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Abstra
tExisting visualization tools typi
ally do not allow easy extension by new visualization te
hniques,and are often 
oupled with in
exible data input me
hanisms. This paper presents EVolve, a 
exible andextensible framework for visualizing program 
hara
teristi
s and behaviour. The framework is 
exiblein the sense that it 
an visualize many kinds of data, and it is extensible in the sense that it is quitestraightforward to add new kinds of visualizations.The overall ar
hite
ture of the framework 
onsists of the 
ore EVolve platform that 
ommuni
ateswith data sour
es via a well de�ned data proto
ol and whi
h 
ommuni
ates with visualization methodsvia a visualization proto
ol.Given a data sour
e, an end-user 
an use EVolve as a stand-alone tool by intera
tively 
reating,
on�guring and modifying one or more visualizations. A variety of visualizations are provided in thestandard EVolve visualization library. EVolve 
an be used to build 
ustom visualizers by implementingnew data sour
es and/or new kinds of visualizations.The paper presents an overview of the system, examples of its use, and dis
usses our experien
esusing the tool both as an end-user and as a developer building 
ustom visualizers.1 Introdu
tionVisualizing software is very useful for both program understanding and performan
e tuning. Visualizingsoftware is also helpful in the design of 
ompiler optimizations and runtime systems. This is parti
ularlytrue when dealing with 
omplex programs written in relatively high-level languages like Java, where thebehaviour and optimization opportunities are not obvious.Whereas existing spe
ial purpose visualization systems may be useful for typi
al visualizations su
h asdete
ting performan
e hotspots (pro�ling tools) or visualizing 
onne
tions between 
lasses (program under-standing tools), we found that existing systems did not always provide enough 
exibility to visualize thekinds of dynami
 information needed for understanding the 
omplex or spe
ialized program behaviours thatare of interest to 
ompiler and runtime system developers. Thus, we have designed and implemented EVolve,a 
exible and extensible visualization framework.The EVolve framework is 
exible in the sense that it 
an visualize many kinds of data, and it is extensiblein the sense that it is quite straightforward to add new kinds of visualizations. This makes it appli
able to awide variety of visualization problems, and in parti
ular for situations where sto
k visualization te
hniquesare inadequate, or do not exist.The overall ar
hite
ture of the framework 
onsists of the 
ore EVolve platform that 
ommuni
ates withdata sour
es via a well de�ned data proto
ol and whi
h 
ommuni
ates with visualization methods via avisualization proto
ol.Given a data sour
e, an end-user 
an use EVolve as a stand-alone tool by intera
tively 
reating, 
on�guringand modifying one or more visualizations. A variety of visualizations are provided in the standard EVolvevisualization library. EVolve was designed to build 
ustom visualizers by implementing new data sour
esand/or new kinds of visualizations.The paper is organized as follows. In Se
tion 2 we dis
uss the overall ar
hite
ture of the system. InSe
tion 3 we explore the design of data sour
es in more detail and in Se
tion 4 we provide an overviewof the visualizations. We have had quite positive experien
es using the system with both end-users andin extending the system by providing new data sour
es and new visualizations. These experien
es aresummarized in Se
tion 5. Finally, we give related work in Se
tion 6 and 
on
lusions in Se
tion 7.2 Ar
hite
tureThe extensibility of a software visualization system mainly depends on its ar
hite
ture, and in an extensibleframework like EVolve every visualization should be able to work independently (not only independent fromother visualizations, but also independent from the data sour
e).1



