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Chapter 1IntrodutionBuDDy is a Binary Deision Diagram pakage that provides all of the most used funtionsfor manipulating BDDs. The pakage also inludes funtions for integer arithmetis suhas addition and relational operators.BuDDy started as a tehnology transfer projet between the Tehnial University ofDenmark and Bann Visualstate. The later is now using the tehniques from BuDDy intheir software. See www.visualstate.om.This manual desribes only the interfae to BuDDy, not the underlying theory of BDDs.More information about that an be found in Henrik Reif Andersen's \An IntrodutionTo Binary Deision Diagrams" whih is supplied with the BuDDY distribution. Evenmore information an of ourse be found in the original papers by Bryant, Rudell andBrae [1, 3, 2, 4℄1.1 AknowledgementsThanks to the following people for new ideas, bug hunts and lots of disussions: GerdBehrmann, Henrik Reif Andersen, Ken Larsen, Jaob Lihtenberg, Poul Williams, NikolajBjorner, Alan Mishhenko, Henrik Hulgaard, and Malte Helmert.
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Chapter 2Users Guide2.1 Getting BuDDyBuDDy an be found on the server http://www.itu.dk/researh/buddy.2.2 Installing1. Edit the �le "on�g" to speify your ompiler and install options.2. Type make to make the binary.3. Type make install to opy the BDD �les to their appropriate diretories4. Type make examples to make the examples2.3 CompilingThis is rather simple. Just inform the ompiler of where the binaries and inlude �les areinstalled. With Gnu C this is done with the -I and -L options. Assuming that the binarylibrary libbdd.a is installed in /usr/loal/lib and the inlude �le bdd.h is installed in/usr/loal/inlude, then the ompile ommand should be -I/usr/loal/inlude myfile. -o myfile -L/usr/inlude/lib -lbddIf the above diretories are inluded in your searh path already, then you might be ableto redue the ommand to myfile. -o myfile -lbdd2.4 Programming with BuDDyFirst of all a program needs to all bdd init(nodenum,ahesize) to initialize the BDDpakage. The nodenum parameter sets the initial number of BDD nodes and ahesizesets the size of the ahes used for the BDD operators (not the unique node table). Theseahes are used for bdd apply anmong others.Good initial values are
3



Example nodenum ahesizeSmall test examples 1000 100Small examples 10000 1000Medium sized examples 100000 10000Large examples 1000000 variableToo few nodes will only result in redued performane as this inreases the number ofgarbage olletions needed. If the pakage needs more nodes, then it will automatiallyinrease the size of the node table. Use bdd setminfreenodes to hange the parameters forwhen this is done and use bdd setaheratio to enable dynamial resizing of the operatorahes. You may also use the funtion bdd setmaxinrease to adjust how BuDDy resizesthe node table.After the initialization a all must be done to bdd setvarnum to de�ne how manyvariables to use in this session. This number may be inreased later on either by alls tobdd setvarnum or to bdd extvarnum.The atomi funtions for getting new BDD nodes are bdd ithvar(i) and bdd nithvar(i)whih returns referenes to BDD nodes of the form (vi; 0; 1) and (vi; 1; 0). The nodes on-struted in this way orresponds to the positive and negative versions of a single variable.Initially the variable order is v0 < v1 < : : : < vn�1 < vn.The BDDs returned from bdd ithvar(i) an then be used to form new BDDs byalling bdd apply(a,b,op) where op may be bddop and or any of the other operatorsde�ned in bdd.h. The apply funtion performs the binary operation indiated by op. Usebdd not to negate a BDD. The result from bdd apply and any other BDD operator mustbe handed over to bdd addref to inrease the referene ount of the node before any otheroperation is performed. This is done to prevent the BDD from being garbage olleted.When a BDD is no longer in use, it an be de-referened by a all to bdd delref. Theexeptions to this are the return values from bdd ithvar and bdd nithvar. These do notneed to be referene ounted, although it is not an error to do so. The use of the BDDpakage ends with a all to bdd done. See the �gures 2.1 and 2.2 for an example.Information on the BDDs an be found using the bdd var, bdd low and bdd highfuntions that returns the variable labelling a BDD, the low branh and the high branhof a BDD.Printing BDDs is done using the funtions bdd printall that prints all used nodes,bdd printtable that prints the part of the nodetable that orresponds to a spei� BDDand bdd printset that prints a spei� BDD as a list of elements in a set (all paths endingin the true terminal).2.4.1 More ExamplesMore omplex examples an be found in the buddy/examples diretory.2.5 Variable setsFor some funtions like bdd exist it is possible to pass a whole set of variables to be quan-ti�ed, using BDDs that represent the variables. These BDDs are simply the onjuntionof all the variables in their positive form and an either be build that way or by a all tobdd makeset. For the bdd restrit funtion the variables need to be inluded in bothpositive and negative form whih an only be done manually.If for example variable 1 and variable 3 are to be inluded in a set, then it an be donein two ways, as shown in �gure 2.3. 4



#inlude <bdd.h>main(void){ bdd x,y,z;bdd_init(1000,100);bdd_setvarnum(5);x = bdd_ithvar(0);y = bdd_ithvar(1);z = bdd_addref(bdd_apply(x,y,bddop_and));bdd_printtable(z);bdd_delref(z);bdd_done();}Figure 2.1: Standard C interfae to BuDDy. In this mode both 'bdd' and 'BDD' an beused as BuDDy BDD types. The C interfae requires the user to ensure garbage olletionis handled orretly. This means alling 'bdd addref' every time a new BDD is reated,and 'bdd delref' whenever a BDD is not in use anymore.2.6 Dynami Variable ReorderingDynami variable reordering an be done using the funtions bdd reorder(int method)and bdd autoreorder(int method). Where the parameter method, for instane an beBDD REORDER WIN2ITE. The pakage must know how the BDD variables are related toeah other, so the user must de�ne bloks of BDD variables, using bdd addvarblok(bddvar, int fixed). A blok is a range of BDD variables that should be kept together.It may either be a simple ontiguous sequene of variables or a sequene of other blokswith ranges inside their parents range. In this way all the bloks form a tree of ranges.Partially overlapping bloks are not allowed.Example: Assume the blok v0 : : : v9, is added as the �rst blok and then the blokv1 : : : v8. This yields the v0 : : : v9 blok at the top, with the v1 : : : v8 blok as a hild. Ifnow the blok v1 : : : v4 was added, it would beome a hild of the v1 : : : v8 blok, similarlythe blok v5 : : : v8 would be a hild of the v1 : : : v8 blok. If we add the variables v1, v2,v3 and v4 as single variable bloks we at last get tree showed in �gure 2.4. If all variablesshould be added as single variable bloks then bdd varblokall an be used instead ofdoing it manually.The reordering algorithm is then to �rst reorder the top most bloks and there afterdesend into eah blok and reorder these reursively - unless the blok is de�ned as a�xed blok.If the user want to ontrol the swapping of variables himself, then the funtionsbdd swapvar bdd setvarorder may be used. But this is not possible in onjuntionwith the use of variable bloks and the bdd swapvar is unfortunately quite slow sine afull san of all the nodes must be done both before and after the swap. Other reorderingfuntions are bdd autoreorder times, bdd reorder verbose, bdd sizeprobe hook andbdd reorder hook. 5



#inlude <bdd.h>main(void){ bdd x,y,z;bdd_init(1000,100);bdd_setvarnum(5);x = bdd_ithvar(0);y = bdd_ithvar(1);z = x & y;out << bddtable << z << endl;bdd_done();}Figure 2.2: C++ interfae to BuDDy. In this mode 'bdd' is a C++ lass that wraps ahandler around the standard C interfae, and the 'BDD' type referes to the standard CBDD type. The C++ interfae handles all garbage olletion, so no alls to 'bdd addref'and 'bdd delref' are needed.2.7 Error HandlingIf an error ours then a hek is done to see if there is any error handler de�ned and ifso it is alled with the error ode of interest. The default error handler prints an errormessage on stderr and then aborts the program. A handler an also be de�ned by theuser with a all to bdd error hook.2.8 The C++ interfaeMostly this onsists of a set of overloaded funtion wrappers that takes a bdd lass andalls the appropriate C funtions with the root number stored in the bdd lass. The namesof these wrappers are exatly the same as for the C funtions. In addition to this a lotof the C++ operators like |& - = == are overloaded in order to perform most of thebdd apply() operations. These are listed together with bdd apply. The rest areOperator Desription Return value= assignment== test returns 1 if two BDDs are equal, otherwise 0!= test returns 0 if two BDDs are equal, otherwise 1bdd.id() identity returns the root number of the BDDThe default onstrutor for the bdd lass initializes the bdds to the onstant false value.Referene ounting is totally automati when the bdd lass is used, here the onstrutorsand destrutors takes are of all referene ounting! The C++ interfae is also de�ned inbdd.h so nothing extra is needed to use it. 6



#inlude <bdd.h>main(){ bdd v1, v3;bdd seta, setb;stati int v[2℄ = {1,3};bdd_init(100,100);bdd_setvarnum(5);v1 = bdd_ithvar(1);v3 = bdd_ithvar(3);/* One way */seta = bdd_addref( bdd_apply(v1,v3,bddop_and) );bdd_printtable(seta);/* Another way */setb = bdd_addref( bdd_makeset(v,2) );bdd_printtable(setb);} Figure 2.3: Two ways to reate a variable set.2.9 Finite Domain BloksInluded in the BDD pakage is a set of funtions for manipulating values of �nite domains,like for example �nite state mahines. These funtions are used to alloate bloks of BDDvariables to represent integer values instead of only true and false.New �nite domain bloks are alloated using fdd extdomain and BDDs representinginteger values an be build using fdd ithvar. The BDD representing identity betweentwo sets of di�erent domains an be build using fdd equals. BDDs representing �nitedomain sets an be printed using fdd printset and the overloaded C++ operator <<.Pairs for bdd replae an be made using fdd setpair and variable sets an be madeusing fdd ithset and fdd makeset. The �nite domain blok interfae is de�ned for bothC and C++. To use this interfae you must inlude "fdd.h".Enoding using FDDs are done with the Least Signi�ant Bits �rst in the ordering(top of the BDD). Assume variables V0 : : : V3 are used to enode the value 12 - this wouldyield V0 = 0; V1 = 0; V2 = 1; V3 = 1.An example program using the FDD interfae an be found in the examples diretory.2.10 Boolean VetorsAnother interfae layer for BuDDy implements boolean vetors for use with integer arith-metis. A boolean vetor is simply an array of BDDs where eah BDD represents onebit of an expression. To use this interfae you must inlude "bve.h". As an example,suppose we want to express the following assignment from an expressionx := y + 10 7



