Program Explorer: A Program Visualizer for C++ Danny B. Lange Y uic hi Nak am ura IBM Researc h, T oky o Research Lab oratory 1623-14, Shimotsuruma, Y amato-shi Kanagaw a-k en 242, JAP AN e-mail: danny@acm.org Abstract Despite the obvious advantages of using obje ct- oriente d (O-O) pr o gr am visualizers in system understanding and debugging, they ar e stil l r ar ely found in the pr o gr ammers’s to ol b ox. One r e ason for this that such visualizers often fail b e c ause of their inability to hand le pr oblems of a r e alistic sc ale. In our r ese ar ch, we have addr esse d the sc alability pr oblem by inte gr ating static and dynamic pr o gr am information to pr o- duc e abstr act and yet ac cur ate views of c omplex O-O systems that often pr ovide mor e useful in- formation than c an b e obtaine d by r e ading the sour c e c o de. This is the appr o ach we fol lowe d in designing Pr o gr am Explor er, a r ese ar ch pr oto- typ e for C++ pr o gr am visualization, which has b e en use d to examine lar ge O-O systems such as Stanfor d’s Interviews libr ary and T aligent’s CommonPoint fr ameworks. 1 In tro duction Whether we wan t to re-use or debug an ob ject- oriented (O-O) system, we must acquire a thor- ough understanding of the static and dynamic prop erties of the system. Although the use of ob ject orientation has changed soft w are devel- opment for the b etter, it has not exactly made programs easier to understand. Inheritance , p olymorphism , and encapsu- lation are all go o d O-O concepts, but also tend to make the actual designs in whic h they are used more di�cult to comprehend. Inheritance makes it di�cult to \read" the b ehavior of a particular ob ject, since that ob ject can b elong to a chain of, say , �ve to ten classes; p oly- morphism often mak es it di�cult to determine which metho d is actually executed in a giv en ob- ject; and encapsulation makes it di�cult to un- derstand that no ob ject is an island, but rather that each is a part of a co op erativ e netw ork of ob jects. In fact, understanding O-O systems is the art of combining knowledge ab out the concrete (ob- jects and their interaction) and the abstract (classes and their relationships). One cannot fully understand an O-O system b y simply con- sidering its concrete or abstract prop erties in isolation. The former consist of the visible re- sults of the execution of the system, while the latter consist of what we can exp ect from the system. Understanding ev olv es from a kno wl- edge of the relations b etw een these tw o sets of prop erties. The pro cess of understanding programs is noto- riously di�cult and cum b ersome. Often many di�erent classes are inv olv ed and in teraction turns out to b e non-trivial. The complexity of b oth the design and some O-O concepts fre- quently mak es it di�cult to verify the scenarios we construct with p en and pap er. T ools such as CIA++ [9] and GraphLog [2] hav e b een dev elop ed to help in understanding O-O programs. The problem, ho w ev er, is that information giv en b y this t yp e of to ol for real- 1 world programs is sometimes v ery di�cult to comprehend. There are v ery few w a ys of distin- guishing relev an t information from less relev an t information. The ro ot of the problem is that these to ols more or less displa y the obvious: an un�ltered graphical representation of the source co de that is just as di�cult to comprehend as the source co de itself. Our approach is to com bine program execu- tion with the understanding of ob jects and in- teractions, and the static program information (source co de) with the understanding of classes and their relationships. This allo ws us to de- termine which classes are relev an t and how pro- gram b eha vior c hanges according to our inter- action with the running program. The challenge of this approach is that dynamic analysis of O-O systems inv olv es generating huge amounts of program information that is hard to digest, esp ecially if the information is presented in a purely textual format. The situ- ation is not unique. Other scienti�c areas c har- acterized by huge amoun ts of data face the same problem. One solution that has b ecome increas- ingly p opular is called scienti�c visualization. It has in many cases prov en to b e a particularly go o d wa y of presen ting a large amount of infor- mation [16]. Two O-O program visualization to ols that uti- lize dynamic information are Ob ject Visual- izer [17, 18] and HotWire [12]. Both rely on visual e�ects to draw atten tion to program anomalies, rather than giving exact informa- tion. Although this approach app ears e�cient for detecting problems and, to some exten t, for lo calizing them, it hardly provides the exactness that programmers need in order to understand a problem and correct it. In our research, w e hav e developed a mechanism capable of amplifying patterns of ob ject in ter- action in program visualizations. Our approach is based on the observ ation that static informa- tion can leverage dynamic information and vice versa. The tec hnique is to let the dynamic infor- mation imp ose (1) a sense of relev ance on the static entities, such as which classes or mem- b er functions are actually imp ortan t during a certain phase of execution, and (2) a sense of sequence, such as the order in which mem b er functions are called. In contrast, static infor- mation allo ws us to fo cus on (1) ob jects of cer- tain classes, and (2) prop erties related to certain classes. Hence, the tw o main issues that ha v e to b e ad- dressed in