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ABSTRACT Keywords

GCspy is an architectural framework for the collection, transmis- Language implementation, Memory management, Garbage collec-
sion, storage and replay of memory management behaviour. Ittion, Visualisation of objects, Java.

makes new contributions to the understanding of the dynamic mem-

ory behaviour of programming languages (and especially object- 1. INTRODUCTION

oriented languages that make heavy demands on the performanc%)bject-oriented programs consume prodigious volumes of mem-

Oggggo{ztginﬁgsgr GmC;San/ Ser?]rec:t'tgcgtjé;f”l”i?ﬁsn%?sl?/m'i?ggr' ory. Dynamic memory management is thus a critical component of
Fo arba e-collt)e/cted Iany ua esg It re uir)clas oni small changes toprogramming language implementations, whether the language is
9 9 guages. q y 9 supported by garbage collection [20] maw/delete -style explicit

the system in which it is ?ncorporated but provides a simple to use deallocation [47]. Today’s memory managers are sophisticated, of-
yet powerful data-gathering API. GCspy scales to allow very large ten highly-configurable tools whose design has been guided by un-

heaps to be visualised effectively and efficiently. It allows already- derstanding of patterns of memory usage, object lifetime and refer-
running, local or remote systems to be visualised and those systems, o in typical programs [41, 9, 14] ’

py P small changes in object lifetime, allocation pattern or heap size

novel ways. . - .
. Lo . may cause large changes in performance; this is particularly true

i I?]egfp tl;]gdr?éiiangr']r;%acgo?]rc’o%ragt?:h:\ggﬁééfo'i:s;:gael;olit(:? gﬁ'of garbage-collected programs. Although it is clearly essential for
9 9 9 9 P memory manager implementers to have a clear understanding of

Iocgtct)r;sr.] L.Jnt”l now, tno §aﬂsf_a<_:tory toolsdhavte bde.en a\;arl]lable tEo_object demographics [42] and the effects of design decisions, such
assist Ine implementer in gaining an understanding of heap be insight is difficult to achieve; up to now, neither tools nor general

haviour. GCspy has been demonstrated to be a practical SOIUtIontechniques have been available to assist in this task. Consequently,

to this dilemma. It has been used to analyse production Java vir- typical development methodology has been to add code to the

e e e = memory manager o ke Snapaos ofthe heap o 0 provie s
P 9 PP mative statistics of garbage collection runs. Detailed profiling in-

program and JVM and has led to the development of better garbagecurs a substantial runtime penalty, so reporting is usually removed

collectors. from production code although it is often only in deployment en-

vironments that memory managers are fully stressed; but it is pre-
Categories and Subject Descriptors cisely here that analysis is particularly needed. Worse, summative
statistics may provide only data too generic to guide design or im-
plementation, yet detailed snapshots generate intractable volumes
of data.

D.3.4 [Programming Language$: Processors-Memory manage-
ment (garbage collection)C.4 [Performance of Systemg Mea-
surement techniques; D.2.3d¢ftware Engineering: Testing and

Debugging; H.5.2 Ipformation Interfaces and Presentation: 1.1 Challenges for Visualisation

User Interfaces. . . S

There are many challenges in providing visualisation of memory

management systems. First, the impact on the host runtime system
General Terms must be minimised. Clearly, heap measurements must not perturb
the allocation behaviour of the memory manager. But the runtime
cost of acquiring data should also be minimised and, in particu-
lar, the cost to the running program when dataads being gath-
ered should be negligible. Second, large volumes of data must be
captured and stored or transmitted, with regard for both space and
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guage of the target), but also, and at any time, to connect to, andSun’s RIVM [46], Sun’s HotSpot [40] and IBM’s Jikes RVM (pre-
disconnect from, a target running on the local or a remote host. Fi- viously known as Jalape} [1, 2] — and into the Boehm-Demers-
nally, the user interface of the visualiser must be useful and flexible: Weiser conservative garbage collector for C and C++ [5] in the
it must provide the memory management developer with the infor- context of the Dylan language [32]. Using GCspy, we have visu-
mation needed in a coherent, tractable and comprehensible form. alised nine different collectors, as well as other components of the
systems (for example, the free-lists of in-place deallocating collec-

1.2 The GCspy Framework tors). Further implementations are underway (or planned) for GHC
GCspy is the first solution, to the best of our knowledge, that meets Haskell [26], the Eclipse Constraint Logic Programming system
all of these challenges. First, it provides architectural frame- [45] and thedimalloc  dynamic memory allocator [23, 24].