v1 : : : v4v1 : : : v8v0 : : : v9
v2 v3 v4 v5 : : : v8v1Figure 2.4: The variable tree for the variable bloks v0 : : : v9, v1 : : : v8, v1 : : : v4, v5 : : : v8,v1, v2, v3 and v4.what we do is to enode the variable y and the value 10 as boolean vetors y and v of a�xed length. Assume we use four bits with LSB to the right, then we gety = hy4; : : : ; y1iv = h1; 0; 1; 0iwhere eah yi is the BDD variable used to enode the integer variable y. Now the resultof the addition an be expressed as the vetor z = hz4; : : : ; z1i where eah zi is:zi = yi xor vi xor i�1and the arry in i isi = (yi and vi) or (i�1 and (yi or vi)):with 0 = 0. What is left now is to assign the result to x. This is a onjuntion of abiimpliation of eah element in the vetors, so the result isR = 4̂i=1 xi , zi:The above example ould be arried out with the following C++ program that utilizesthe FDD interfae for printing the result.#inlude "bve.h"main(){ int domain[2℄ = {16,16};bdd_init(100,100);fdd_extdomain(domain, 2);bve y = bve_varfdd(0);bve v = bve_on(4, 10);bve z = bve_add(y, v);bve x = bve_varfdd(1); 8



bdd result = bddtrue;for (int n=0 ; n<x.bitnum() ; n++)result &= bdd_apply(x[n℄, z[n℄, bddop_biimp);out << fddset << result << endl << endl;}The relational operators <;>;�;�;=; 6= an also be enoded. Assume we want to enodex � y using the same variables as in the above example. This would be done as:#inlude "bve.h"main(){ int domain[2℄ = {16,16};bdd_init(100,100);fdd_extdomain(domain, 2);bve y = bve_varfdd(1);bve x = bve_varfdd(0);bdd result = bve_lte(x,y);out << fddset << result << endl << endl;}Please note that all vetors that are returned from any of the bve xxx funtions arereferened ounted by the system.2.10.1 C++ InterfaeThe C++ interfae de�nes the lasslass bve{publi:bve(void);bve(int bitnum);bve(int bitnum, int val);bve(onst bve &v);~bve(void);void set(int i, onst bdd &b);bdd operator[℄(int i) onst;int bitnum(void) onst;int empty(void) onst;bve operator=(onst bve &sr);} 9



The default onstrutor makes an empty vetor with no elements, the integer onstrutorreates a vetor with bitnum elements (all set to false) and the third onstrutor reatesa vetor with bitnum elements and assigns the integer value val to the vetor. Refereneounting is done automatially. The i'th element in the vetor an be hanged with setand read with operator[℄. The number of bits an be found with bitnum and the methodempty returns true if the vetor is a NULL vetor.
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Chapter 3EÆieny ConernsGetting the most out of any BDD pakage is not always easy. It requires some knowledgeabout the optimal order of the BDD variables and it also helps if you have some knowledgeof the internals of the pakage.First of all | a good initial variable order is a must. Using the automati reorderingmethods may be an easy solution, but without a good initial order it may also be a wasteof time.Seond | memory is speed. If you alloate as muh memory as possible from the verybeginning, then BuDDy does not have to waste time trying to alloate more whenever itis needed. So if you really want speed then bdd init should be alled with as many nodesas possible. This does unfortunately have the side e�et that variable reordering beomesextremely slow sine it has to reorder an enormous amount of nodes the �rst time it istriggered.Third| the operator ahes should be as big as possible. Use the funtion bdd setaheratioto make sure the size of these is inreased whenever more nodes are alloated. Please notethat BuDDy uses a �xed number of elements for these ahes as default. You must allbdd setaheratio to hange this. I have found a ahe ratio of 1:64 �tting for BDDsof more than one million nodes (the solitare example). This may be a bit overkill, but itworks.Fourth | BuDDy alloates by default a maximum of 50000 nodes (1Mb RAM) everytime it resizes the node table. If your problem needs millions of nodes, then this is waytoo small a number. Use bdd setmaxinrease to inrease this number. In the solitareexample something like 5000000 nodes seems more reasonable.Fifth | by default, BuDDy inreases the node table whenever there is less than 20%nodes free. By inreasing this value you an make BuDDy go faster and use more memoryor vie versa. You an hange the value with bdd setminfreenodes.So, to sum it up: if you want speed, then alloate as many nodes as possible, use smallahe ratios and set maxinrease. If you need memory, then alloate a small number ofnodes from the beginning, use a �xed size ahe, do not hange maxinrease and lowerminfreenodes.
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Chapter 4Some Implementation details� Negated pointers are not used.� All nodes are stored in one big ontiguous array whih is also used as the hash tablefor �nding idential nodes.� The hash funtion used to �nd idential nodes from the triple (level; low; high)spreads all nodes evenly in the table. This means the average length of a hash hainis at most 1.� Eah node in the node table ontains a referene ount, the level of the variable(this is its position in the urrent variable order), the high and low part, a hashindex used to �nd the �rst node in a hash hain and a next index used to link thehash hains. Eah node �ts into 20 bytes of memory. Other pakages uses only 16bytes for eah node but in addition to this they must keep separate tables with hashtable entries. The e�et of this is that the total memory onsumption is 20 bytesfor eah node on average.� Referene ounting are done on the externally referened nodes only.� The ANSI-C bdd type is an integer number referring to an index in the node table.In C++ it is a lass.� New nodes are reated by doubling (or just extending) the node table, not by addingnew bloks of nodes.� Garbage olletion reursively marks all nodes reahable from the externally refer-ened nodes before dead nodes are removed.� Reordering interrupts the urrent BDD operation and restarts it again afterwards.� Reordering hanges the hash funtion to one where all nodes of a spei� level isplaed in one ontinuous blok and updates the referene ount �eld to inlude allreursive dependenies. After reordering the pakage returns to the normal hashfuntion.
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Chapter 5RefereneBoolean vetorsbve a boolean vetorbve add builds a boolean vetor for additionbve addref inrease referene ount of a boolean vetorbve oere adjust the size of a boolean vetorbve on build a boolean vetor representing an integer valuebve opy reate a opy of a bvebve delref derease the referene ount of a boolean vetorbve div builds a boolean vetor for divisionbve divfixed builds a boolean vetor for division by a onstantbve equ alulates the truth value of x = ybve false build a vetor of onstant false BDDsbve free frees all memory used by a boolean vetorbve gte alulates the truth value of x � ybve gth alulates the truth value of x > ybve isonst test a vetor for onstant true/false BDDsbve ite alulates the if-then-else operator for a boolean vetorbve lte alulates the truth value of x � ybve lth alulates the truth value of x < ybve map1 map a funtion onto a boolean vetorbve map2 map a funtion onto a boolean vetorbve map3 map a funtion onto a boolean vetorbve mul builds a boolean vetor for multipliationbve mulfixed builds a boolean vetor for multipliation with a onstantbve neq alulates the truth value of x 6= ybve shl shift left operation (symboli)bve shlfixed shift left operation (�xed number of bits)bve shr shift right operation (symboli)bve shrfixed shift right operationbve sub builds a boolean vetor for subtrationbve true build a vetor of onstant true BDDsbve val alulate the integer value represented by a boolean vetorbve var build a boolean vetor with BDD variables
15



bve varfdd build a boolean vetor from a FDD variable blokbve varve build a boolean vetor with the variables passed in an arrayFinite domain variable bloksfdd learall lear all alloated FDD bloksfdd domain bDD enoding of the domain of a FDD variablefdd domainnum number of de�ned �nite domain bloksfdd domainsize real size of a �nite domain blokfdd equals returns a BDD setting two FD. bloks equalfdd extdomain adds another set of �nite domain bloksfdd file hook spei�es a printing allbak handlerfdd intaddvarblok adds a new variable blok for reorderingfdd ithset the variable set for the i'th �nite domain blokfdd ithvar the BDD for the i'th FDD set to a spei� valuefdd makeset reates a variable set for N �nite domain bloksfdd overlapdomain ombine two FDD bloks into onefdd printset prints a BDD for a �nite domain blokfdd fprintsetfdd sanallvar �nds one satisfying value of all FDD variablesfdd sanset sans a variable setfdd sanvar �nds one satisfying value of a FDD variablefdd setpair de�nes a pair for two �nite domain bloksfdd setpairs de�nes N pairs for �nite domain bloksfdd strm hook spei�es a printing allbak handlerfdd varnum binary size of a �nite domain blokfdd vars all BDD variables assoiated with a �nite domain blokFile input/outputbdd load loads a BDD from a �lebdd fnloadbdd printall prints all used entries in the node tablebdd fprintallbdd printdot prints a desription of a BDD in DOT formatbdd fprintdotbdd printset prints the set of truth assignments spei�ed by a BDDbdd fprintsetbdd printtable prints the node table entries used by a BDDbdd fprinttablebdd save saves a BDD to a �lebdd fnsaveoperator<< ++ output operator for BDDsInformation on BDDsbdd anodeount ounts the number of shared nodes in an array of BDDsbdd high gets the true branh of a bddbdd low gets the false branh of a bddbdd nodeount ounts the number of nodes used for a BDDbdd pathount ount the number of paths leading to the true terminal
16



bdd satount alulates the number of satisfying variable assignmentsbdd setountsetbdd satountln alulates the log. number of satisfying variable assignmentsbdd setountlnsetbdd support returns the variable support of a BDDbdd var gets the variable labeling the bddbdd varprofile returns a variable pro�leKernel BDD operations and data struturesbddCaheStat status information about ahe usagebddGbStat status information about garbage olletionsbddStat status information about the bdd pakagebdd addref inreases the referene ount on a nodebdd ahestats feth ahe aess usagebdd lear error lears an error ondition in the kernelbdd delref dereases the referene ount on a nodebdd done resets the bdd pakagebdd error hook set a handler for error onditionsbdd errstring onverts an error ode to a stringbdd extvarnum add extra BDD variablesbdd false returns the onstant false bddbdd file hook spei�es a printing allbak handlerbdd freepair frees a table of pairsbdd gb hook set a handler for garbage olletionsbdd getallonum get the number of alloated nodesbdd getnodenum get the number of ative nodes in usebdd init initializes the BDD pakagebdd isrunning test whether the pakage is started or notbdd ithvar returns a bdd representing the I'th variablebdd makeset builds a BDD variable set from an integer arraybdd newpair reates an empty variable pair tablebdd nithvar returns a bdd representing the negation of the I'th variablebdd printstat print ahe statistisbdd fprintstatbdd resetpair lear all variable pairsbdd resize hook set a handler for nodetable resizesbdd sanset returns an integer representation of a variable setbdd setaheratio sets the ahe ratio for the operator ahesbdd setmaxinrease set max. number of nodes used to inrease node tablebdd setmaxnodenum set the maximum available number of bdd nodesbdd setminfreenodes set min. no. of nodes to be relaimed after GBC.bdd setpair set one variable pairbdd setbddpairbdd setpairs de�nes a whole set of pairsbdd setbddpairsbdd setvarnum set the number of used bdd variables
17