order to visualize O-O programs are the a v ailabilit y of program information (captur- ing static as well as dynamic information), and the scalability of information pro cessing and presentation (that is, the ability to create useful visualizations of real-world systems). W e hav e addressed b oth these issues in the dev elopmen t of a research protot yp e for program visualiza- tion named Program Explorer . Program Explorer is a system for under- standing C++ programs through visualization. Its purp ose is to provide class- and ob ject- centered views of the structure and b ehavior of large C++ systems, with information accurate enough to enable programmers to re-use and maintain undo cumented parts of such systems. The to ol should b e graphically oriented and should provide interactiv e hypertext-like navi- gation of program entities in running programs. In the following section, Program Explorer’s wa y of coupling static and dynamic program in- formation is describ ed and some visualizations are displa y ed. Section 3 presents the Program Database , the source of static program infor- mation. Sections 4 and 5 describ e how the dy- namic program information is generated and re- trieved. Section 6 presen ts our conclusions. 2 Information Coupling and Visualization F rom the Program Database, Program Explorer can retrieve static program information for a num ber of interesting visualizations such as class inheritance hierarch y , function calls, and v ariable access. F rom the execution trace of a running system it can generate a num ber of vi-

Figure 1: Class-to-Obje ct Coupling: V ertic al Sele ction. sualizations that can giv e insights into its dy- namic prop erties, such as ob ject creational hi- erarch y , ob ject calls, and ob ject usage. It is thus p ossible to inv estigate the exact sequences of interaction among several ob jects needed to accomplish some task, and to detect program anomalies such as ob jects b eing created but never destro y ed, and ob jects b eing in v ok ed after they hav e b een destroy ed. How ev er, in our exp erience the main problem with pure static and pure dynamic mo dels is their limited applicability to systems of a re- alistic size. The reason for this is that, in a sense, pure static views as well as pure execu- tion views just show the obvious. That is, they show what is already presen t in the source co de and in the computer memory during program execution. What helps in program understand- ing is the coupling of the abstract and the con- crete, that is, of static and dynamic informa- tion. In Program Explorer we ha v e found tw o coupling techniques that are particular useful, namely , Classes-to-Ob jects and Ob jects-to- Classes . The Classes-to-Ob jects coupling can b e used to �lter dynamic information by means of static information. In Program Explorer, w e hav e de- �ned tw o particular categories of selection based on the class inheritance graph: vertical and horizontal selection . By vertical selection we mean the pro cess of selecting ob jects of a given class. By horizon tal selection we mean the se-

Figure 2: Class-to-Obje ct Coupling: Horizontal Sele ction. lection of certain ob ject prop erties related to a sp eci�c class. Often, we use vertical selection to select a group of ob jects, and then use horizon- tal selection to study particular asp ects of their interaction. W e ha v e created an Interviews [14] sample pro- gram to examine the use of yweigh t 1 ob jects in In terviews (see App endix A and Figure 7). W e know that ivGlyph is the ro ot class for all graphical ob jects; thus, by retrieving ob- jects derived from this class w e can examine all graphical ob jects pro duced b y this sample program. Figure 1 demonstrates such use of vertical selection. In the right pane we see the 1 Flyweigh t ob jects are �ne-grained ob jects that can b e shared e�ciently . Ob ject Graph of graphical ob jects and their creators. The no des in the graph are ob jects identi�ed by their class name and a unique n um- b er ( World<1> represents the un-instrumented creators). The arcs represent creational rela- tionships. In the left pane we �nd the Inv o- cation Chart , whic h displays ob ject longevit y (the lengths of the bars) and the order of cre- ation (from top to b ottom). F ollo wing the v ertical selection, in Figure 2 we show an example of horizon tal selection. The class ivGlyph de�nes a virtual function draw that is implemented in each of the derived classes. By selecting ivGlyph::draw we fo cus on a single b ehavioral asp ect of these ob jects. The hierarchical drawing pro cess from window

Figure 3: Moving F o cus to ivTransformSetter . to canv as b ecomes very clear, particularly in the inv o cation chart. It also shows how the lab el, as a yweigh t ob ject, is reused and drawn in three di�eren t contexts: plain, with a shadow, and transformed (rotated). By Ob jects-to-Classes coupling we mean the transfer of dynamic information to the static domain. The purp ose of this coupling is to �l- ter huge amounts of static information in such a w a y that only the relationships actually used are in fo cus. Such visualizations can b e used to express class-pro ximit y (quan ti�cation of dy- namic information to determine how dep endent classes are on each other), or they can b e used in class-based diagrams to describ e ob ject commu- nication by n um bered call relationships among classes, indicating the order in which inv oca- tions are supp osed to take place. Surprisingly informative visualizations can b e obtained by applying static and dynamic information cou- pling to large systems. Orthogonal to the static and dynamic represen- tations of O-O program executions are their vi- sual represen tations . The purp ose of a visual representation is to comm unicate the conten t of a given view of an O-O program and its ex- ecution. Di�erent visual representations hav e di�erent characteristics that mak e them more or less suited for particular views. In our re- search we hav e implemented and studied a num- b er of interesting visual representations includ- ing graphs, bar charts, and matrices. The use of