workfor the collection, transmission, storage and replay of memory ~ GCspy visualisation has provided a number of new insights into
management behaviour. Second, it provides a novel, informative the interaction between JVM and application program. Analysis of
and easy to useisualisation toal The framework is easily incor-  the distribution of free space in an in-place deallocating collector
porated into any existing memory manager. The visualiser can be allowed us to compare alternative allocation policies and choose
attached to and detached from a running system at any time to pro.thOSG which caused the least fragmentation [19]. Visualisation of
vide on-line analysis. It can provide both a sequence of snapshotsthe Train collector [17] gave several new and important insights
of the live heap and graphs that show how the heap evolves overinto its behaviour. It showed the presence in several applications
time. Alternatively, GCspy can be used to store and replay traces, Of a few very long trains (previously, trains were always assumed
with facilities for fast-forwarding, single-stepping and so on. to be short [31]), it facilitated the tuning of the remembered set
Outside periods in which data is being gathered, GCspy imposesimplementation (again by evaluating alternative technigues) and it
negligible runtime cost; the cost of data gathering depends on thedemonstrated the importance of handling highly-referenced objects
implementation, but is of no worse magnitude than the cost of the specially. A more detailed description of the analysis of the Train
sweep phase of a mark-sweep garbage collector [20]. Its designcollector using GCspy can be found elsewhere [28].
scales to very large heaps — GCspy is designed for, and has bee .
used to visualise large-scale systems. In a ‘stop and collect’ World,ri'5 Paper Overview
the cost of gathering data depends in general on the size of the heapln Section 2 we describe related work. Sections 3, 4 and 5 ex-
although some useful information may be acquired in constant time plain the model that makes the visualisation of large-scale sys-
from the memory manager (for example, heap occupancy in a com-tems tractable, including the abstractions that make GCspy easily
pacting collector as, in this case, all used space is contiguous). Theportable, the architecture of our system and the implementation of
cost of storing, transmitting and visualising this data in the GCspy GCspy servers respectively. Section 6 briefly illustrates the GCspy
framework is independent of heap size; instead it depends on theuser interface, including the facilities that provide graphical repre-
visualisation granularity employed. sentations of heap activity over time. Section 7 offers case studies
The framework is reusable and portable. It does not depend on0f GCspy in practice and highlights the new insights that GCspy
intimate knowledge of the target system and the visualiser can be has revealed. We conclude in Section 8 and suggest directions for
constructed in any language and run on almost any system; the onlyfuture work.
constraint is that both target and visualiser systems should support More information on GCspy, including colour versions of the
TCP/IP sockets. Although our visualiser implementation is written Screenshots that appear in this paper and various history graphs,
in Java, we have developed target-sides in both C and Java undekvhich we recommend viewing, can be found at the following URL:
several flavours of Unix. Finally, GCspy provides a flexible user
interface. Currently, it offers two different ways of viewing infor-
mation, but more are planned.

http://www.dcs.gla.ac.uk/ ~tony/gcspy.www/

2. RELATED WORK

1.3 GCspy Users Tools to support runtime object analysis can be divided into two
GCspy was designed to assist memory manageimgiementers categories according to whether they support application or system
to develop, debug and profile their system (whether garbage col- profiling and debugging. In addition, there is an abundance of static
lected or explicitly managed). It has been used to analyse a vari- tools to support design and programming, such as modelling tools
ety of different memory managers, mostly for object-oriented lan- [15], class browsers [22], refactoring tools [12] and so on (we do
guages, and has revealed unexpected insights into the interactiomot consider these further here). Of the runtime tools, by far the
between application and JVM. most common are those that focus on the needs of the application

Memory managers are increasingly complex modules, offering programmer [11, 18, 33, 37, 6]. The only tool of which we are
large sets of command-line options (often mutually dependent), aware that directly attends to the needs of the systems implementer
many of which have substantial effects on overall performance. is the Java HotSpot Serviceability Agent [30], a tool for examining
Tuning such systems can be a black art. GCspy provides a valu-and debugging the HotSpot JVM that is also capable of performing
able tool toapplication developergacing this task, as it lets the  post-mortem analysis. Nevertheless, all tools that interact with the
developer to see thdirect consequence of option settings rather runtime system face similar issues: minimisation of disruption to
than merely indirect effects, such as changes in overall executionthe target system, capture, transmission and storage of information,
time. and ease of maintenance.