EVolve  platform
data

protocol

visualization

data

manager manager

UI manager

visualization

filter

visualization

visualization

visualization

data source

data source

protocol

visualization

libraryFigure 1: Ar
hite
ture of EVolve.Figure 1 shows the ar
hite
ture of EVolve. The 
ore of the whole framework is the EVolve platform.Externally, the EVolve platform 
ommuni
ates with the data sour
e through the data proto
ol, and 
ontrolsthe visualizations through the visualization proto
ol. In EVolve, a visualization 
an only 
ommuni
atewith the data sour
e and the other visualizations by going through the EVolve platform|there is no dire
tintera
tion between the data sour
e and the visualizations, and there is also no dire
t intera
tion amongthe visualizations. Data sour
es and the visualizations are independent, and using di�erent data sour
e oradding new visualizations does not require 
hanging unrelated parts of the EVolve platform.Internally, the EVolve platform 
onsists of four parts: a data manager, a visualization manager, a user-interfa
e manager, and a �lter. Within ea
h visualization pro
ess, the data manager �rst reads data fromthe data sour
e and sends the data to the visualization manager. After the visualizations read the data fromthe visualization manager and generate the 
orresponding visual representation, an end-user 
an performdata manipulations on the visualizations, su
h as sele
ting subsets of the data. The data manipulationinformation is fed ba
k to the visualization manager and is used by the �lter to determine what should bevisualized in the next visualization pro
ess.3 Data RepresentationEVolve is designed to a

ept input data from a variety of sour
es (see left side of Figure 1). These sour
esare expe
ted to be modular, in the sense that the same visualization should be able to fun
tion with di�erentsour
es (and vi
e versa). An additional requirement is imposed by the size of the input data|large tra
e�les 
an be gigabytes in size. The sour
e format should therefore avoid redundan
y, and be amenable tonon-
ore storage during visualization.To satisfy these 
onstraints, EVolve requires input data to be formatted in a spe
i�
, though 
exiblemanner. Input data used by EVolve is 
omposed of elements, aggregated data akin to a simple C stru
ture.Ea
h element is either an entity or an event. Entities des
ribe the stati
, unordered data that does not
hange during the 
ourse of visualization 
onstru
tion; e.g., a data type. Events are used to des
ribe thebulk of visualization data: events are ordered and dupli
ate events are sensible (e.g., the same event happenstwi
e).On
e the various entities and elements are de�ned, a
tual 
reation of a data sour
e is straightforward. Toassist in the 
onstru
tion of elements, a variant of the well-known builder pattern[5℄ is provided. Malformeddata and other minor problems are thus prevented.
2
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Figure 2: Visualization Cy
le3.1 Redu
ing Storage RequirementsSimilar or dupli
ate tra
e events often in
lude repetitive information. EVolve's input format redu
es this byallowing entities to in
lude an identi�er or referen
e handle; this allows parti
ular entities to be referen
ed byother elements. Complex, arbitrarily-partitioned entities 
an thus be formed by referen
es between entities.More importantly, events 
an use entity referen
es to refer to spe
i�
, un
hanging data without unne
essaryrepetition; e.g., data representing runtime method invo
ations might in
lude many invo
ation events, ea
hdes
ribing the invo
ation target by a referen
e to the same method des
ription entity.Entities are used to represent often-referen
ed but rarely-
hanging information, and so it is appropriateto keep entities in main memory during runtime. Events, however, are pro
essed sequentially and need onlybe examined on
e in order to generate a visualization, and so se
ondary storage (disk) is suÆ
ient. In ourtypi
al runs over 99% of the input data is 
omprised of events; by keeping only entities and not events inmemory storage 
ost is manageable even for large input data.3.2 Data Chara
terizationVisualizations typi
ally have a restri
ted domain of interest: it is not ne
essary for a visualization of dynami
memory allo
ation to re
eive events des
ribing method invo
ations. EÆ
ient �ltering of input data is enabledby asso
iating ea
h visualization with a spe
i�
 subje
t, and ensuring only elements appropriate to thevisualization subje
t are delivered.Distin
t visualizations also demand 
ertain properties of the a
tual data being visualized. A bar graph,for instan
e, requires ordered data on at least one axis. In general, given a visualization with various degreesof freedom it is important to know whi
h element �elds 
an be mapped onto whi
h \dimensions" of thevisualization.Data sour
e de�nitions therefore in
lude properties along with element �elds. Basi
 properties in
ludewhether the datum represents an amount or a 
oordinate. The former des
ribes numeri
, summable data(e.g., memory allo
ation size, duration of a fun
tion 
all, et
), whereas the latter is used for non-numeri
or non-additive data (e.g., type name, memory address of a variable, et
). Basi
 properties su
h as theseare 
ommon to many visualizations[10℄ and so are \built-in." Data 
hara
terization requirements of new orfuture visualizations are supported by the ability to spe
ify and query user-de�ned properties.4 VisualizationThe a
tual visualizations provided by EVolve are produ
ed by the EVolve platform (
entral part of Figure1) and a library of visualizations (right part of Figure 1). The visualization proto
ol spe
i�es the interfa
ebetween the platform and the visualizations.EVolve has a number of standard visualizations, in
luding support for bar 
harts, hot spot graphs,
orrelation graphs and predi
tion graphs, whi
h are provided in EVolve's standard visualization library.End-users 
an use EVolve as a stand-alone tool and 
reate one or more of these standard visualizations.3