Figure 4: View Inte gr ation: F our Views of ivLabel . color has also b een explored. Our color conv en- tion (whic h can b e re-de�ned by the user) is red for ob jects, green for classes, blue for free func- tions, and brown for the un-instrumented part of the system. Highlighting is used to displa y selected entities. Two interaction tec hniques are used in Program Explorer’s GUI to deal with the issue of scalabil- ity . Na vigation is the tec hnique used within a given view to explore it in an step-b y-step fash- ion comparable to that of hypertext linking. In the previous example, w e can mo v e the fo cus to the ivShadow and ivTransformSetter ob- jects to examine how a lab el is actually given a shadow and ho w it is rotated. In Figure 3 w e hav e mov ed the fo cus to one of the ab ov e ob- jects, and we can see how ivTransformSetter actually instructs the can v as to rotate the lab el ob ject without the latter’s knowledge. Naviga- tion allows the user to fo cus on certain parts of a graph while ignoring others. A fo cus can also b e exp orted to another view. As is sho wn in Figure 4, Program Explorer’s GUI consists of four panes, of whic h three are graphical and one is textual. The in tegration of these four panes through the fo cusing mech- anism enables the user to view static prop erties in one pane and dynamic prop erties in another. W e regard this as a GUI-based coupling of static and dynamic information.

Figure 5: The System Ar chite ctur e of Pr o gr am Explor er. 3 Static Program Information Retrieving static program information for C++ programs is strictly sp eaking not a part of Pro- gram Explorer. It is retrieved by the Program Database from so-called pdb -�les generated b y IBM’s xlC compiler. An ov erview of the system architecture of Pro- gram Explorer can b e seen in Figure 5. The sys- tem includes a program database for C++, an instrumentation utilit y for augmenting C++ programs with co de that pro duces trace infor- mation, a T race Recorder linked to the in- strumented programs that captures the trace, and �nally , Program Explorer, which con trols program execution and presents static and dy- namic information through its GUI. The Program Database is a stand-alone applica- tion that implements the sc hema of static pro- gram information from T able 1 and provides a full Prolog interface to clients. A simple query pd class(Cid, Cname, class, , )? will return a set of pairs of ( ClassID , Class- Name ). The query can b e extended to pd inherit(DerID, BaseID, , , , ), pd class(DerID, DerName, class, , ), pd class(BaseID, baseName, class, , )? which returns the set of binary inheritance rela- tionships b etw een classes. The built-in Prolog interpreter can also compute recursive queries, and the uniform representation of facts and rules in Prolog allows clien ts to app end rules to the database and th us create their own logic programs as a part of the database. 4 Program Instrumen tation Collecting accurate information on a running C++ program is not easy . Without a meta- class concept, there are basically three w a ys of collecting such information: (1) extend the compiler so that it adds trace-generating co de to the normal co de, (2) use debugging tec h- niques, or (3) augment the source co de with trace-generating co de. Many compilers o�er options for generating pro- �ling information that can b e used to detect \hot sp ots" in the co de. T races of this type do not provide enough information for our kind of visualization. Ideally , compilers can b e mo d- i�ed to insert co de that pro duces detailed trace information, but we considered that task to b e b ey ond the scop e of our work. Another w a y of retrieving dynamic information is to use debugging techniques. Normally , this is done b y setting breakp oin ts at the functions in a program. How ev er, when dynamic infor- mation is collected in this wa y , a great deal of time is sp ent by the system in context switc h- ing b et w een the pro cess of the target program and the pro cess of Program Explorer. Pro cesses are heavyw eigh t pro cesses in AIX and a con text switch from pro cess to another is a costly op er- ation. The third solution is to augmen t the source co de with trace-generating co de. This tech- nique is often termed program instrumen ta- tion . C++ prepro cessors hav e b een used to instrument programs [17], but a complete in- strumentation would require a seman tic anal- ysis comparable to the one carried out in the compiler. W e found instrumentation to b e an