bdd stats returns some status information about the bdd pakagebdd strm hook spei�es a printing allbak handlerbdd true returns the onstant true bddbdd varnum returns the number of de�ned variablesbdd versionnum returns the version number of the bdd pakagebdd versionstr returns a text string with version informationbddfalse the onstant false bddbddtrue the onstant true bddBDD operatorsbdd allsat �nds all satisfying variable assignmentsbdd and the logial 'and' of two BDDsbdd appall apply operation and universal quanti�ationbdd appex apply operation and existential quanti�ationbdd apply basi bdd operationsbdd appuni apply operation and unique quanti�ationbdd biimp the logial 'bi-impliation' between two BDDsbdd buildube build a ube from an array of variablesbdd ibuildubebdd ompose funtional ompositionbdd onstrain generalized ofatorbdd exist existential quanti�ation of variablesbdd forall universal quanti�ation of variablesbdd fullsatone �nds one satisfying variable assignmentbdd imp the logial 'impliation' between two BDDsbdd ite if-then-else operatorbdd not negates a bddbdd or the logial 'or' of two BDDsbdd relprod relational produtbdd replae replaes variables with other variablesbdd restrit restri a set of variables to onstant valuesbdd satone �nds one satisfying variable assignmentbdd satoneset �nds one satisfying variable assignmentbdd simplify oudert and Madre's restrit funtionbdd unique unique quanti�ation of variablesbdd veompose simultaneous funtional ompositionbdd xor the logial 'xor' of two BDDsVariable reorderingbdd addvarblok adds a new variable blok for reorderingbdd intaddvarblokbdd autoreorder enables automati reorderingbdd autoreorder timesbdd blokfile hook spei�es a printing allbak handlerbdd lrvarbloks lears all variable bloksbdd disable reorder disable automati reorderingbdd enable reorder enables automati reordering
18



bdd getreorder method feth the urrent reorder methodbdd getreorder times feth the urrent number of allowed reorderingsbdd level2var feth the variable number of a spei� levelbdd printorder prints the urrent orderbdd reorder start dynami reorderingbdd reorder gain alulate the gain in size after a reorderingbdd reorder hook sets a handler for automati reorderingsbdd reorder probe de�ne a handler for minimization of BDDsbdd reorder verbose enables verbose information about reorderingsbdd setvarorder set a spei� variable orderbdd swapvar swap two BDD variablesbdd var2level feth the level of a spei� BDD variablebdd varblokall add a variable blok for all variables
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bddCaheStat { Status information about ahe usagetypedef strut s_bddCaheStat{ long unsigned int uniqueAess;long unsigned int uniqueChain;long unsigned int uniqueHit;long unsigned int uniqueMiss;long unsigned int opHit;long unsigned int opMiss;long unsigned int swapCount;} bddCaheStat;DesriptionThe �elds areName Number ofuniqueAess aesses to the unique node tableuniqueChain iterations through the ahe hains in the unique node tableuniqueHit entries atually found in the the unique node tableuniqueMiss entries not found in the the unique node tableopHit entries found in the operator ahesopMiss entries not found in the operator ahesswapCount number of variable swaps in reorderingSee alsobdd ahestats
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bddGbStat { Status information about garbage olletionstypedef strut s_bddGbStat{ int nodes;int freenodes;long time;long sumtime;int num;} bddGbStat;DesriptionThe �elds arenodes Total number of alloated nodes in the nodetablefreenodes Number of free nodes in the nodetabletime Time used for garbage olletion this timesumtime Total time used for garbage olletionnum number of garbage olletions done until nowSee alsobdd gb hook
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bddStat { Status information about the bdd pakagetypedef strut s_bddStat{ long int produed;int nodenum;int maxnodenum;int freenodes;int minfreenodes;int varnum;int ahesize;int gbnum;} bddStat;DesriptionThe �elds areprodued total number of new nodes ever produednodenum urrently alloated number of bdd nodesmaxnodenum user de�ned maximum number of bdd nodesfreenodes number of urrently free nodesminfreenodes minimum number of nodes that should be left after agarbage olletion.varnum number of de�ned bdd variablesahesize number of entries in the internal ahesgbnum number of garbage olletions done until nowSee alsobdd statsbdd addref { inreases the referene ount on a nodeBDD bdd_addref(BDD r)DesriptionReferene ounting is done on externaly referened nodes only and the ount for a spei�node r an and must be inreased using this funtion to avoid loosing the node in the nextgarbage olletion.Return valueThe BDD node r.See alsobdd delref 22



bdd addvarblok { adds a new variable blok for reorderingint bdd_addvarblok(BDD var, int fixed)int bdd_intaddvarblok(int first, int last, int fixed)DesriptionCreates a new variable blok with the variables in the variable set var. The variablesin var must be ontiguous. In the seond form the argument first is the �rst variableinluded in the blok and last is the last variable inluded in the blok. This order doesnot depend on urrent variable order.The variable bloks are ordered as a tree, with the largest ranges at top and the smallestat the bottom. Example: Assume the blok 0-9 is added as the �rst blok and then theblok 0-6. This yields the 0-9 blok at the top, with the 0-6 blok as a hild. If now theblok 2-4 was added, it would beome a hild of the 0-6 blok. A blok of 0-8 would be ahild of the 0-9 blok and have the 0-6 blok as a hild. Partially overlapping bloks arenot allowed.The fixed parameter sets the blok to be �xed (no reordering of its hild bloks is al-lowed) or free, using the onstants BDD REORDER FIXED and BDD REORDER FREE. Reorderingis always done on the top most bloks �rst and then reursively downwards.The return value is an integer that an be used to identify the blok later on - with forexample bdd blokfile hook. The values returned will be in the sequene 0; 1; 2; 3; : : :.Return valueA non-negative identi�er on suess, otherwise a negative error ode.See alsobdd varblokall, fdd intaddvarblok, bdd lrvarbloks
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bdd allsat { �nds all satisfying variable assignmentsBDD bdd_satone(BDD r, bddallsathandler handler)DesriptionIterates through all legal variable assignments (those that make the BDD ome true) forthe bdd r and alls the allbak handler handler for eah of them. The array passed tohandler ontains one entry for eah of the globaly de�ned variables. Eah entry is either0 if the variable is false, 1 if it is true, and -1 if it is a don't are.The following is an example of a allbak handler that prints 'X' for don't ares, '0' forzero, and '1' for one:void allsatPrintHandler(har* varset, int size){ for (int v=0; v<size ; ++v){ out << (varset[v℄ < 0 ? 'X' : (har)('0' + varset[v℄));}out << endl;}The handler an be used like this: bdd allsat(r, allsatPrintHandler);See alsobdd satone bdd satoneset, bdd fullsatone, bdd satount, bdd satountlnbdd and { The logial 'and' of two BDDsBDD bdd_and(BDD l, BDD r)DesriptionThis a wrapper that alls bdd apply(l,r,bddop and).Return valueThe logial 'and' of l and r.See alsobdd apply, bdd or, bdd xor
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bdd anodeount { ounts the number of shared nodes in an array of BDDsint bdd_anodeount(BDD *r, int num)DesriptionTraverses all of the BDDs in r and ounts all distint nodes that are used in the BDDs{ifa node is used in more than one BDD then it only ounts one. The num parameter holdsthe size of the array.Return valueThe number of nodesSee alsobdd nodeountbdd appall { apply operation and universal quanti�ationBDD bdd_appall(BDD left, BDD right, int opr, BDD var)DesriptionApplies the binary operator opr to the arguments left and right and then performsan universal quanti�ation of the variables from the variable set var. This is done in abottom up manner suh that both the apply and quanti�ation is done on the lower nodesbefore stepping up to the higher nodes. This makes the bdd appall funtion muh moreeÆient than an apply operation followed by a quanti�ation.Return valueThe result of the operation.See alsobdd appex, bdd appuni, bdd apply, bdd exist, bdd forall, bdd unique, bdd makeset
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bdd appex { apply operation and existential quanti�ationBDD bdd_appex(BDD left, BDD right, int opr, BDD var)DesriptionApplies the binary operator opr to the arguments left and right and then performsan existential quanti�ation of the variables from the variable set var. This is done ina bottom up manner suh that both the apply and quanti�ation is done on the lowernodes before stepping up to the higher nodes. This makes the bdd appex funtion muhmore eÆient than an apply operation followed by a quanti�ation. If the operator is aonjuntion then this is similar to the relational produt of the two BDDs.Return valueThe result of the operation.See alsobdd appall, bdd appuni, bdd apply, bdd exist, bdd forall, bdd unique, bdd makeset
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bdd apply { basi bdd operationsBDD bdd_apply(BDD left, BDD right, int opr)DesriptionThe bdd apply funtion performs all of the basi bdd operations with two operands, suhas AND, OR et. The left argument is the left bdd operand and right is the rightoperand. The opr argument is the requested operation and must be one of the followingIdenti�er Desription Truth table C++ opr.bddop and logial and (A ^B) [0,0,0,1℄ &bddop xor logial xor (A�B) [0,1,1,0℄ ^bddop or logial or (A _B) [0,1,1,1℄ |bddop nand logial not-and [1,1,1,0℄bddop nor logial not-or [1,0,0,0℄bddop imp impliation (A) B) [1,1,0,1℄ >>bddop biimp bi-impliation (A, B) [1,0,0,1℄bddop diff set di�erene (A n B) [0,0,1,0℄ -bddop less less than (A < B) [0,1,0,0℄ <bddop invimp reverse impliation (A( B) [1,0,1,1℄ <<Return valueThe result of the operation.See alsobdd itebdd appuni { apply operation and unique quanti�ationBDD bdd_appuni(BDD left, BDD right, int opr, BDD var)DesriptionApplies the binary operator opr to the arguments left and right and then performs aunique quanti�ation of the variables from the variable set var. This is done in a bottomup manner suh that both the apply and quanti�ation is done on the lower nodes beforestepping up to the higher nodes. This makes the bdd appuni funtion muh more eÆientthan an apply operation followed by a quanti�ation.Return valueThe result of the operation.See alsobdd appex, bdd appall, bdd apply, bdd exist, bdd unique, bdd forall, bdd makeset27



bdd autoreorder { enables automati reorderingint bdd_autoreorder(int method)int bdd_autoreorder_times(int method, int num)DesriptionEnables automati reordering using method as the reordering method. If method isBDD REORDER NONE then automati reordering is disabled. Automati reordering is doneevery time the number of ative nodes in the node table has been doubled and worksby interrupting the urrent BDD operation, doing the reordering and the retrying theoperation.In the seond form the argument num spei�es the allowed number of reorderings. Soif for example a "one shot" reordering is needed, then the num argument would be set toone.Values for method an be found under bdd reorder.Return valueReturns the old value of methodSee alsobdd reorderbdd biimp { The logial 'bi-impliation' between two BDDsBDD bdd_biimp(BDD l, BDD r)DesriptionThis a wrapper that alls bdd apply(l,r,bddop biimp).Return valueThe logial 'bi-impliation' of l and r (l, r).See alsobdd apply, bdd imp
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bdd blok�le hook { Spei�es a printing allbak handlerbddfilehandler bdd_blokfile_hook(bddfilehandler handler)DesriptionA printing allbak handler is used to onvert the variable blok identi�ers into somethingreadable by the end user. Use bdd blokfile hook to pass a handler to BuDDy. A typialhandler ould look like this:void printhandler(FILE *o, int blok){ extern har **bloknames;fprintf(o, "%s", bloknames[blok℄);}The handler is then alled from bdd printorder and bdd reorder (depending on theverbose level) with the blok numbers returned by bdd addvarblok as arguments. Nodefault handler is supplied. The argument handler may be NULL if no handler is needed.Return valueThe old handlerSee alsobdd printorderbdd buildube { build a ube from an array of variablesBDD bdd_buildube(int value, int width, BDD *var)BDD bdd_ibuildube(int value, int width, int *var)DesriptionThis funtion builds a ube from the variables in var. It does so by interpreting the widthlow order bits of value as a bit mask{a set bit indiates that the variable should be addedin it's positive form, and a leared bit the opposite. The most signi�ant bits are enodedwith the �rst variables in var. Consider as an example the all bdd buildube(0xB, 4,var). This orresponds to the expression: var[0℄ ^ :var[1℄ ^ var[2℄ ^ var[3℄. The �rstversion of the funtion takes an array of BDDs, whereas the seond takes an array ofvariable numbers as used in bdd ithvar.Return valueThe resulting ubeSee alsobdd ithvar, fdd ithvar 29