Figure 3: S
reen Shot of EVolve.However, EVolve was also designed to be extensible, and so the ar
hite
ture of EVolve makes it simple toadd new kinds of visualizations to the library.In this se
tion we �rst give an overview of a typi
al end-user intera
tion with EVolve, and then show howa pro�ler/visualizer developer 
an extend EVolve by adding new visualizations to the library.4.1 End-user VisualizationGiven a data sour
e, an end-user 
an run EVolve as a stand-alone program and intera
tively 
reate andmodify one or more visualizations of the data. The end-user 
an sele
t from any data provided by the datasour
e and 
an visualize using any visualization 
urrently available in the library.To 
reate and modify ea
h visualization, the end-user goes through the pro
ess shown in Figure 2. In thefollowing se
tions we illustrate this pro
ess using the four visualizations in Figure 3. This example showsfour di�erent visualizations of method invo
ations from the Volano ben
hmark[4℄.4



4.1.1 Bar Chart VisualizationConsider the upper left pane in Figure 3 whi
h shows a bar 
hart of method invo
ations. Note that 87method invo
ation lo
ations were ea
h exe
uted up to 258 times.1 The y-axis shows invo
ation site lo
ationssorted in lexi
al order (
om.volano 
lasses in blue/bla
k2 at bottom, java libraries in green/grey on top).The length of the bar on the x-axis indi
ates the number of times ea
h lo
ation was a
tive in the visualizedprogram run. The bar 
hart therefore stresses the importan
e of an invoke lo
ation over the entire programrun. Users 
an �nd the name of the method being invoked by pla
ing their mouse over the bars in the 
hart.The end-user uses the following steps to produ
e this 
hart. First, the user indi
ates that he/she wantsto 
reate a bar 
hart; this 
orresponds to the box labelled 
reate in Figure 2. Se
ond, the end-user 
on�guresthe bar 
hart by indi
ating whi
h data should be displayed and whi
h axes should be used. All su
h
on�gurations are done via menus built by EVolve|only valid 
hoi
es based on the 
urrent visualizationtype and the data sour
e are provided to the user. In this 
ase the end-user sele
ts method invo
ations asthe data to be displayed and maps the lo
ation of the invo
ation to the y-axis and the number of invo
ationsto the x-axis. Note that the number of invo
ations on the x-axis is an amount, i.e. a value than 
an besummed to produ
e the total number of invo
ations. Con�guration is optional, and if no 
on�guration isgiven by the user then default 
hoi
es are made by EVolve.Until this point no data has a
tually been displayed. After 
ompleting the 
on�guration, the end-userindi
ates that the data should be visualized and the appropriate visualization is 
omputed and displayed byEVolve. On the �rst visualization all of the data is displayed. However, the end-user may want to performvarious data manipulations on the visualization (see the box labelled data manipulation in Figure 2). He/shemay sele
t only parts of the data (�lter), assign 
olours to di�erent parts of the data, or 
hange the sortingorder on some axis. For the bar 
hart example the end-user has sele
ted the 
om.volano lo
ations usingthe mouse, and then assigned this group the 
olour blue/bla
k. All other visualizations that do not de�netheir own 
olouring s
heme share this 
olour sele
tion. After spe
ifying the modi�
ations the end-user thenindi
ates that the data should be visualized and the new visualization is 