T able 1: Schema for Static Information. � F acts on entities: pd directory(ID, Name, PathName, ParentDirID) pd file(ID, Name, PathName, Time, Language, DirID) pd class(ID, Name, ClassType, IsSOM, SOMName) pd function(ID, Name, PrototypeString, FuncStorageClass, Const, Inline, Overload, Operator, VirtualSpecifier, FuncMiscAttriute, Volatile, IsSOM, SOMName) pd variable(ID, Name, DeclarationString, VarStorageClass, Const, Volatile) pd enumeration tag(ID, Name) pd enumerator(ID, Name, EnumID) pd macro(ID, Name, NumberOfArguments) pd typedef(ID, Name, DeclarationString) pd label(ID, Name) pd template(ID, Name, TemplateType, LongName) � F acts on relationships: pd defined(ID, ScopeID, FileID, Line, Column) pd declared(ID, ScopeID, FileID, Line, Column) pd used(ID, ScopeID, FileID, Line, Column) pd used implicit(ID, ScopeID, FileID, Line, Column) pd used lvalue(ID, ScopeID, FileID, Line, Column) pd member(ClassID, MemberID, AccessSpecifier, Offset) pd friend(ClassID, FriendID, Line, Column, FileID) pd inherit(DerivedClassID, BaseClassID, AccessSpecifier, Virtual, Order, FileID) pd include(FileID, IncludedFileID, Line) pd instantiated(InstantiatedID, TemplateID) pd source2pdb(SourceFileID, PdbFileID, CompilerOption, Language) pd call(CallerID, CalleeID) � F acts on types of names: pd typeof variable(ID, Type) pd typeof function(ID, ReturnType, NumberOfArguments, ListOfArgumentTypes) pd typeof typedef(ID, Type) acceptable solution, but instead of using a C++ prepro cessor we decided to rely on the Program Database for accurate instrumentation informa- tion. The conten ts of the Program Database are compiler-generated and thus v ery exact with re- sp ect to the semantics of program entities and their physical lo cation. Instrumentation. Program Explorer pro- vides selective instrumen tation on a class-wise basis. The GUI of Program Explorer allo ws the user to sp ecify which classes should b e instru- mented. A directory-�le-class hierarch y allows exible selection of whole directories, �les, and classes. This tec hnique is suitable for av oiding trace information from highly active classes and from classes that are trivial or already w ell un- dersto o d. W e in tend to extend this technique to encompass functions as well as v ariables. Our aim has b een to instrument C++ programs to pro duce complete and accurate trace infor- mation. F or that purp ose it is necessary to cap- ture even ts related to ob ject longevity , func- tion in v ocation , and v ariable access . Pro- gram even ts are captured b y the T race Recorder through the internal proto col (see Figure 6 and T able 2). The T race Recorder pro cesses ev en ts to pro duce a trace, whic h it also stores. Pro- gram execution is controlled and trace informa- tion is queried by Program Explorer through the T race Recorder’s external interface. It should b e emphasized that the instrumenta- tion co de sho wn b elow is in no wa y sp eci�c to IBM’s xlC compiler. The co de fragments are generally applicable for tracing C++ programs, and only the wa y in whic h w e insert those frag-

T able 2: Internal Pr oto c ol for the T r ac e R e c or der. Command Argumen ts Longevit y Allocate Obje ctID ClassID MemoryA ddr Deallocate Obje ctID In v ocation Construct Obje ctID ClassID F unctionID Destruct Obje ctID ClassID F unctionID Enter Obje ctID ClassID F unctionID Leave Obje ctID ClassID F unctionID Access Usage Obje ctID V ariableID R etrF unc Obje ctA ddr Figure 6: The Exe cutable: Pr o gr am and T r ac e R e c or der. ments is sp eci�c to the xlC compiler and the Program Database. Ob ject Longevit y . Two even ts related to ob- ject longevity are captured: creation and de- struction of an ob ject. F or this purp ose every instrumented class is equipp ed with a \identit y ob ject", PEoid : class A f PE Oid PEoid; ... g F or this instrumen tation we use C++’s au- tomatic construction and destruction of class members. The constructor of PE Oid assigns a unique n um ber to the ob ject and calls Allocate in the T race Recorder, whereas the PE Oid ’s de- structor calls Deallocate . The constructor and destructor functions of A are not suitable for capturing ob ject creation and destruction, since such even ts actually take place resp ectively b e- fore and after these functions are called. Where should we put PEoid in the case of in- heritance? W e put it into eac h instrumen ted class, even if these classes app ear in the same in- heritance path. T o a v oid allowing one ob ject to hav e multiple identities, sub class PEoid s \in- herit" their unique identit y (an integer v alue) from the base class. In the case of multiple inheritance this mec hanism works the opp osite wa y . class B : public A f PE Oid PEoid(A:: PEoid.oid()); ... g Why not use the v alue of this as a unique id of an ob ject? This w ould not work, for several reasons. First, if multiple inheritance, p ossibly with virtual base classes, is inv olv ed, di�erent parts of an ob ject (dep ending on whic h class in the inheritance path that part is represent- ing) will return di�eren t v alues of this . Second, when an ob ject is deallo cated and a new ob ject is created in the same space, it would b e dif- �cult to maintain a unique trace as ob ject ids would no longer b e unique o v er time. F unction Inv o cation. F unction inv ocations are captured with a mechanism identical to the one describ ed for ob ject longevit y . PEtmp is a lo cal class v ariable that is automatically con- structed when the function is inv ok ed, and de- structed up on its return: A::F() f PE Func PEtmp( PEoid.oid(), ClassID , F unctionID ); ... g The constructor of PE func calls Enter in the T race Recorder, and the destructor calls leave . One of the b ene�ts of this approac h is that only the callee is instrumen ted, and since one func- tion may ha v e man y callers, it more e�cient than instrumenting call lo cations. The C++ compiler silently generates a n um ber of functions