection. Additionally, several special relations (invariance, invariancewith the complement, or an Rp relation3 between the two versions) are flagged. Subset provides essen-tially the same information for two different sets.Strengths and LimitationsFor all the richness of functionality described here, there are still some things the CMAP package cannotdo, at least not without the intervention of the Unix operating system. One (relatively trivial) examplewould be to test set classes for, say, interval vectors with at least two minor second but no tritoni. Or,we might want to know which trichords included in set class 4-12 can be constructed from the intersec-tion of the prime form of 4-12 and the set resulting from any twelve-tone operation applied to the primeform, and which contain at least one minor third and map into their complement under the M5-relation atleast three times.4For these, and similar tasks, CMAP makes use of the Unix concept of filters and pipes, as well as thefacility for writing shell scripts. As an example, to solve the second problem posed above, the followingUnix script will provide the desired result:setmap 4-12 |grep rp |no >pcfilegetset -t3g0 -xcmg2 ’cat pcfile’This script makes use of the standard Unix filter grep to find those lines produced by setmap that contain

GETSET

Usage: getset [-ivozmca] [-s] [-tx(q)e(#)] (pitch classes) (cardinality)

Options:

i: print interval class v: print invariance vector o: print normal order z: print Z-set m: print M-set c: print adjacent interval array a: print all information (default) s: print sets of the following cardinality t: test for interval class vector

(-t)#r#: interval class, relation(elg), frequency e#: test ic vector for presence of ic # (a: all interval test) x: test for invariance vector

(-x)wxyz: invariance class ((s)elf, (c)omplement), operator (t,i,m,w), relation(elg), frequency xq: test for invariance vector, query

Figure 3: On screen help provided for the program getset.exactly three of the pitch classes in the prime form of set class 4-12. These are subsequently pipedthrough the CMAP filter no, which removes all information from each line except for the pitch classes.This information is stored in a file named pcfile. Finally, getset is invoked with the appropriate optionsfor testing the desired features of the interval vector and of invariance.This flexibility has its price. The user who wants to use CMAP to its fullest must be comfortable withprogramming shell scripts, and with the Unix concept of filters. Although these are not particularly diffi-cult to learn, they do go beyond the training that most musicians experience. And, CMAP resemblesmany other Unix-based software packages, in that many of the programs feature a long list of optionsabbreviated to one letter, which are difficult to memorize and tedious to look up in the documentation.Some other limitations are set by the assumption that an ANSI terminal is being used. For instance,pitch class matrices are effectively limited to fifteen-tone rows: longer rows will not fit on an eighty-col-umn line and wrap over onto the following line. Invariance matrices (which may be based on two differ-ent pc rows) are normally �limited� by the imatrix program to 300 pitch classes vertically. However,since the user cannot scroll, no row with more than about twenty pitch classes can be usefully displayedon screen.Finally, there is the question of how many musicians have a Unix machine at home or in their office.Although this aspect has been alleviated by the fact that CMAP is also available for MS-DOS, the factremains that the majority of musicians who own (or have access to) a computer, use Macintoshes.CMAP for MacintoshA version of CMAP is currently under development for the Apple Macintosh. There were two primaryconcerns during the design stage of the CMAP for Macintosh project: how to incorporate the functionsprovided by CMAP in a unified, �Macintosh-like� user interface, and how to provide the flexibilityoffered by Unix scripts under an operating system that did not provide a scripting language.The Analysis ScratchpadMost functions of CMAP on the Macintosh are available through an Analysis Scratchpad. This is awindow in which pitch class combinations can be entered, analyzed, and transformed. Set information isdisplayed in analysis lines, which show the set class name, prime form, interval vector, invariance vec-