omputed and displayed. Thispro
ess of spe
ifying data manipulations and revisualizing may iterate until the end-user is satis�ed with theresult. At any point the end-user may de
ide to 
ompletely re
on�gure the visualization, and return to the
on�gure step where di�erent data or axes are assigned to the visualization.4.1.2 Hot Spot VisualizationThe top right pane in Figure 3 shows a lexi
al hot spot graph of the same 87 method invo
ations. It isprodu
ed in a similar manner to the bar 
hart, so we only mention di�eren
es from the bar 
hart visualization.The y-axis remains the same. The x-axis indi
ates time as number of byte
odes exe
uted sin
e start ofprogram (a 
oordinate) for a total of 6,047,506 exe
uted byte
odes. A hot spot graph shows when a parti
ularinvo
ation lo
ation is a
tive. For example, from this visualization one 
an see that the 
om.volano methodinvo
ations (blue/bla
k) do not start until about half way into the exe
ution, whereas the �rst half of the
ode has only java method invo
ations (green/grey). Presumably this shows that the �rst phase 
onsists ofprogram/JVM initialization and 
lass loading, whereas the se
ond half exe
utes mostly 
om.volano 
ode,with some 
alls to java libraries.The bottom left pane illustrates a temporal hot spot graph. The x-axis remains the same as for thelexi
al hot spot, en
oding time as number of byte 
odes exe
uted. The y-axis shows the same 87 methodinvo
ation lo
ations, but sorted by the time they are �rst a
tivated. A temporal hot spot groups togetherinvo
ations that exe
ute together, emphasizing program phases. The blue/bla
k 
om.volano invo
ationstherefore appear 
lustered together high on the y-axis. EVolve provides two default sorting s
hemes (lexi
aland temporal), but is designed to fa
ilitate painless integration of other sorting s
hemes.1To make the example a reasonable size for the paper we are 
onsidering only 87 method invo
ation sites, the wholeben
hmark has signi�
antly more sites.2Ele
troni
 versions of this �le in
lude 
olour images.
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4.1.3 Predi
tion VisualizationOur �rst version of EVolve supported the bar 
hart, hot spot and other simple visualizations. After workingwith the system we realized that it would be very interesting to have another kind of visualization that helpsus display the predi
tability of events.The bottom right pane of Figure 3 shows this new visualization. In this 
ase we are displaying predi
tormisses of virtual method invo
ations. The x-axis and y-axis are identi
al to temporal hot spot de�nitions,but the visualization provides its own 
olouring s
heme. Method invo
ations appear in light blue/light greywhen the invoked target method does not 
hange within the time period visualized|i.e., the invo
ationis not polymorphi
 (in these 
ases some sort of inline 
a
he for virtual method 
alls would be expe
tedto work well). Method invo
ations appear in red/bla
k when the invoked target method does 
hange,representing a polymorphi
 invo
ation. The name "predi
tion" for this visualization stems from the te
hniqueused to generate the 
olours: a simple last-value predi
tor guesses that an invo
ation lo
ation will invokethe exa
t same method as the last time it was exe
uted. The blue/grey areas therefore indi
ate perfe
tpredi
tion a

ura
y, the red/bla
k areas show when the predi
tor guesses the wrong target method. Moresophisti
ated and a