bdd ahestats { Feth ahe aess usagevoid bdd_ahestats(bddCaheStat *s)DesriptionFethes ahe usage information and stores it in s. The �elds of s an be found in thedoumentaion for bddCaheStat. This funtion may or may not be ompiled into theBuDDy pakage - depending on the setup at ompile time of BuDDy.See alsobddCaheStat, bdd printstatbdd lear error { lears an error ondition in the kernelvoid bdd_lear_error(void)DesriptionThe BuDDy kernel may at some point run out of new ROBDD nodes if a maximum limitis set with bdd setmaxnodenum. In this ase the urrent error handler is alled and aninternal error ag is set. Further alls to BuDDy will always return bddfalse. From hereBuDDy must either be restarted or bdd lear error may be alled after ation is takento let BuDDy ontinue. This may not be espeially usefull sine the default error handlerexits the program - other needs may of ourse exist.See alsobdd error hook, bdd setmaxnodenumbdd lrvarbloks { lears all variable bloksvoid bdd_lrvarbloks(void)DesriptionClears all the variable bloks that has been de�ned by alls to bdd addvarblok.See alsobdd addvarblok
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bdd ompose { funtional ompositionBDD bdd_ompose(BDD f, BDD g, int var)DesriptionSubstitutes the variable var with the BDD g in the BDD f: result = f [g=var℄.Return valueThe omposed BDDSee alsobdd veompose, bdd replae, bdd restritbdd onstrain { generalized ofatorBDD bdd_onstrain(BDD f, BDD )DesriptionComputes the generalized ofator of f with respet to .Return valueThe onstrained BDDSee alsobdd restrit, bdd simplify
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bdd delref { dereases the referene ount on a nodeBDD bdd_delref(BDD r)DesriptionReferene ounting is done on externaly referened nodes only and the ount for a spei�node r an and must be dereased using this funtion to make it possible to relaim thenode in the next garbage olletion.Return valueThe BDD node r.See alsobdd addrefbdd disable reorder { Disable automati reorderingvoid bdd_disable_reorder(void)DesriptionDisables automati reordering until bdd enable reorder is alled. Reordering is enabledby default as soon as any variable bloks have been de�ned.See alsobdd enable reorderbdd done { resets the bdd pakagevoid bdd_done(void)DesriptionThis funtion frees all memory used by the bdd pakage and resets the pakage to it'sinitial state.See alsobdd init
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bdd enable reorder { Enables automati reorderingvoid bdd_enable_reorder(void)DesriptionRe-enables reordering after a all to bdd disable reorder.See alsobdd disable reorderbdd error hook { set a handler for error onditionsbddinthandler bdd_error_hook(bddinthandler handler)DesriptionWhenever an error ours in the bdd pakage a test is done to see if an error handler issupplied by the user and if suh exists then it will be alled with an error ode in thevariable errode. The handler may then print any usefull information and return or exitafterwards.This funtion sets the handler to be handler. If a NULL argument is supplied then noalls are made when an error ours. Possible error odes are found in bdd.h. The defaulthandler is bdd default errhandler whih will use exit() to terminate the program.Any handler should be de�ned like this:void my_error_handler(int errode){ ...}Return valueThe previous handlerSee alsobdd errstring
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bdd errstring { onverts an error ode to a stringonst har *bdd_errstring(int errorode)DesriptionConverts a negative error ode errorode to a desriptive string that an be used for errorhandling.Return valueAn error desription string if e is known, otherwise NULL.See alsobdd err hookbdd exist { existential quanti�ation of variablesBDD bdd_exist(BDD r, BDD var)DesriptionRemoves all ourenes in r of variables in the set var by existential quanti�ation.Return valueThe quanti�ed BDD.See alsobdd forall, bdd unique, bdd makesetbdd extvarnum { add extra BDD variablesint bdd_extvarnum(int num)DesriptionExtends the urrent number of alloated BDD variables with num extra variables.Return valueThe old number of alloated variables or a negative error ode.See alsobdd setvarnum, bdd ithvar, bdd nithvar 34



bdd false { returns the onstant false bddBDD bdd_false(void)DesriptionThis funtion returns the onstant false bdd and an freely be used together with thebddtrue and bddfalse onstants.Return valueThe onstant false bddSee alsobdd true, bddtrue, bddfalsebdd �le hook { Spei�es a printing allbak handlerbddfilehandler bdd_file_hook(bddfilehandler handler)DesriptionA printing allbak handler for use with BDDs is used to onvert the BDD variable numberinto something readable by the end user. Typially the handler will print a string nameinstead of the number. A handler ould look like this:void printhandler(FILE *o, int var){ extern har **names;fprintf(o, "%s", names[var℄);}The handler an then be passed to BuDDy like this: bdd file hook(printhandler).No default handler is supplied. The argument handler may be NULL if no handler isneeded.Return valueThe old handlerSee alsobdd printset, bdd strm hook, fdd �le hook
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bdd forall { universal quanti�ation of variablesBDD bdd_forall(BDD r, BDD var)DesriptionRemoves all ourenes in r of variables in the set var by universal quanti�ation.Return valueThe quanti�ed BDD.See alsobdd exist, bdd unique, bdd makesetbdd freepair { frees a table of pairsvoid bdd_freepair(bddPair *pair)DesriptionFrees the table of pairs pair that has been alloated by a all to bdd newpair.See alsobdd replae, bdd newpair, bdd setpair, bdd resetpairbdd fullsatone { �nds one satisfying variable assignmentBDD bdd_fullsatone(BDD r)DesriptionFinds a BDD with exatly one variable at all levels. This BDD implies r and is not falseunless r is false.Return valueThe result of the operation.See alsobdd allsat bdd satone, bdd satoneset, bdd satount, bdd satountln
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bdd gb hook { set a handler for garbage olletionsbddgbhandler bdd_gb_hook(bddgbhandler handler)DesriptionWhenever a garbage olletion is required, a test is done to see if a handler for this event issupplied by the user and if suh exists then it is alled, both before and after the garbageolletion takes plaes. This is indiated by an integer ag pre passed to the handler,whih will be one before garbage olletion and zero after garbage olletion.This funtion sets the handler to be handler. If a NULL argument is supplied then noalls are made when a garbage olletion takes plae. The argument pre indiates pre vs.post garbage olletion and the argument stat ontains information about the garbageolletion. The default handler is bdd default gbhandler.Any handler should be de�ned like this:void my_gb_handler(int pre, bddGbStat *stat){ ...}Return valueThe previous handlerSee alsobdd resize hook, bdd reorder hookbdd getallonum { get the number of alloated nodesint bdd_getallonum(void)DesriptionReturns the number of nodes urrently alloated. This inludes both dead and ativenodes.Return valueThe number of nodes.See alsobdd getnodenum, bdd setmaxnodenum
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bdd getnodenum { get the number of ative nodes in useint bdd_getnodenum(void)DesriptionReturns the number of nodes in the nodetable that are urrently in use. Note that deadnodes that have not been relaimed yet by a garbage olletion are ounted as ative.Return valueThe number of nodes.See alsobdd getallonum, bdd setmaxnodenumbdd getreorder method { Feth the urrent reorder methodint bdd_getreorder_method(void)DesriptionReturns the urrent reorder method as de�ned by bdd autoreorder.See alsobdd reorder, bdd getreorder timesbdd getreorder times { Feth the urrent number of allowed reorderingsint bdd_getreorder_times(void)DesriptionReturns the urrent number of allowed reorderings left. This value an be de�ned bybdd autoreorder times.See alsobdd reorder times, bdd getreorder method
38