if they are not explicitly de�ned by the programmer. Such functions are the c on- structor , destructor , c opy-c onstructor , and as- signment op er ator . F or more details on this sub- ject, consult the C++ ARM [5]. Regardless of the implicitness of these functions, they often play an imp ortant role in the exe- cution of an O-O program and thus cannot b e ignored. The copy-constructor creates new ob- jects, and along with the assignmen t op erator it copies the state of one ob ject to another. No source co de exists for compiler-generated func- tions, so we need to make these functions ex- plicit. Below is an example of a constructor and de- structor. Notice that PE Constr and PE Destr are used instead of PE Func to distinguish these three t yp es of function in v ocation. The con- structor of PE Constr calls Construct in the T race Recorder and PE Destr calls Destruct . The constructor instrumentation is as follows: A::A() f PE Constr PEtmp( PEoid.oid(), ClassID , F unctionID ); ... g and the destructor instrumentation is as follo ws: A:: ~ A() f PE Destr PEtmp( PEoid.oid(), ClassID , F unctionID ); ... g The copy-constructor and the assignment op- erator are more complicated to create than the ab o v e constructor and destructor. In b oth cases it is necessary to create separate initialization lists for scalar member v ariables and assignment routines for array members. Belo w is an exam- ple of an explicit copy-constructor. Notice that PEoid() in the initializer list ensures that the copied ob ject receiv es a new iden tit y di�erent from the originator ( rhs ). A::A(A& rhs) : PEoid(), r(rhs.r), s(rhs.s),... f PE Constr PEtmp( PEoid.oid(), ClassID , F unctionID ); Arr ay memb er assignment g F ree functions (non-mem b er functions) are also instrumented. In their case the class iden tit y and ob ject identit y are set to zero. V ariable Access. V ariable access is more dif- �cult to capture than function inv ocations. The

T able 3: Schema for Dynamic Information. � Ob ject longevit y: create(SrcObjID, SrcFunID, TgtObjID, ClassID, Time) destroy(SrcObjID, SrcFunID, TgtObjID, Time) � In teractions: invoke(SrcObjID, SrcFunID, TgtObjID, TgtFunID, Time) access(SrcObjID, SrcFunID, TgtObjID, VariableID, Time) � State: value(VariableID, Value, Time) approach we hav e tak en is to \functionalize" v ariable access. That is, each de�nition of a member v ariable is attributed by an access func- tion to b e used instead of direct v ariable access. The original member de�nition B* b; is supplemented b y tw o functions. The �rst serves to capture v ariable access: B*& b PE() f PE usage( PEoid.oid(), V ariableID , A::b PEvalue); return b; g while the second is used to retriev e the v alue of the v ariable: static void* b PEvalue(void* o) f return (void*)((A*)o)->b; g The access function ( PE usage(...) ) noti�es the T race Recorder ab out v ariable uses. It also forwards a p ointer to a function able to return the v alue of the v ariable. The reason the T race Recorder do es not receive the v alue directly is that v ariable assignment �rst takes place after the access function has returned. Member v ari- able access is mo di�ed by adding the function- su�x PE() . This su�x works for b oth reading a v ariable: b->foo(); b e c omes b PE()->foo(); and writing to a v ariable: b = new B; b e c omes b PE() = new B; 5 T race Recording and Execu- tion Control When an instrumented program has b een com- piled and link ed with the T race Recorder, it is ready to b e executed by Program Explorer. Be- low we describ e trace recording and how it is controlled and used b y Program Explorer. T race Recording. The atomic ev en ts of a running program are captured by the T race Recorder and transformed into a sequence of binary relations. The ev en t in whic h an ob ject is created is transformed into a relation that sp eci�es the identit y of the ob ject b eing cre- ated as w ell as that of its creator. F unction in- vocations are captured as a sequence of Enter - and Leave -even ts that can easily b e conv erted into the corresp onding series of binary call rela- tionships. Binary relations are more conv enien t than raw even ts with regard to storage man- agement and query pro cessing. The schema for representing these relationships is given in T a- ble 3. Since the T race Recorder stores and manages the trace, Program Explorer has to p ose queries

T able 4: External Pr oto c ol for the T r ac e R e c or der. Command Input Output Execution exit Control run F o cus R e c or d step F o cus R e c or d callStep F o cus R e c or d returnStep F o cus R e c or d constructionStep F o cus R e c or d usageStep F o cus R e c or d setBreakPoint F o cus R e c or d T race invocRecording Recording usageRecording Query about R esult Pro cessing getInvocations F o cus R e c or d R esult getConstructions F o cus R e c or d R esult getUsages F o cus R e c or d R esult getPointers F o cus R e c or d R esult to the T race Recorder in order to pro duce visu- alizations of dynamic information. The query interface to the T race Recorder is a part of its external proto col given in T able 4. Un- like the Program Database, the T race Recorder only provides a �xed num ber of query functions. This restriction has b een caused by a require- ment of low resp onse times and space-e�cien t storage of large traces. Still, the query mecha- nism is very exible, since each query can take a F ocus Record as argumen t. A F ocus Record sp eci�es any meaningful selection of a static or dynamic program entit y or