urate predi
tors 
an be visualized by plugging them into the framework. They shouldredu
e the amount of red area in the graph. This visualization shows that 
om.volano exhibits a higherdegree of polymorphism than method invo
ations in other pa
kages. For example, in the startup phase, mostinvo
ations never 
hange method targets.4.2 Implementing a new visualizationAs shown in Figure 2, implementing a visualization involves support for several operations su
h as 
reation,data manipulation, and data pro
essing and drawing the visualization.In order to simplify the task of building new visualizations, EVolve provides a visualization prototype (anabstra
t Java 
lass) whi
h implements methods that are 
ommon to all the visualizations and new visual-izations are built by extending this prototype. Therefore, visualization providers 
an fo
us on implementingmethods that are spe
i�
 to their visualizations. The key methods support the following:� De�ne the dimensions of the visualization and 
reate a 
anvas to display the visual representation ofthe tra
e data.� Re
eive elements from the visualization manager and generate the visual representation.� Allow the end-user to make sele
tions on the 
anvas and generate subsets of the data elements a

ord-ingly.� If ne
essary, provide additional sorting s
hemes other than the default ones.5 Experien
esEVolve has been used extensively by three 
lasses of users: those interested in examining data using existingvisualizations (end-users), providers of raw data who want to visualize a new data sour
e (data providers) anddesigners of new visualizations (visualization providers). In this se
tion we dis
uss some of these experien
es.5.1 End-Users20 masters students in an upper level graduate 
ourse at M
Gill used EVolve to 
hara
terize the runtimebehaviour of Java Programs. This experiment demonstrated the ease of use and 
larity of EVolve for theend-user. None of the students had previous experien
e with visualization or 
hara
terization of runtimebehaviour of obje
t-oriented programs. They �rst ran a Java ben
hmark of their 
hoi
e on an instrumentedKa�e JVM to produ
e exe
ution tra
es as data sour
es, and then visualized exe
uted byte
odes, allo
ated6



obje
ts and exe
uted methods in temporal and lexi
al hot spot graphs (lower left and top right graphs inFigure 3).This experien
e brought to light several aspe
ts of EVolve whi
h enhan
e program understanding:� temporal hot spot graphs highlight di�erent exe
ution phases and are therefore useful in a preliminaryexploration.� a mouseover in EVolve shows the method / byte
ode / obje
t type pointed at, whi
h allows a user todetermine frequent o