bdd high { gets the true branh of a bddBDD bdd_high(BDD r)DesriptionGets the true branh of the bdd r.Return valueThe bdd of the true branhSee alsobdd lowbdd imp { The logial 'impliation' between two BDDsBDD bdd_imp(BDD l, BDD r)DesriptionThis a wrapper that alls bdd apply(l,r,bddop imp).Return valueThe logial 'impliation' of l and r (l) r).See alsobdd apply, bdd biimp
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bdd init { initializes the BDD pakageint bdd_init(int nodesize, int ahesize)DesriptionThis funtion initiates the bdd pakage and must be alled before any bdd operationsare done. The argument nodesize is the initial number of nodes in the nodetable andahesize is the �xed size of the internal ahes. Typial values for nodesize are 10000nodes for small test examples and up to 1000000 nodes for large examples. A ahe sizeof 10000 seems to work good even for large examples, but lesser values should do it forsmaller examples.The number of ahe entries an also be set to depend on the size of the nodetable usinga all to bdd setaheratio.The initial number of nodes is not ritial for any bdd operation as the table will beresized whenever there are to few nodes left after a garbage olletion. But it does havesome impat on the eÆeny of the operations.Return valueIf no errors our then 0 is returned, otherwise a negative error ode.See alsobdd done, bdd resize hookbdd isrunning { test whether the pakage is started or notvoid bdd_isrunning(void)DesriptionThis funtion tests the internal state of the pakage and returns a status.Return value1 (true) if the pakage has been started, otherwise 0.See alsobdd init, bdd done
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bdd ite { if-then-else operatorBDD bdd_ite(BDD f, BDD g, BDD h)DesriptionCalulates the BDD for the expression (f ^ g) _ (:f ^ h) more eÆiently than doing thethree operations separately. bdd ite an also be used for onjuntion, disjuntion andany other boolean operator, but is not as eÆient for the binary and unary operations.Return valueThe BDD for (f ^ g) _ (:f ^ h)See alsobdd applybdd ithvar { returns a bdd representing the I'th variableBDD bdd_ithvar(int var)DesriptionThis funtion is used to get a bdd representing the I'th variable (one node with the hildstrue and false). The requested variable must be in the range de�ne by bdd setvarnumstarting with 0 being the �rst. For ease of use then the bdd returned from bdd ithvardoes not have to be referened ounted with a all to bdd addref. The initial variableorder is de�ned by the the index var that also de�nes the position in the variable order {variables with lower indeies are before those with higher indeies.Return valueThe I'th variable on sues, otherwise the onstant false bddSee alsobdd setvarnum, bdd nithvar, bddtrue, bddfalse
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bdd level2var { Feth the variable number of a spei� levelint bdd_level2var(int level)DesriptionReturns the variable plaed at position level in the urrent variable order.See alsobdd reorder, bdd var2levelbdd load { loads a BDD from a �leint bdd_fnload(har *fname, BDD *r)int bdd_load(FILE *ifile, BDD *r)DesriptionLoads a BDD from a �le into the BDD pointed to by r. The �le an either be the �leifile whih must be opened for reading or the �le named fname whih will be openedautomatially for reading.The input �le format onsists of integers arranged in the following manner. First thenumber of nodes N used by the BDD and then the number of variables V alloated andthe variable ordering in use at the time the BDD was saved. If N and V are both zerothen the BDD is either the onstant true or false BDD, indiated by a 1 or a 0 as the nextinteger.In any other ase the next N sets of 4 integers will desribe the nodes used by the BDD.Eah set onsists of �rst the node number, then the variable number and then the low andhigh nodes.The nodes must be saved in a order suh that any low or high node must be de�nedbefore it is mentioned.Return valueZero on sues, otherwise an error ode from bdd.h.See alsobdd save
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bdd low { gets the false branh of a bddBDD bdd_low(BDD r)DesriptionGets the false branh of the bdd r.Return valueThe bdd of the false branhSee alsobdd highbdd makeset { builds a BDD variable set from an integer arrayBDD bdd_makeset(int *v, int n)DesriptionReads a set of variable numbers from the integer array v whih must hold exatly n integersand then builds a BDD representing the variable set.The BDD variable set is represented as the onjuntion of all the variables in theirpositive form and may just as well be made that way by the user. The user should keepa referene to the returned BDD instead of building it every time the set is needed.Return valueA BDD variable set.See alsobdd sanset
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bdd newpair { reates an empty variable pair tablebddPair *bdd_newpair(void)DesriptionVariable pairs of the type bddPair are used in bdd replae to de�ne whih variables toreplae with other variables. This funtion alloates suh an empty table. The table anbe freed by a all to bdd freepair.Return valueReturns a new table of pairs.See alsobdd freepair, bdd replae, bdd setpair, bdd setpairsbdd nithvar { returns a bdd representing the negation of the I'th variableBDD bdd_nithvar(int var)DesriptionThis funtion is used to get a bdd representing the negation of the I'th variable (one nodewith the hilds false and true). The requested variable must be in the range de�ne bybdd setvarnum starting with 0 being the �rst. For ease of use then the bdd returned frombdd nithvar does not have to be referened ounted with a all to bdd addref.Return valueThe negated I'th variable on sues, otherwise the onstant false bddSee alsobdd setvarnum, bdd ithvar, bddtrue, bddfalse
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bdd nodeount { ounts the number of nodes used for a BDDint bdd_nodeount(BDD r)DesriptionTraverses the BDD and ounts all distint nodes that are used for the BDD.Return valueThe number of nodes.See alsobdd pathount, bdd satount, bdd anodeountbdd not { negates a bddBDD bdd_not(BDD r)DesriptionNegates the BDD r by exhanging all referenes to the zero-terminal with referenes tothe one-terminal and vie versa.Return valueThe negated bdd.bdd or { The logial 'or' of two BDDsBDD bdd_or(BDD l, BDD r)DesriptionThis a wrapper that alls bdd apply(l,r,bddop or).Return valueThe logial 'or' of l and r.See alsobdd apply, bdd xor, bdd and
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bdd pathount { ount the number of paths leading to the true terminaldouble bdd_pathount(BDD r)DesriptionCounts the number of paths from the root node r leading to the terminal true node.Return valueThe number of pathsSee alsobdd nodeount, bdd satountbdd printall { prints all used entries in the node tablevoid bdd_printall(void)void bdd_fprintall(FILE* ofile)DesriptionPrints to either stdout or the �le ofile all the used entries in the main node table. Theformat is:[Nodenum℄ Var/level Low HighWhere Nodenum is the position in the node table and level is the position in the urrentvariable order.See alsobdd printtable, bdd printset, bdd printdot
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bdd printdot { prints a desription of a BDD in DOT formatvoid bdd_printdot(BDD r)int bdd_fnprintdot(har* fname, BDD r)void bdd_fprintdot(FILE* ofile, BDD r)DesriptionPrints a BDD in a format suitable for use with the graph drawing program DOT to eitherstdout, a designated �le ofile or the �le named by fname. In the last ase the �le will beopened for writing, any previous ontents destroyed and then losed again.See alsobdd printall, bdd printtable, bdd printsetbdd printorder { prints the urrent ordervoid bdd_printorder(void)bdd_fprint_order(FILE *f)DesriptionPrints an indented list of the variable bloks, showing the top most bloks to the left andthe lower bloks to the right. Example:2{ 012}34This shows 5 variable bloks. The �rst one added is blok zero, whih is on the samelevel as blok one. These two bloks are then sub-bloks of blok two and blok two ison the same level as blok three and four. The numbers are the identi�ers returned frombdd addvarblok. The blok levels depends on the variables inluded in the bloks.See alsobdd reorder, bdd addvarblok
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bdd printset { prints the set of truth assignments spei�ed by a BDDbdd_printset(BDD r)bdd_fprintset(FILE* ofile, BDD r)DesriptionPrints all the truth assignments for r that would yield it true. The format is:< x1;1 : 1;1; : : : ; x1;n1 : 1;n1 >< x2;1 : 2;1; : : : ; x2;n2 : 2;n2 >: : :< xN;1 : N;1; : : : ; xN;n3 : N;n3 >Where the x's are variable numbers (and the position in the urrent order) and the 's arethe possible assignments to these. Eah set of brakets designates one possible assignmentto the set of variables that make up the BDD. All variables not shown are don't ares. Itis possible to speify a allbak handler for printing of the variables using bdd file hookor bdd strm hook.See alsobdd printall, bdd printtable, bdd printdot, bdd �le hook, bdd strm hookbdd printstat { print ahe statistisvoid bdd_printstat(void)void bdd_fprintstat(FILE *ofile)DesriptionPrints information about the ahe performane on standard output (or the supplied �le).The information ontains the number of aesses to the unique node table, the number oftimes a node was (not) found there and how many times a hash hain had to traversed.Hit and miss ount is also given for the operator ahes.See alsobddCaheStat, bdd ahestats
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bdd printtable { prints the node table entries used by a BDDvoid bdd_printtable(BDD r)void bdd_fprinttable(FILE* ofile, BDD r)DesriptionPrints to either stdout or the �le ofile all the entries in the main node table used by r.The format is:[Nodenum℄ Var/level : Low HighWhere Nodenum is the position in the node table and level is the position in the urrentvariable order.See alsobdd printall, bdd printset, bdd printdotbdd relprod { relational produt#define bdd_relprod(a,b,var) bdd_appex(a,b,bddop_and,var)DesriptionCalulates the relational produt of a and b as a AND b with the variables in var quanti�edout afterwards.Return valueThe relational produt or bddfalse on errors.See alsobdd appex
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bdd reorder { start dynami reorderingvoid bdd_reorder(int method)DesriptionThis funtion initiates dynami reordering using the heuristi de�ned by method, whihmay be one of the followingBDD REORDER WIN2Reordering using a sliding window of size 2. This algorithm swaps two adjaentvariable bloks and if this results in more nodes then the two bloks are swappedbak again. Otherwise the result is kept in the variable order. This is then repeatedfor all variable bloks.BDD REORDER WIN2ITEThe same as above but the proess is repeated until no further progress is done.Usually a fast and eÆient method.BDD REORDER WIN3The same as above but with a window size of 3.BDD REORDER WIN2ITEThe same as above but with a window size of 3.BDD REORDER SIFTReordering where eah blok is moved through all possible positions. The best ofthese is then used as the new position. Potentially a very slow but good method.BDD REORDER SIFTITEThe same as above but the proess is repeated until no further progress is done. Canbe extremely slow.BDD REORDER RANDOMMostly used for debugging purpose, but may be usefull for others. Selets a randomposition for eah variable.See alsobdd autoreorder, bdd reorder verbose, bdd addvarblok, bdd lrvarbloks
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bdd reorder gain { Calulate the gain in size after a reorderingint bdd_reorder_gain(void)DesriptionReturns the gain in perent of the previous number of used nodes. The value returned is(100 � (A�B))=AWhere A is previous number of used nodes and B is urrent number of used nodes.bdd reorder hook { sets a handler for automati reorderingsbddinthandler bdd_reorder_hook(bddinthandler handler)DesriptionWhenever automati reordering is done, a hek is done to see if the user has supplied ahandler for that event. If so then it is alled with the argument prestate being 1 if thehandler is alled immediately before reordering and prestate being 0 if it is alled immedi-ately after. The default handler is bdd default reohandler whih will print informationabout the reordering.A typial handler ould look like this:void reorderhandler(int prestate){ if (prestate)printf("Start reordering");elseprintf("End reordering");}Return valueThe previous handlerSee alsobdd reorder, bdd autoreorder, bdd resize hook
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bdd reorder probe { De�ne a handler for minimization of BDDsbddsizehandler bdd_reorder_probe(bddsizehandler handler)DesriptionReordering is typially done to minimize the global number of BDD nodes in use, butit may in some ases be usefull to minimize with respet to a spei� BDD. Withbdd reorder probe it is possible to de�ne a allbak funtion that alulates the sizeof a spei� BDD (or anything else in fat). This handler will then be alled by the re-ordering funtions to get the urrent size information. A typial handle ould look likethis:int sizehandler(void){ extern BDD mybdd;return bdd_nodeount(mybdd);}No default handler is supplied. The argument handler may be NULL if no handler isneeded.Return valueThe old handlerSee alsobdd reorderbdd reorder verbose { enables verbose information about reorderingsint bdd_reorder_verbose(int v)DesriptionWith bdd reorder verbose it is possible to set the level of information whih should beprinted during reordering. A value of zero means no information, a value of one meanssome information and any greater value will result in a lot of reordering information. Thedefault value is zero.Return valueThe old verbose levelSee alsobdd reorder 52