relationship, such as class , obje ct , function , or invo c ation . Queries take the form of someQuery( ClassID , Sr cObjID , TgtObjID , F uncID / V arID ) and return lists of Result( Sr cClassID , Sr cObjID , TgtClassID , TgtObjID , F uncID / V arID ) Notice that, since no text information is ex- changed b etw een Program Explorer and the T race Recorder, the Program Database acts as a name serv er. Using unique class, function, and v ariable identi�ers gives a v ery compact trace, low ers the comm unication ov erhead, and allows the system to distinguish ov erloaded names. Execution Control. The instrumen ted pro- gram is executed under the control of Program Explorer. That is, Program Explorer uses the control interface of the T race Recorder’s exter- nal proto col to run the instrumented program or to execute it in a single-step mo de. This mec h- anism is w ell known from debuggers and very suitable for lo calization (�nding a sp ot of par- ticular interest). Whenever execution in the in- strumented program is halted (that is, when the program exits, or reac hes a breakp oint, or when a signal from the op erating system is received), a F ocus Record is returned to Program Ex- plorer, allowing it to retrieve information ab out the even ts that led to that halt. Unlike in de- buggers, this information includes full details of all the recorded even ts up to the halt, and not only the conten ts of the call stack.

The T race Recorder also allows selectiv e trace recording. Both in v ocation and v ariable usage recording can b e switched on and o� indep en- dently , thus limiting the generation of trace in- formation. This technique and the selective in- strumentation mentioned in Section 4 are the tw o means of reducing trace generation. Se- lective instrumentation is limited to compile- time. In the future we would lik e to extend this mechanism to run-time, so that selective trace recording is supp orted by tw o orthogonal con- cepts: program-entit y-based and breakp oint- based selection. Statistics. T able 5 sho ws statistics from the trace recording of an instrumented version of the In terviews library . F or some common In- terviews sample and application programs we show the num b er of di�eren t class and function de�nitions in v olv ed in a particular execution, and the num ber of actual ob ject creations and function in v ocations. In these examples, no at- tempts were made to limit trace generation. An imp ortant observ ation that can b e dra wn from this table, is that, while the amount of dynamic information grows rapidly in prop ortion to the size and complexity of the application program, the size of the static information space remains almost constant. This observ ation supp orts our approach of using static information to lev erage dynamic information. 6 Related W ork Two query-based program visualization to ols | CIA++ [9], developed at A T&T Bell Lab o- ratories, and GraphLog [3], dev elop ed at the Universit y of T oron to | fo cus on the static prop erties of O-O systems. CIA++ builds a relational database of information extracted from C++ programs. The database serves as a foundation for static analysis to ols for dis- playing v arious views of the program struc- ture. GraphLog is a visual to ol for databases. Queries are p osed b y drawing graph patterns with a graphical editor. GraphLog has b een used for visualizing and querying softw are struc- tures [2]. Since b oth to ols are limited to static program information, their visualizations are of limited in terest unless very interesting 2 queries are p osed. In our exp erience, ho w ev er, writing such queries is often di�cult and distracts the user’s attention from the original goal of under- standing a program. Ob ject Visualizer [17, 18] and HotWire [12], b oth developed at the IBM T. J. W atson Re- search Center, are dynamic O-O program an- alyzers that primarily rely on visual e�ects to draw attention to program anomalies rather than giving exact information. Both to ols are based on the same program instrumen tation mechanism for gathering execution information. This mechanism is seemingly less accurate than Program Explorer’s, and do es not generate in- formation on implicit 3 functions, v ariable us- ages, and v ariable v alues. The execution mo del of Ob ject Visualizer [18] is accumulativ e, and is intended for O-O pro�ling uses such as �nd- ing \hot sp ots" in classes and ob jects. Another capability of this to ol is visualizing \memory leaks," that is, ob jects that are not deleted af- ter use. HotWire is a visual debugger for C++ that allo ws the user to write custom visualiza- tions in a scripting language. While this script- ing mechanism seems to b e v ery useful for al- gorithm and ob ject animation, we fear that it distracts the user’s atten tion from program de- bugging (which often is p erformed under strong time pressure). HotWire resembles Program Explorer more closely than do es Ob ject Visu- alizer. HotWire and Program Explorer supp ort microscopic views into the state and b ehavior of individual ob jects, whereas Ob ject Visualizer fo cuses on the ov erall picture c haracteristic of program pro�ling to ols. T o our knowledge, the systems describ ed in the ab o v e hav e b een mainly applied to programs written in C++. How ev er, visualizers hav e also 2 Such as whether a base class directly or indirectly re- lies on prop erties of one of its derived classes (visualizing bad programming style). 3 A num ber of C++ member functions are silently generated by the compiler.