tures is reasonably rich, but a long list in the middle of a dialog box looked just ugly.7A horizontal orientation for the cardinalities seemed to fit better into dialog boxes, since these are usuallywider than they are high. Placing the cardinalities in two rows provides a more compact and attractive dis-play, but selecting ranges of cardinalities with standard list selection techniques is not as convenient asone might wish. As one example, selecting cardinalities three to nine requires the use of at least two sep-arate mouse gestures: dragging from three to six with the shift key depressed, then dragging from seven tonine with the command key depressed. (Other combinations are possible, but each requires at least twomouse actions.)Considering the importance of complementary set cardinalities led to the idea of placing complementaryvalues vertically next to each other. However, hexachords are their own complements, and the aggregate�scomplement, the empty set, is not a valid selection. For this reason, cardinalities six and twelve are dis-played at the right of the list, and fill both rows of the Cardinality Chooser. The configuration displayedin the Generate Sets dialog (bottom right of Figure 5) was the result of these deliberations. To select car-dinalities three to nine with this configuration, drag with the command key depressed from the three tothe six and continue along the lower half of the Cardinality Chooser to the nine. The display looks essen-tially like a list, and the behavior and repertoire of mouse actions are the same as those provided by stan-dard lists.The only sure way to evaluate the effectiveness of a new interface element is through user testing.Preliminary user testing has not turned up any difficulty with this variation on list selection. A finalevaluation, however, of the Cardinality Chooser will have to await more thorough testing.A Note on ImplementationAll versions of CMAP are conceived as tools for interactive analysis, and this is particularly true of theMacintosh version. To provide a fast and efficient implementation of the various software tools, adatabase of set class information is stored in an extremely compact form that remains resident in memory.This data base is called the Set Class Table. All sets are stored as bit vectors. This limits memory usageto a minimum and allows for the implementation of particularly efficient algorithms for all operations.The use of bit vectors and a memory resident Set Class Table is common to all CMAP implementationsand was first documented in [Harris and Brinkman 1986].8 In the Macintosh version, a further speedoptimization was implemented by building a compact index into the Set Class Table. The cost, in termsof additional memory requirements, is extremely modest, and was balanced by a slightly more space effi-cient representation of the Set Class Table than the implementation used in the Unix version.ConclusionsThe Macintosh version of CMAP unifies a collection of about thirty separate programs into one coherentpackage, providing a comprehensive set of tools for set-theoretic analysis. Priority has been given toimplementing fast algorithms using compact data representations. A further goal was to provide the sameflexibility found in the Unix version under an operation system that did not support scripting.BibliographyAlphonce, Bo Harry (1974)�The Invariance Matrix.� Ph.D. diss. Yale University.Apple Computer Inc. (1987)Human Interface Guidelines: The Apple Desktop Interface. Reading, MA, Addison-WesleyPublishing Co.Forte, Allen (1964)�A Theory of Set-Complexes for Music.� JMT 8(2): pp. 136-183.

Forte, Allen (1973)The Structure of Atonal Music. New Haven, Conn., Yale University Press.Harris, Craig R. and Aleander R. Brinkman (1986)�A unified set of software tools for computer-assisted set-theoretic and serial analysis of contemporarymusic.� In Proc. International Computer Music Conference 1986, P. Berg, Ed. pp. 331-336.International Computer Music Association.Rogers, John (1968)�Some properties of non-duplicating rotational arrays.� PNM 7(1): pp. 80-102.Notes1Strictly speaking, getset will look for all sets that contain each of the six interval classes at lest onetime, but with tetrachords this amounts to the same thing.2The Set Complex relations K, Kh, and K* are defined in [Forte 1964; 1973].3The Rp relation, as defined in [Forte 1973], is actually only defined between set classes, whereas it isapplied in the setmap program to different representatives of one set class. The extension of the defini-tion made in CMAP matches Forte�s adjectival phrase �strongly represented,� which is used frequentlyin his discussion of the R-relations.4This, admittedly extreme, example is taken from the tutorial included in the CMAP documentation.5The name �Set Class Relations� would be a more precise title, but was rejected as too long-winded.6Conventional staff notation will be supported in a future version of CMAP for Macintosh.7Cf. [Apple 1987] for a discussion of the relevance of �Aesthetic Integrity� to software design.8Note that similar techniques had already been used at least as soon as the early seventies. (Cf.[Alphonce 1974])