bdd replae { replaes variables with other variablesBDD bdd_replae(BDD r, bddPair *pair)DesriptionReplaes all variables in the BDD r with the variables de�ned by pair. Eah entry inpair onsists of a old and a new variable. Whenever the old variable is found in r then anew node with the new variable is inserted instead.Return valueThe result of the operation.See alsobdd newpair, bdd setpair, bdd setpairsbdd resetpair { lear all variable pairsvoid bdd_resetpair(bddPair *pair)DesriptionResets the table of pairs pair by setting all substitutions to their default values (that isno hange).See alsobdd newpair, bdd setpair, bdd freepair
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bdd resize hook { set a handler for nodetable resizesbdd2inthandler bdd_resize_hook(bdd2inthandler handler)DesriptionWhenever it is impossible to get enough free nodes by a garbage olletion then the nodetable is resized and a test is done to see if a handler is supllied by the user for this event.If so then it is alled with oldsize being the old nodetable size and newsize being thenew nodetable size.This funtion sets the handler to be handler. If a NULL argument is supplied then noalls are made when a table resize is done. No default handler is supplied.Any handler should be de�ned like this:void my_resize_handler(int oldsize, int newsize){ ...}Return valueThe previous handlerSee alsobdd gb hook, bdd reorder hook, bdd setminfreenodes
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bdd restrit { restri a set of variables to onstant valuesBDD bdd_restrit(BDD r, BDD var)DesriptionThis funtion restrits the variables in r to onstant true or false. How this is donedepends on how the variables are inluded in the variable set var. If they are inluded intheir positive form then they are restrited to true and vie versa. Unfortunately it is notpossible to insert variables in their negated form using bdd makeset, so the variable sethas to be build manually as a onjuntion of the variables. Example: Assume variable 1should be restrited to true and variable 3 to false.bdd X = make_user_bdd();bdd R1 = bdd_ithvar(1);bdd R2 = bdd_nithvar(3);bdd R = bdd_addref( bdd_apply(R1,R2, bddop_and) );bdd RES = bdd_addref( bdd_restrit(X,R) );Return valueThe restrited bdd.See alsobdd makeset, bdd exist, bdd forallbdd satount { alulates the number of satisfying variable assignmentsdouble bdd_satount(BDD r)double bdd_satountset(BDD r, BDD varset)DesriptionCalulates how many possible variable assignments there exists suh that r is satis�ed(true). All de�ned variables are onsidered in the �rst version. In the seond version,only the variables in the variable set varset are onsidered. This makes the funtion alot slower.Return valueThe number of possible assignments.See alsobdd satone, bdd fullsatone, bdd satountln
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bdd satountln { alulates the log. number of satisfying variable assignmentsdouble bdd_satountln(BDD r)double bdd_satountlnset(BDD r, BDD varset)DesriptionCalulates how many possible variable assignments there exists suh that r is satis�ed(true) and returns the logarithm of this. The result is alulated in suh a manner that itis pratially impossible to get an overow, whih is very possible for bdd satount if thenumber of de�ned variables is too large. All de�ned variables are onsidered in the �rstversion. In the seond version, only the variables in the variable set varset are onsidered.This makes the funtion a lot slower!Return valueThe logarithm of the number of possible assignments.See alsobdd satone, bdd fullsatone, bdd satountbdd satone { �nds one satisfying variable assignmentBDD bdd_satone(BDD r)DesriptionFinds a BDD with at most one variable at eah level. This BDD implies r and is not falseunless r is false.Return valueThe result of the operation.See alsobdd allsat bdd satoneset, bdd fullsatone, bdd satount, bdd satountln
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bdd satoneset { �nds one satisfying variable assignmentBDD bdd_satoneset(BDD r, BDD var, BDD pol)DesriptionFinds a minterm in r. The var argument is a variable set that de�nes a set of variablesthat must be mentioned in the result. The polarity of these variables in result|in asethey are unde�ned in r|are de�ned by the pol parameter. If pol is the false BDD thenthe variables will be in negative form, and otherwise they will be in positive form.Return valueThe result of the operation.See alsobdd allsat bdd satone, bdd fullsatone, bdd satount, bdd satountlnbdd save { saves a BDD to a �leint bdd_fnsave(har *fname, BDD r)int bdd_save(FILE *ofile, BDD r)DesriptionSaves the nodes used by r to either a �le ofile whih must be opened for writing or tothe �le named fname. In the last ase the �le will be trunated and opened for writing.Return valueZero on sues, otherwise an error ode from bdd.h.See alsobdd load
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bdd sanset { returns an integer representation of a variable setint bdd_sanset(BDD r, int **v, int *n)DesriptionSans a variable set r and opies the stored variables into an integer array of variablenumbers. The argument v is the address of an integer pointer where the array is storedand n is a pointer to an integer where the number of elements are stored. It is the usersresponsibility to make sure the array is dealloated by a all to free(v). The numbersreturned are guaranteed to be in asending order.Return valueZero on suess, otherwise a negative error ode.See alsobdd makesetbdd setaheratio { Sets the ahe ratio for the operator ahesint bdd_setaheratio(int r)DesriptionThe ratio between the number of nodes in the nodetable and the number of entries inthe operator ahetables is alled the ahe ratio. So a ahe ratio of say, four, allo-ates one ahe entry for eah four unique node entries. This value an be set withbdd setaheratio to any positive value. When this is done the ahes are resized in-stantly to �t the new ratio. The default is a �xed ahe size determined at initializationtime.Return valueThe previous ahe ratio or a negative number on error.See alsobdd init
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bdd setmaxinrease { set max. number of nodes used to inrease node tableint bdd_setmaxinrease(int size)DesriptionThe node table is expanded by doubling the size of the table when no more free nodesan be found, but a maximum for the number of new nodes added an be set withbdd maxinrease to size nodes. The default is 50000 nodes (1 Mb).Return valueThe old threshold on sues, otherwise a negative error ode.See alsobdd setmaxnodenum, bdd setminfreenodesbdd setmaxnodenum { set the maximum available number of bdd nodesint bdd_setmaxnodenum(int size)DesriptionThis funtion sets the maximal number of bdd nodes the pakage may alloate before itgives up a bdd operation. The argument size is the absolute maximal number of nodesthere may be alloated for the nodetable. Any attempt to alloate more nodes resultsin the onstant false being returned and the error handler being alled until some nodesare dealloated. A value of 0 is interpreted as an unlimited amount. It is not possible tospeify fewer nodes than there has already been alloated.Return valueThe old threshold on sues, otherwise a negative error ode.See alsobdd setmaxinrease, bdd setminfreenodes
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bdd setminfreenodes { set min. no. of nodes to be relaimed after GBC.int bdd_setminfreenodes(int n)DesriptionWhenever a garbage olletion is exeuted the number of free nodes left are heked tosee if a resize of the node table is required. If X = (bddfreenum � 100)=maxnum is lessthan or equal to n then a resize is initiated. The range of X is of ourse 0 : : : 100 and hassome inuene on how fast the pakage is. A low number means harder attempts to avoidresizing and saves spae, and a high number redues the time used in garbage olletions.The default value is 20.Return valueThe old threshold on sues, otherwise a negative error ode.See alsobdd setmaxnodenum, bdd setmaxinreasebdd setpair { set one variable pairint bdd_setpair(bddPair *pair, int oldvar, int newvar)int bdd_setbddpair(bddPair *pair, BDD oldvar, BDD newvar)DesriptionAdds the pair (oldvar,newvar) to the table of pairs pair. This results in oldvar beingsubstituted with newvar in a all to bdd replae. In the �rst version newvar is an integerrepresenting the variable to be replaed with the old variable. In the seond versionoldvar is a BDD. In this ase the variable oldvar is substituted with the BDD newvar.The possibility to substitute with any BDD as newvar is utilized in bdd ompose, whereasonly the topmost variable in the BDD is used in bdd replae.Return valueZero on suess, otherwise a negative error ode.See alsobdd newpair, bdd setpairs, bdd resetpair, bdd replae, bdd ompose
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bdd setpairs { de�nes a whole set of pairsint bdd_setpairs(bddPair *pair, int *oldvar, int *newvar, int size)int bdd_setbddpairs(bddPair *pair, int *oldvar, BDD *newvar, int size)DesriptionAs for bdd setpair but with oldvar and newvar being arrays of variables (BDDs) of sizesize.Return valueZero on suess, otherwise a negative error ode.See alsobdd newpair, bdd setpair, bdd replae, bdd omposebdd setvarnum { set the number of used bdd variablesint bdd_setvarnum(int num)DesriptionThis funtion is used to de�ne the number of variables used in the bdd pakage. It maybe alled more than one time, but only to inrease the number of variables. The argumentnum is the number of variables to use.Return valueZero on sues, otherwise a negative error ode.See alsobdd ithvar, bdd varnum, bdd extvarnum
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bdd setvarorder { set a spei� variable ordervoid bdd_setvarorder(int *neworder)DesriptionThis funtion sets the urrent variable order to be the one de�ned by neworder. Theparameter neworder is interpreted as a sequene of variable indeies and the new variableorder is exatly this sequene. The array must ontain all the variables de�ned so far. Iffor instane the urrent number of variables is 3 and neworder ontains [1; 0; 2℄ then thenew variable order is v1 < v0 < v2.See alsobdd reorder, bdd printorderbdd simplify { oudert and Madre's restrit funtionBDD bdd_simplify(BDD f, BDD d)DesriptionTries to simplify the BDD f by restriting it to the domaine overed by d. No heks aredone to see if the result is atually smaller than the input. This an be done by the userwith a all to bdd nodeount.Return valueThe simpli�ed BDDSee alsobdd restritbdd stats { returns some status information about the bdd pakagevoid bdd_stats(bddStat* stat)DesriptionThis funtion aquires information about the internal state of the bdd pakage. The statusinformation is written into the stat argument.See alsobddStat 62



bdd strm hook { Spei�es a printing allbak handlerbddstrmhandler bdd_strm_hook(bddstrmhandler handler)DesriptionA printing allbak handler for use with BDDs is used to onvert the BDD variable numberinto something readable by the end user. Typially the handler will print a string nameinstead of the number. A handler ould look like this:void printhandler(ostream &o, int var){ extern har **names;o << names[var℄;}The handler an then be passed to BuDDy like this: bdd strm hook(printhandler).No default handler is supplied. The argument handler may be NULL if no handler isneeded.Return valueThe old handlerSee alsobdd printset, bdd �le hook, fdd strm hookbdd support { returns the variable support of a BDDBDD bdd_support(BDD r)DesriptionFinds all the variables that r depends on. That is the support of r.Return valueA BDD variable set.See alsobdd makeset
63



bdd swapvar { Swap two BDD variablesint bdd_swapvar(int v1, int v2)DesriptionUse bdd swapvar to swap the position (in the urrent variable order) of the two BDDvariables v1 and v2. There are no onstraints on the position of the two variables beforethe all. This funtion may not be used together with user de�ned variable bloks. Theswap is done by a series of adjaent variable swaps and requires the whole node tableto be rehashed twie for eah all to bdd swapvar. It should therefore not be used wereeÆieny is a major onern.Return valueZero on sues and a negative error ode otherwise.See alsobdd reorder, bdd addvarblokbdd true { returns the onstant true bddBDD bdd_true(void)DesriptionThis funtion returns the onstant true bdd and an freely be used together with thebddtrue and bddfalse onstants.Return valueThe onstant true bddSee alsobdd false, bddtrue, bddfalse
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bdd unique { unique quanti�ation of variablesBDD bdd_unique(BDD r, BDD var)DesriptionRemoves all ourenes in r of variables in the set var by unique quanti�ation. Thistype of quanti�ation uses a XOR operator instead of an OR operator as in the existentialquanti�ation, and an AND operator as in the universal quanti�ation.Return valueThe quanti�ed BDD.See alsobdd exist, bdd forall, bdd makesetbdd var { gets the variable labeling the bddint bdd_var(BDD r)DesriptionGets the variable labeling the bdd r.Return valueThe variable number.bdd var2level { Feth the level of a spei� BDD variableint bdd_var2level(int var)DesriptionReturns the position of the variable var in the urrent variable order.See alsobdd reorder, bdd level2var
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bdd varblokall { add a variable blok for all variablesvoid bdd_varblokall(void)DesriptionAdds a variable blok for all BDD variables delared so far. Eah blok ontains onevariable only. More variable bloks an be added later with the use of bdd addvarblok {in this ase the tree of variable bloks will have the bloks of single variables as the leafs.See alsobdd addvarblok, bdd intaddvarblokbdd varnum { returns the number of de�ned variablesint bdd_varnum(void)DesriptionThis funtion returns the number of variables de�ned by a all to bdd setvarnum.Return valueThe number of de�ned variablesSee alsobdd setvarnum, bdd ithvarbdd varpro�le { returns a variable pro�leint *bdd_varprofile(BDD r)DesriptionCounts the number of times eah variable ours in the bdd r. The result is stored andreturned in an integer array where the i'th position stores the number of times the i'thvariable oured in the BDD. It is the users responsibility to free the array again using aall to free.Return valueA pointer to an integer array with the pro�le or NULL if an error oured.
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bdd veompose { simultaneous funtional ompositionBDD bdd_veompose(BDD f, bddPair *pair)DesriptionUses the pairs of variables and BDDs in pair to make the simultaneous substitution:f [g1=V1; : : : ; gn=Vn℄. In this way one or more BDDs may be substituted in one step. TheBDDs in pair may depend on the variables they are substituting. bdd ompose maybe used instead of bdd replae but is not as eÆient when gi is a single variable, thesame applies to bdd restrit. Note that simultaneous substitution is not neessarilythe same as repeated substitution. Example: (x1 _ x2)[x3=x1; x4=x3℄ = (x3 _ x2) 6=((x1 _ x2)[x3=x1℄)[x4=x3℄ = (x4 _ x2).Return valueThe omposed BDDSee alsobdd ompose, bdd replae, bdd restritbdd versionnum { returns the version number of the bdd pakageint bdd_versionnum(void)DesriptionThis funtion returns the version number of the bdd pakage. The number is in the range10-99 for version 1.0 to 9.9.See alsobdd versionstrbdd versionstr { returns a text string with version informationhar* bdd_versionstr(void)DesriptionThis funtion returns a text string with information about the version of the bdd pakage.See alsobdd versionnum 67