T able 5: T r ac e R e c or ding Statistics. Application Program himom flyweight preview idemo doc LOC 29 31 197 635 15,210 Classes 42 53 84 112 85 F unctions 263 365 514 731 564 Ob jects 152 271 9,893 9,437 17,404 Inv o cations 603 1,146 32,327 33,291 64,553 b een constructed for other O-O languages such as Smalltalk (e.g., message diagraming [4], the Trick system [1], and Portia [8]), and LISP di- alects (e.g., GraphT race [11]). A common fea- ture of these systems is that they b ene�t from the op enness of interpreted O-O languages. Ob- jects actually exist at runtime in these systems, whereas runtime structures in C++ are at and not very O-O. 7 Conclusion Scalability has b een the ma jor issue in the de- sign and implementation of Program Explorer. The issue is complex, since it concerns h uman as well as computer resources. How ev er, we ha v e in our research found a common denominator for addressing this issue: static-dynamic infor- mation coupling. Let us take the computer resources �rst. With a practically complete instrumen tation utility , Program Explorer has b een successfully used to instrument and generate trace information for large O-O systems such as Stanford’s Inter- views library and some of T aligen t’s Common- Poin t frameworks [15]. T o reduce the amount of generated dynamic information, we rely on the coupling of static and dynamic information to p erform selective class-wise instrumentation combined with the use of breakp oints to switch execution tracing on and o�. Human resources, on the other hand, are pri- marily related to the reduction of the cognitive load. F or this, we also rely on the coupling of static and dynamic information to pro duce visualizations that combine dynamic prop erties with static prop erties and vice v ersa. Such �l- tered views allow the programmer to fo cus on certain asp ects of system b ehavior while ignor- ing others. Finally , the GUI of Program Ex- plorer relies on static-dynamic information cou- pling to pro duce hypertext-style integration b e- tw een the di�erent visualizations. At the time of writing, three di�erent proto- types of Program Explorer ha v e b een developed. In addition to the one describ ed in this pap er, we hav e developed a v ersion based on debug- ging tec hnology , which mak es b oth program in- strumentation and program database obsolete. The adv an tage of this system is a shorter edit- compile-explore turn-around time for the de- velopers. How ev er, the price paid is a greatly increased execution time. The third version, for IBM’s System Ob ject Mo del (SOM) [10], replaces program instrumen tation with an ex- tension to the SOM metaclass that captures metho d in v ocations [6] and uses the SOM rep os- itory for static information. Currently , w e are inv estigating the concept of O-O Design P atterns [7] with the goal of automating the pro cesses of searching for and visualizing recurring designs in O-O systems. Viewing an O-O system from the p ersp ectiv e of design patterns often makes the detailed de- sign more comprehensible. Our initial exp eri- ence is that the static-dynamic coupling mecha- nisms describ ed in this pap er are v ery useful for pattern analysis [13]. The reason for this is that design patterns v ery often rely on \abstract b e- havior" de�ned in abstract classes but realized in concrete classes. W e hav e found the vertical and horizon tal selection tec hnique describ ed in Section 2 to b e particularly useful for showing design patterns. If we can formally express the semantics of design patterns, we ha v e the basic means for realizing automated search and visu- alization. Even though Program Explorer is not in tended for debugging, it demonstrates a clear p oten- tial for visual debugging. Its class- and ob ject- centered visual representations of static and dy- namic program information are an ideal comm u- nication medium for programmers. Moreov er, its abilit y to keep a history of function inv oca- tions, as w ell as accesses to v ariables and the v alues of those v ariables, suggest the p ossibil- ity of a more e�cient debugging pro cess, where programmers are able to inv estigate the even ts that lead to a run-time error instead of just b e- ing told where the error o ccurred. Ac kno wledgemen ts W e wish to thank our many colleagues at the IBM T oky o Researc h Lab oratory for their con- tributions to the Program Explorer pro ject, and in particular Dr. T. Kamimura for his un agging supp ort. W e are