We have also found GCspy useful educators its ability to Unlike GCspy, most other runtime analysis tools of which we are
connect to and disconnect from running systems, as well as its re-aware (such as the Modula-3 and$ heap visualisers [7, 43]) are
play facilities, support student understanding of modern memory programming-language specific, hard-coded for the layout of that
management systems. particular heap and offer only a fixed set of facilities. Halstead’s

1 . . . .
H ; Sun Microsystems Laboratories’ Virtual Machine for Research, previ-
1.4 GCspy In Practice ously known as ExactVM, EVM or Java 2 SDK (1.205) Production Re-
We have incorporated GCspy into three very different JVMs — lease for Solaris.



parallel program visualisation tool [13] is a notable exception. On tem being debugged — remote reflection relies on the host oper-
the other hand, language dependence does allow the visualiser tating system for access to the JVM’s address space — but reflec-
make the connection between source code and runtime representive approaches rely on the debugger or profiler having an intimate
tation of objects. Indeed, this is precisely the motivation for the knowledge of the target. The GCspy visualiser, on the other hand,
wide range of commercial tools currently offered [11, 18, 33, 37, requires a communication thread within the target runtime system.
6]. These tools support source code debugging by allowing the Many profilers and debuggers impact the host system, either by
programmer to discover the cause of object retention (‘space leaks’adding substantial complexity to its implementation or by adding
[21]), either by drilling down to discover where an object was allo- runtime overhead. For example, TracingVM [49] currently runs in
cated or by navigating a graph to uncover references to incorrectly interpreter mode only and its execution is typically one to two or-
retained objects. Although some of these tools provide details on ders of magnitude slower than state-of-the-art JVMs. Itis important
the number and volume of live and allocated objects, the generality to minimise perturbation of the target system and certainly to avoid
of the statistics offered does little to assist the systems programmerdistorting the data being measured; for example, the heap visualiser

to explore heap structure or object age, and the tocasotreport for the SELFinteractive programming environment [43] imposes an
on memory manager-specific auxiliary data structures such as cardmpressively small penalty of only 1% on the system’s performance
tables, remembered sets and so on [16]. [50]. For this reason, JVMPI implementations are required to be

The GCspy visualiser is intended to be connected to a running pure native. GCspy demands no such restriction, though some care
system to provide a live view of its heap and auxiliary data struc- must be taken in some environments to avoid memory allocation in
tures. Alternatively, it can be used to capture and replay a trace. the heap that is being visualised. There is no technical reason why
Other tools, such as Jinsight [18], JProbe [33], Optimizelt [6] or GCspy could not use an enhanced version of the Java Platform De-
HAT [37] provide only a snapshot of the object graph in the heap bugger Architecture’s JVMPI and JDWP protocols. However, we
in some form or other and some means of browsing this snapshot.chose not to do so because the bulk of the JVMPI/JDWP protocols

For example, HAT reads a JVMRprof dump [39] in order to pro- are irrelevant to GCspy (and vice-versa) and because GCspy is in-
vide a clickable, text-based representation of the object graph. Thetended to be platform independent: it is applicability is wider than
volume of data acquired by heap snapshots is huge: Rjavh Java VMs.

snapshots may be three times as large as the system profiled [37].

TracingVM? [48, 49] generates traces typically reaching several 3.  ABSTRACTIONS

glga_bytes._ In contrast, GCspy can V|_suallse systems dynamlcally,A key goal of any visualisation system is to provide effective rep-
providing its user with better responsiveness, and its traces are far

) . . resentations of very large volumes of information; to this, GCspy
E’lyo_rreracc?rr:;]g/al\;t) (at the cost of lacking the degree of detail provided adds the goal that this should be done in a portable way and made

To be effective, tools must offer the user some means to han- target-independent. The key design issues are: tractable represen-

; - . tation of the large volumes of information present in system snap-
dle such complexity. For the most part, existing tool mechanisms - O ; .
. " . . shots; identification of suitable abstractions of both the components
are rudimentary: for example, HAfdprof lists objects by class,

e.g. 07 instances of class [LJavalang.String; " 37, of the profiled systems and their attributes; and independence of the

39]. Notable exceptions are IBM's Jinsight [11] for Java and the system to be visualised. In this section, we explain the abstractions
Haskell heap visualisation tool [29]. Jinsight clusters object in- used by the GCspy visualisation model and define our terminology.

stances by ‘reference patterns’ in the object graph. Like GCspy, it 3.1 Spaces

provides filters to eliminate ‘uninteresting’ events [10]. The Haskell Th . .

) . i . e GCspy framework operates over a set of abstractions to which
visualiser allows memory costs to be attributed to particular pro- a target system can be mapped. This framework has been demon-
gram points or ‘cost centres’ (these are expressions as Haskell is a - ' . . o .
pure functional language); it has been used to improve space be_stre_lted to be sulfficiently general to provide visualisation of a wide
haviour (a notoriously difficult issue for lazy functional programs) variety of memory management systems.
substantially.