urren
es within a program phase.� using 
olour sele
tion, those methods / byte
odes / obje
t types are highlighted in other graphs,allowing a user to determine the a
tive pa
kages in a parti
ular temporal hot spot, for example.� by using the same x-axis in di�erent graphs, di�erent aspe
ts of program behaviour 
an be 
ompared.For example, obje
t allo
ation 
an be 
ompared with method invo
ations, allowing a user to determinethe methods responsible for memory 
onsumption in a program phase.The following aspe
ts were not present in EVolve during this 
lass, but were added later as a result ofthis experien
e:� we now show the 
ardinality of the x-axis and y-axis, both to provide feedba
k about resolution andin order to easily spot graphs that share the same x or y-axis.� graphs are now aligned in panes, whi
h also fa
ilitates 
omparisons between graphs that share an axis.We found that program understanding was enhan
ed by 
omparing two or more graphs, rather than bystudying one graph in isolation.5.2 Data ProvidersAs mentioned in Se
tion 3, we developed the 
on
ept of element builders to simplify the pro
ess of developinga new front-end data sour
e. Our experien
e has shown this to be an e�e
tive design 
hoi
e. For example,an initial prototype of EVolve in
luded a data sour
e that read a simple text-based tra
e format. To applythe prototype system to real data sets it was ne
essary to 
reate a new data sour
e, one that read a di�erent,binary tra
e format and presented the same events to the ba
k-end system. This task was simpli�ed bythe use of the builder API to de�ne and 
reate the elements. In fa
t, the appli
ation of the builders wasso straightforward that we are now 
onsidering ways to automate the pro
ess with a simple 
ompiler|thussimplifying the job of a data sour
e developer even further.So far, EVolve has been used to visualize di�erent byte
ode exe
ution tra
es generated by JVMPI (JavaVirtual Ma
hine Pro�ler Interfa
e)[13℄, Ka�e (a Java virtual ma
hine), and some internal formats.5.3 Visualization ProvidersBy using the visualization prototype, we have implemented several visualizations that makes up the EVolvevisualization library. Our experien
e shows that building new visualizations in EVolve is relatively simpleand normally a full-
edged visualization only 
onsists of about two hundred lines of Java 
ode. Furthermore,the visualization prototype provides a standard routine for visualization providers, and this makes the taskof implementing new visualizations very straightforward. For example, the predi
tion visualization (lowerright graph in Figure 3) was added to EVolve in about three hours.
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6 Related WorkVisualization tools are often used for performan
e tuning. Programs su
h as Jinsight[1, 7℄, JProbe[2℄ andOptimizeIt[3℄ are designed to help programmers optimize their programs by visualizing the runtime usage ofsystem resour
es (CPU time, memory, et
). Unlike EVolve, these tools tend not to be extensible|they usebuilt-in or spe
i�
 pro�ling front-ends to generate tra
e data and use a �xed set of visualizations to interpretthe data.Visualization has also been applied to the �elds of software understanding and reverse engineering. Thesetools, su
h as Rigi[12℄ (using SHriMP views[11℄) and Moose[6℄ help developers understand the hierar
hy andstru
ture of their systems by visualizing stati
 information (
lasses, methods, �elds, and et
.) that is usuallyobtained from parsing the sour
e 
ode.Most software visualization tools are designed to visualize 
ertain aspe
ts of software systems, and soprovide little to aid in the development of new visualizations. One of the few ex
eptions is BLOOM[8℄, whi
hprovides extensibility by using a visualization ba
k-end that supports a variety of visualization strategies.In 
ontrast, our approa
h to extensibility is to provide a framework that simpli�es the task of designing newvisualizations and 
onne
ting variant data sour
es to them.Extensibility is more often seen in information visualization (vs software visualization) systems. Thesesystems tend to 
on
entrate on extensibility be
ause they are designed to solve general-purpose problems.Visage[9℄, for example, is an information visualization environment for data-intensive domains that supportsand 
oordinates multiple visualizations and analysis tools. Furthermore, Visage provides an intera
tive toolto fa
ilitate 
reating new visualizations. EVolve of 
ourse is designed for a mu
h more spe
i�
 domain.7 Con
lusion and Future WorkWe presented the EVolve platform, a framework for visualizing the behaviour of programs. The ar
hite
tureof EVolve is designed to fa
ilitate the addition of new data sour
es as well as new visualization te
hniques.Both 
an be added independently, enabling a data provider to examine a new data sour
e immediately usinga wide range of visualizations, and allowing a visualization provider to test a new visualization te
hnique ona variety of existing sour
es.We des
ribed the use of three visualizations. These visualizations are part of EVolve's built-in library,and so are immediately available to end-users. Re�nement of the framework was done through testing withnovi
e users in the 
ontext of a proje
t analyzing runtime behaviour of obje
t-oriented programs. Thisexperien
e resulted in various user interfa
e improvements, now in
orporated in the 
urrent version. Wefound that there is added value in being able to examine and 
ompare a several di�erent visualizations ofthe same data sour
e at the same time.Extensibility was demonstrated by adding a new, 
ustom visualization. This was a straightforwardpro
ess, requiring relatively little 
oding and minimal time (a few hours). Adding new data sour
es issimilarly easy; we have used EVolve with tra
es generated from JVMPI, a 
ustomized Java virtual ma
hine,and several obs
ure internal formats.We plan to 
ontinue to extend EVolve's repertoire of visualization te
hniques, and test these on moredata sour
es. Sin
e extensibility is built-in, the 
ore of the EVolve platform does not need to 
hange. Weare also investigating other user-interfa
e and 
omparison te
hniques that may improve 
omprehension ofthe resulting visualizations.8 A
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