also grateful to R. Thornton and R. Pfei�er of T aligen t for their kind assistance in testing Program Explorer on T aligen t’s CommonPoin t frameworks, and to M. McDonald of IBM Japan for chec king the wording of this pap er. References [1] H. B� oc k er and J. Herczeg. What T racers Are Made of. In OOPSLA ’90, Pr o c e e dings of the ACM Confer enc e on Obje ct-Oriente d Pr o- gr amming Systems, L anguages, and Applic a- tions, pages 89{99, 1990. [2] M. Consens, A. Mendelzon, and A. Ryman. Visualizing and Querying Softw are Structures. In Pr o c e e dings of the 14th International Con- fer enc e on Softwar e Engine ering , pages 138{ 156, 1992. [3] M. Consens and A. Mendelzon. Hy + : A Hygraph-based Query and Visualization Sys- tem. In Pr o c e e dings of the 1993 ACM SIG- MOD International Confer enc e on Manage- ment of Data, SIGMOD Record, 22(2), pages 511{516, 1993. [4] W. Cunningham and K. Bec k. A Diagram for Ob ject-Oriented Programs. In OOPSLA ’86, Pr o c e e dings of the ACM Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L an- guages, and Applic ations, pages 361{367, 1986. [5] M. A. Ellis and B. Stroustrup. The An- notate d C++ R efer enc e Manual. Addison- W esley , 1990. [6] I. R. F orman, S. Danforth, and H. Madduri. Comp osition of Before/After Metaclasses in SOM. In OOPSLA ’94, Pr o c e e dings of the ACM Confer enc e on Obje ct-Oriente d Pr o- gr amming Systems, L anguages, and Applic a- tions, pages 427{439, 1994. [7] E. Gamma, R. Helm, R. Johnson, and J. Vlis- sides. Design Patterns: Elements of Obje ct- Oriente d Softwar e Ar chite ctur e. Addison- W esley , 1994. [8] E. Gold and M. B. Rosson. Portia: An Instance-Centered Environmen t for Smalltalk. In OOPSLA ’91, Pr o c e e dings of the ACM Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L anguages, and Applic ations, pages 62{74, 1991. [9] J. E. Grass. Ob ject-Oriented Design Archae- ology with CIA++. Computing Systems, 5(1), pages 5{67, 1992. [10] IBM. SOMObje cts Develop er T o olKit, Users Guide. IBM Corp., 1993. [11] M. F. Kleyn and P . C. Gingric h. Graph- T race - Understanding Ob ject-Oriented Sys- tems Using Concurrently Animated Views. In OOPSLA ’88, Pr o c e e dings of the ACM Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L anguages, and Applic ations, pages 191{205, 1988. [12] C. La�ra and A. Malhotra. HotWire { A Visual Debugger for C++. In Pr o c e e d- ings of USENIX C++ T e chnic al Confer enc e. USENIX Asso ciation, pages 109{122. [13] D. B. Lange and Y. Nak am ura. Interactiv e Visualization of Design P atterns Can Help in F ramew ork Understanding. T o app ear in OOPSLA ’95, Pr o c e e dings of the A CM Con- fer enc e on Obje ct-Oriente d Pr o gr amming Sys- tems, L anguages, and Applic ations, 1995. [14] M. A. Linton, P . .R. Calder, J. A. In ter- rante, S. T ank, and J. M. Vlissides. InterViews R efer enc e Manual V ersion 3.1. The Board of T rustees of the Leland Stanford Junior Uni- versit y , 1992. [15] W. Myers. T aligen t’s CommonP oin t: The Promise of Ob jects. IEEE Computer, 28(3), pages 78{83, 1995. [16] G. M. Nielson, B. D. Shriver, and J. Rosen- blum. Visualization in Scienti�c Computing. IEEE Computer So ciety Press, 1990. [17] W. De Pau w, R. Helm, D. Kimelman, and J. Vlissides. Visualizing the Beha vior of Ob ject-Oriented Systems. In OOPSLA ’93, Pr o c e e dings of the ACM Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L an- guages, and Applic ations, pages 326{337, 1993. [18] W. De Pau w, D. Kimelman, and J. Vlis- sides. Mo deling Ob ject-Oriented Program Ex- ecution. In Pr o c e e dings of the 8th Eur op e an Confer enc e, ECOOP ’94. Lecture Notes in Computer Science, V ol. 821, pages 163{182, 1994. A The Flyw eigh t Sample Pro- gram The program b elow starts with the creation of a session, a widget kit, and a lay out kit. The widget kit is used to create a text lab el. A trans- former is created and set to a 90 degrees rota- tion. In the session window, the lab el app ears three times: normally , transformed (90 degrees rotation), and with a shadow background (see Figure 7). int main() { Session* session = new Session(); WidgetKit& kit = *WidgetKit::instance(); LayoutKit& layout = *LayoutKit::instance(); Glyph* label = kit.label("HELLO"); Transformer t; t.rotate(90.0); session->run_window( new ApplicationWindow( new Background( layout.hbox( label, new TransformSetter(label, t), new Shadow(label, 0, 0, new Color(0.7, 0.7, 0.7, 1.0) ) ), kit.background() ) ) ); } Figure 7: The Flyweight GUI.