bdd xor { The logial 'xor' of two BDDsBDD bdd_xor(BDD l, BDD r)DesriptionThis a wrapper that alls bdd apply(l,r,bddop xor).Return valueThe logial 'xor' of l and r.See alsobdd apply, bdd or, bdd andbddfalse { the onstant false bddextern onst BDD bddfalse;DesriptionThis bdd holds the onstant false valueSee alsobddtrue, bdd true, bdd falsebddtrue { the onstant true bddextern onst BDD bddtrue;DesriptionThis bdd holds the onstant true valueSee alsobddfalse, bdd true, bdd false
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bve { A boolean vetortypedef strut s_bve{ int bitnum;BDD *bitve;} BVEC;typedef BVEC bve;DesriptionThis data struture is used to store boolean vetors. The �eld bitnum is the number ofelements in the vetor and the �eld bitve ontains the atual BDDs in the vetor. TheC++ version of bve is doumented at the beginning of this doumentbve add { builds a boolean vetor for additionbve bve_add(bve l, bve r)DesriptionBuilds a new boolean vetor that represents the addition of two other vetors. Eahelement xi in the result will represent the funtionxi = li xor ri xor i�1where the arry in i isi = (li and ri) or (i�1 and (li or ri)):It is important for eÆeny that the BDD variables used in l and r are interleaved.Return valueThe result of the addition (whih is already referene ounted)See alsobve sub, bve mul, bve shl
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bve addref { inrease referene ount of a boolean vetorbve bve_addref(bve v)DesriptionUse this funtion to inrease the referene ount of all BDDs in a v. Please note that allboolean vetors returned from BuDDy are referene ounted from the beginning.Return valueThe boolean vetor vSee alsobve delrefbve oere { adjust the size of a boolean vetorbve bve_oere(int bitnum, bve v)DesriptionBuild a boolean vetor with bitnum elements opied from v. If the number of elements inv is greater than bitnum then the most signi�ant bits are removed, otherwise if numberis smaller then the vetor is padded with onstant false BDDs (zeros).Return valueThe new boolean vetor (whih is already referene ounted)bve on { Build a boolean vetor representing an integer valuebve bve_on(int bitnum, int val)DesriptionBuilds a boolean vetor that represents the value val using bitnum bits. The value willbe represented with the LSB at the position 0 and the MSB at position bitnum-1.Return valueThe boolean vetor (whih is already referene ounted)See alsobve true, bve false, bve var 70



bve opy { reate a opy of a bvebve bve_opy(bve sr)DesriptionReturns a opy of sr. The result is referene ounted.See alsobve onbve delref { derease the referene ount of a boolean vetorbve bve_delref(bve v)DesriptionUse this funtion to derease the referene ount of all the BDDs in v.Return valueThe boolean vetor vSee alsobve addrefbve div { builds a boolean vetor for divisionint bve_div(bve l, bve r, bve *res, bve *rem)DesriptionBuilds a new boolean vetor representing the integer division of l with r. The result ofthe division will be stored in res and the remainder of the division will be stored in rem.Both vetors should be initialized as the funtion will try to release the nodes used bythem. If an error ours then the nodes will not be freed.Return valueZero on suess or a negative error ode on error.See alsobve mul, bve div�xed, bve add, bve shl71



bve div�xed { builds a boolean vetor for division by a onstantint bve_div(bve e, int , bve *res, bve *rem)DesriptionBuilds a new boolean vetor representing the integer division of e with . The result ofthe division will be stored in res and the remainder of the division will be stored in rem.Both vetors should be initialized as the funtion will try to release the nodes used bythem. If an error ours then the nodes will not be freed.Return valueZero on suess or a negative error ode on error.See alsobve div, bve mul, bve add, bve shlbve equ { alulates the truth value of x = ybdd bve_equ(bve l, bve r)DesriptionReturns the BDD representing l = r (not referene ounted). Both vetors must have thesame number of bits.See alsobve lth, bve lte, bve gth, bve gte, bve neqbve false { build a vetor of onstant false BDDsbve bve_false(int bitnum)DesriptionBuilds a boolean vetor with bitnum elements, eah of whih are the onstant false BDD.Return valueThe boolean vetor (whih is already referene ounted)See alsobve true, bve on, bve var 72



bve free { frees all memory used by a boolean vetorvoid bve_free(bve v)DesriptionUse this funtion to release any unused boolean vetors. The derease of the refereneounts on the BDDs in v is done by bve free.bve gte { alulates the truth value of x � ybdd bve_gte(bve l, bve r)DesriptionReturns the BDD representing l�r (not referene ounted). Both vetors must have thesame number of bits.See alsobve lth, bve gth, bve gth, bve equ, bve neqbve gth { alulates the truth value of x > ybdd bve_gth(bve l, bve r)DesriptionReturns the BDD representing l > r (not referene ounted). Both vetors must have thesame number of bits.See alsobve lth, bve lte, bve gte, bve equ, bve neq
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bve isonst { test a vetor for onstant true/false BDDsint bve_isonst(bve v)DesriptionReturns non-zero if the vetor v onsists of only onstant true or false BDDs. Otherwisezero is returned. This test should prelude any all to bve val.See alsobve val, bve onbve ite { alulates the if-then-else operator for a boolean vetorbve bve_ite(bdd a, bve b, bve )DesriptionBuilds a vetor where the bdd a has been applied bitwise to b and  in an if-then-elseoperation, suh that the result r is:ri = ite(a; bi; i);Return valueThe if-then-else result.See alsobdd itebve lte { alulates the truth value of x � ybdd bve_lte(bve l, bve r)DesriptionReturns the BDD representing l�r (not referene ounted). Both vetors must have thesame number of bits.See alsobve lth, bve gth, bve gte, bve equ, bve neq
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bve lth { alulates the truth value of x < ybdd bve_lth(bve l, bve r)DesriptionReturns the BDD representing l < r (not referene ounted). Both vetors must have thesame number of bits.See alsobve lte, bve gth, bve gte, bve equ, bve neqbve map1 { map a funtion onto a boolean vetorbve bve_map1(bve a, bdd (*fun)(bdd))DesriptionMaps the funtion fun onto all the elements in a. The value returned from fun is storedin a new vetor whih is then returned. An example of a mapping funtion is bdd notwhih an be used like thisbve res = bve map1(a, bdd not)to negate all the BDDs in a.Return valueThe new vetor (whih is already referene ounted)See alsobve map2, bve map3
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bve map2 { map a funtion onto a boolean vetorbve bve_map2(bve a, bve b, bdd (*fun)(bdd,bdd))DesriptionMaps the funtion fun onto all the elements in a and b. The value returned from funis stored in a new vetor whih is then returned. An example of a mapping funtion isbdd and whih an be used like thisbve res = bve map2(a, b, bdd and)to alulate the logial 'and' of all the BDDs in a and b.Return valueThe new vetor (whih is already referene ounted)See alsobve map1, bve map3bve map3 { map a funtion onto a boolean vetorbve bve_map3(bve a, bve b, bve , bdd (*fun)(bdd,bdd,bdd))DesriptionMaps the funtion fun onto all the elements in a, b and . The value returned from funis stored in a new vetor whih is then returned. An example of a mapping funtion isbdd ite whih an be used like thisbve res = bve map3(a, b, , bdd ite)to alulate the if-then-else funtion for eah element in a, b and .Return valueThe new vetor (whih is already referene ounted)See alsobve map1, bve map2
76



bve mul { builds a boolean vetor for multipliationbve bve_mul(bve l, bve r)DesriptionBuilds a boolean vetor representing the multipliation of l and r.Return valueThe result of the multipliation (whih is already referene ounted)See alsobve mul�xed, bve div, bve add, bve shlbve mul�xed { builds a boolean vetor for multipliation with a onstantbve bve_mulfixed(bve e, int )DesriptionBuilds a boolean vetor representing the multipliation of e and .Return valueThe result of the multipliation (whih is already referene ounted)See alsobve mul, bve div, bve add, bve shlbve neq { alulates the truth value of x 6= ybdd bve_neq(bve l, bve r)DesriptionReturns the BDD representing l 6=r (not referene ounted). Both vetors must have thesame number of bits.See alsobve lte, bve lth, bve gth, bve gth, bve equ
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bve shl { shift left operation (symboli)bve bve_shl(bve l, bve r, BDD )DesriptionBuilds a boolean vetor that represents l shifted r times to the left. The new emptyelements will be set to . The shift operation is fully symboli and the number of bitsshifted depends on the urrent value enoded by r.Return valueThe result of the operation (whih is already referene ounted)See alsobve add, bve mul, bve shl�xed, bve shrbve shl�xed { shift left operation (�xed number of bits)bve bve_shlfixed(bve v, int pos, BDD )DesriptionBuilds a boolean vetor that represents v shifted pos times to the left. The new emptyelements will be set to .Return valueThe result of the operation (whih is already referene ounted)See alsobve add, bve mul, bve shl, bve shr
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bve shr { shift right operation (symboli)bve bve_shr(bve l, bve r, BDD )DesriptionBuilds a boolean vetor that represents l shifted r times to the right. The new emptyelements will be set to . The shift operation is fully symboli and the number of bitsshifted depends on the urrent value enoded by r.Return valueThe result of the operation (whih is already referene ounted)See alsobve add, bve mul, bve shl, bve shr�xedbve shr�xed { shift right operationbve bve_shrfixed(bve v, int pos, BDD )DesriptionBuilds a boolean vetor that represents v shifted pos times to the right. The new emptyelements will be set to .Return valueThe result of the operation (whih is already referene ounted)See alsobve add, bve mul, bve shr, bve shl
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bve sub { builds a boolean vetor for subtrationbve bve_sub(bve l, bve r)DesriptionBuilds a new boolean vetor that represents the subtration of two other vetors. Eahelement xi in the result will represent the funtionxi = li xor ri xor i�1where the arry in i isi = (li and ri and i�1) or (not li and (ri or i�1)):It is important for eÆeny that the BDD variables used in l and r are interleaved.Return valueThe result of the subtration (whih is already referene ounted)See alsobve add, bve mul, bve shlbve true { build a vetor of onstant true BDDsbve bve_true(int bitnum)DesriptionBuilds a boolean vetor with bitnum elements, eah of whih are the onstant true BDD.Return valueThe boolean vetor (whih is already referene ounted)See alsobve false, bve on, bve var
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bve val { alulate the integer value represented by a boolean vetorint bve_val(bve v)DesriptionCalulates the value represented by the bits in v assuming that the vetor v onsists ofonly onstant true or false BDDs. The LSB is assumed to be at position zero.Return valueThe integer value represented by v.See alsobve isonst, bve onbve var { build a boolean vetor with BDD variablesbve bve_var(int bitnum, int offset, int step)DesriptionBuilds a boolean vetor with the BDD variables v1; : : : ; vn as the elements. Eah variablewill be the the variabled numbered offset + N*step where N ranges from 0 to bitnum-1.Return valueThe boolean vetor (whih is already referene ounted)See alsobve true, bve false, bve on
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bve varfdd { build a boolean vetor from a FDD variable blokbve bve_varfdd(int var)DesriptionBuilds a boolean vetor whih will inlude exatly the variables used to de�ne the FDDvariable blok var. The vetor will have the LSB at position zero.Return valueThe boolean vetor (whih is already referene ounted)See alsobve varbve varve { build a boolean vetor with the variables passed in an arraybve bve_varve(int bitnum, int *var)DesriptionBuilds a boolean vetor with the BDD variables listed in the array var. The array mustbe of size bitnum.Return valueThe boolean vetor (whih is already referene ounted)See alsobve varfdd learall { lear all alloated FDD bloksvoid fdd_learall(void)DesriptionRemoves all de�ned �nite domain bloks de�ned by fdd extdomain() andfdd overlapdomain()
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fdd domain { BDD enoding of the domain of a FDD variableBDD fdd_domain(int var)DesriptionReturns what orresponds to a disjuntion of all possible values of the variable var. Thisis more eÆient than doing fdd ithvar(var,0) OR fdd ithvar(var,1) ... expliitelyfor all values in the domain of var.Return valueThe enoding of the domainfdd domainnum { number of de�ned �nite domain bloksint fdd_domainnum(void)DesriptionReturns the number of �nite domain bloks de�ne by alls to bdd extdomain.Return valueThe number of de�ned �nite domain bloks or a negative error odeSee alsofdd domainsize, fdd extdomainfdd domainsize { real size of a �nite domain blokint fdd_domainsize(int var)DesriptionReturns the size of the domain for the �nite domain blok var.Return valueThe size or a negative error odeSee alsofdd domainnum
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fdd equals { returns a BDD setting two FD. bloks equalBDD fdd_equals(int f, int g)DesriptionBuilds a BDD whih is true for all the possible assignments to the variable bloks f and gthat makes the bloks equal. This is more or less just a shorthand for alling fdd equ().Return valueThe orret BDD or the onstant false on errors.fdd extdomain { adds another set of �nite domain bloksint fdd_extdomain(int *dom, int num)DesriptionExtends the set of �nite domain bloks with the num domains in dom. Eah entry in domde�nes the size of a new �nite domain whih later on an be used for �nite state mahinetraversal and other operations on �nte domains. Eah domain alloates log2(jdom[i℄j)BDD variables to be used later. The ordering is interleaved for the domains de�ned ineah all to bdd extdomain. This means that assuming domain D0 needs 2 BDD variablesx1 and x2, and another domain D1 needs 4 BDD variables y1; y2; y3 and y4, then the orderwill be x1; y1; x2; y2; y3; y4. The index of the �rst domain in dom is returned. The index ofthe other domains are o�set from this index with the same o�set as in dom.The BDD variables needed to enode the domain are reated for the purpose and donot interfere with the BDD variables already in use.Return valueThe index of the �rst domain or a negative error ode.See alsofdd ithvar, fdd equals, fdd overlapdomain
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fdd �le hook { Spei�es a printing allbak handlerbddfilehandler fdd_file_hook(bddfilehandler handler)DesriptionA printing allbak handler for use with FDDs is used to onvert the FDD integer identi�erinto something readable by the end user. Typially the handler will print a string nameinstead of the identi�er. A handler ould look like this:void printhandler(FILE *o, int var){ extern har **names;fprintf(o, "%s", names[var℄);}The handler an then be passed to BuDDy like this: fdd file hook(printhandler).No default handler is supplied. The argument handler may be NULL if no handler isneeded.Return valueThe old handlerSee alsofdd printset, bdd �le hookfdd intaddvarblok { adds a new variable blok for reorderingint fdd_intaddvarblok(int first, int last, int fixed)DesriptionWorks exatly like bdd addvarblok exept that fdd intaddvarblok takes a range ofFDD variables instead of BDD variables.Return valueZero on suess, otherwise a negative error ode.See alsobdd addvarblok, bdd intaddvarblok, bdd reorder
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fdd ithset { the variable set for the i'th �nite domain blokBDD fdd_ithset(int var)DesriptionReturns the variable set that ontains the variables used to de�ne the �nite domain blokvar.Return valueThe variable set or the onstant false BDD on error.See alsofdd ithvarfdd ithvar { the BDD for the i'th FDD set to a spei� valueBDD fdd_ithvar(int var, int val)DesriptionReturns the BDD that de�nes the value val for the �nite domain blok var. The enodingplaes the Least Signi�ant Bit at the top of the BDD tree (whih means they will havethe lowest variable index). The returned BDD will be V0 ^ V1 ^ : : : ^ VN where eah Viwill be in positive or negative form depending on the value of val.Return valueThe orret BDD or the onstant false BDD on error.See alsofdd ithset
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fdd makeset { reates a variable set for N �nite domain bloksBDD fdd_makeset(int *varset, int varnum)DesriptionReturns a BDD de�ning all the variable sets used to de�ne the variable bloks in the arrayvarset. The argument varnum de�nes the size of varset.Return valueThe orret BDD or the onstant false on errors.See alsofdd ithset, bdd makesetfdd overlapdomain { ombine two FDD bloks into oneint fdd_overlapdomain(int v1, int v2)DesriptionThis funtion takes two FDD bloks and merges them into a new one, suh that the newone is enoded using both sets of BDD variables. If v1 is enoded using the BDD variablesa1; : : : ; an and has a domain of [0; N1℄, and v2 is enoded using b1; : : : ; bn and has a domainof [0; N2℄, then the result will be enoded using the BDD variables a1; : : : ; an; b1; : : : ; bnand have the domain [0; N1 � N2℄. The use of this funtion may result in some strangeoutput from fdd printset.Return valueThe index of the �nite domain blokSee alsofdd extdomain
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fdd printset { prints a BDD for a �nite domain blokvoid fdd_printset(BDD r)void fdd_fprintset(FILE *ofile, BDD f)DesriptionPrints the BDD f using a set notation as in bdd printset but with the index of the �nitedomain bloks inluded instead of the BDD variables. It is possible to speify a printingallbak funtion with fdd file hook or fdd strm hook whih an be used to print theFDD identi�er in a readable form.See alsobdd printset, fdd �le hook, fdd strm hookfdd sanallvar { Finds one satisfying value of all FDD variablesint* fdd_sanallvar(BDD r)DesriptionFinds one satisfying assignment in r of all the de�ned FDD variables. Eah value is storedin an array whih is returned. The size of this array is exatly the number of FDD variablesde�ned. It is the user's responsibility to free this array using free().Return valueAn array with all satisfying values. If r is the trivially false BDD, then NULL is returned.See alsofdd sanvar
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fdd sanset { sans a variable setint fdd_sanset(BDD r, int **varset, int *varnum)DesriptionSans the BDD r to �nd all ourenes of FDD variables and then stores these in varset.varset will be set to point to an array of size varnum whih will ontain the indies of thefound FDD variables. It is the users responsibility to free varset after use.Return valueZero on suess or a negative error ode on error.See alsofdd makesetfdd sanvar { Finds one satisfying value of a FDD variableint fdd_sanvar(BDD r, int var)DesriptionFinds one satisfying assignment of the FDD variable var in the BDD r and returns thisvalue.Return valueThe value of a satisfying assignment of var. If r is the trivially false BDD, then a negativevalue is returned.See alsofdd sanallvar
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fdd setpair { de�nes a pair for two �nite domain bloksint fdd_setpair(bddPair *pair, int p1, int p2)DesriptionDe�nes eah variable in the �nite domain blok p1 to be paired with the orrespondingvariable in p2. The result is stored in pair whih must be alloated using bdd makepair.Return valueZero on suess or a negative error ode on error.See alsofdd setpairsfdd setpairs { de�nes N pairs for �nite domain bloksint fdd_setpairs(bddPair *pair, int *p1, int *p2, int size)DesriptionDe�nes eah variable in all the �nite domain bloks listed in the array p1 to be paired withthe orresponding variable in p2. The result is stored in pair whih must be alloatedusing bdd makeset.Return valueZero on suess or a negative error ode on error.See alsobdd setpair
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fdd strm hook { Spei�es a printing allbak handlerbddstrmhandler fdd_strm_hook(bddstrmhandler handler)DesriptionA printing allbak handler for use with FDDs is used to onvert the FDD integer identi�erinto something readable by the end user. Typially the handler will print a string nameinstead of the identi�er. A handler ould look like this:void printhandler(ostream &o, int var){ extern har **names;o << names[var℄;}The handler an then be passed to BuDDy like this: fdd strm hook(printhandler).No default handler is supplied. The argument handler may be NULL if no handler isneeded.Return valueThe old handlerSee alsofdd printset, bdd �le hookfdd varnum { binary size of a �nite domain blokint fdd_varnum(int var)DesriptionReturns the number of BDD variables used for the �nite domain blok var.Return valueThe number of variables or a negative error odeSee alsofdd vars
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fdd vars { all BDD variables assoiated with a �nite domain blokint *fdd_vars(int var)DesriptionReturns an integer array ontaining the BDD variables used to de�ne the �nite domainblok var. The size of the array is the number of variables used to de�ne the �nitedomain blok. The array will have the Least Signi�ant Bit at pos 0. The array must notbe dealloated.Return valueInteger array ontaning the variable numbers or NULL if v is an unknown blok.See alsofdd varnumoperator<< { C++ output operator for BDDsostream &operator<<(ostream &o, onst bdd_ioformat &f)ostream &operator<<(ostream &o, onst bdd &r)DesriptionBDDs an be printed in various formats using the C++ iostreams library. Theformats are the those used in bdd printset, bdd printtable, fdd printset andbdd printdot. The format an be spei�ed with the following format objets:bddset BDD level set formatbddtable BDD level table formatbdddot Output for use with Dotbddall The whole node tablefddset FDD level set formatSo a BDD x an for example be printed as a table with the ommandout << bddtable << x << endl.Return valueThe spei�ed output streamSee alsobdd strm hook, fdd strm hook
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