It is common for tools to use architectures similar to GCspy: a
small in-process component communicating across a socket to an
out-of-process user interface [10, 30, 38]. However, as far as we
are aware, only GCspy, ‘drive-by analysis’ [10], the HotSpot Ser-
viceability Agent [30] andydb [34] allow attachment to, and de-
tachment from, a running system. Like GCspy, the Java Platform
Debbugger Architecture (JPDA) [38] uses a stateless, packet-based

wire protocol, JIDWP [36]. Chilimbi, Jones and Zorn discuss alter- The state of the heap changes as the program executes. Period-

native approaches such as MetaTF, XML, or ASN.1 encodings [8]; jcally, the GCspy framework captures the state of the heap and
Halstead's SDF [13] adopts a similar approach to that of MetaTF, transmits it to the visualiser.

whereas GCspy uses a custom binary communication protocol. In

The Heap is the set of data to be visualised. It may
comprise more than one component. No further con-
straints are placed on a heap. Typically, a visualiser
will simultaneously present all components of the heap
that are being visualised. Typically, a visualiser will
display a representation of all components of the heap
simultaneously.

contrast, Ngo and Barton debug by ‘remote reflection’ [25]. The Eventsare points in the program’s execution at which
benefit of their approach is that no effort is required in the sys- the state of the target may be collected and sent to the
visualiser.

2TracingVM is a modified JVM that stores to a file very detailed traces Event examples might include the beginning and end of a garbage
of application-level events, labelled by thread, such as allocations, object ~q|lection phase, heap expansion or even a regular ‘clock’ event.

reads, object writes and so on. A simulator can reproduce the operation P - P .
of the application by replaying such a trace. TracingVM treats objects as Identification of these events is the responsibility of the runtime

logical units and its traces are independent of the address each object hadyStém implementer. They should be sufficiently frequent to en-
been given by the memory system. This allows the simulator to evaluate Sure a steady stream of transmissions to the visualiser, but not so

different collection strategies easily. frequent as to overwhelm the execution of the application.



In order to attain independence of its target, the GCspy visu-

aliser relies on bootstrap information from the visualised system Block State Stream Values
that describes how the latter should be presented. The GCspy use 0423 ...n71 0123...n1
interface uses this bootstrap data to configure itself before it starts Young GC Start

receiving the visualisation data. Bootstrapping describes the target ... ——=HOW:- -1

system in terms apacesandstreams Young GC End

e ] |————— OEEm- - -
Young GC Start
Bl - -3

A Spaceis a named abstraction of a component of
the system to be visualised. A space may represent 0 I]
a memory area, a free-list, a remembered-set and so
on. A target system may comprise one or more spaces,
according to its complexity. The framework only re-
quires a partitioning of each space into a sequence of
blocks (see below): no further restrictions are placed
on the structure of the space.

Figure 1: A stream for a single attribute of a single space, high-
3.2 Blocks lighting the state of the blocks of this space at a particular event.

In order to visualise large volumes of information, the visualiser

must determine its ‘focal length’: what visualisation granularity

should be adopted. If the visualisation is done at the object-level, Disturbances caused by gathering data can also be bound by col-
the resulting images will contain very detailed and accurate repre- lecting it concurrently (see Section 5.4). Furthermore, visualisa-
sentations of the heap. In addition, this level of detail allows data to tion granularity (i.e. block size) can be adjusted to obtain the best
be processed to gather further useful statistics (object reachability, trade-off between visualisation detail and limitations of screen size.
object size distribution, class popularity and so on). This is the ap- We demonstrate in Section 7 that this approach scales to very large
proach that necessarily must be taken by profilers whose intent is toheaps.

assist the debugging of application programs, for example to chase,

down the causes of memory leaks. However, this approach does3-3 Streams

not scale as heap sizes and object numbers increase to gigabyteEach block of a space will typically have several attributes, such
and tens of millions respectively — the time to collect, send and as the amount of used space (however the user wishes to define
then process the data becomes prohibitively high for a dynamic en- this term), the number of objects it contains, the length of a free-
vironment with on-line visualisation and the data volumes become list, or whatever. The framework models the attributes of a space
inconveniently largg unless action is taken to filter out data [10]. by GCspystreams At each event in a program’s execution, the
Furthermore, the available screen size limits the amount of data thattarget system transmits the state of each stream of each space to the
can be shown at any time. Zooming facilities can improve this, but visualiser. More precisely,

might impose a further penalty on the visualiser operation.

Alternatively, the resolution of the visualiser can be reduced by EachStream of a space has a name, a type, a range of
subdividing the heap: this is the approach that GCspy takes. permissible values and certain descriptive textual in-
formation; its current state is described by a sequence
Each space is divided into a sequenceBtifcks (for of integer values, one for each block of the space. GC-
the purpose of visualisation only and not to be con- spy requires that each block of a space has the same
fused with memory manager notions): the set of not set of attributes, although different spaces may have
necessarily equally-sized partitions of the heap. For different ones.

a heap region, the sequence of blocks is typically an
address-ordered representation of the space, but this is
not a requirement. The target system must send the se-
guence of blocks in the same order for each space and
each event in the visualisation of a space.

Figure 1 represents the gathering of data over time from a single
stream. The stream represents the values of a single attribute of a
single space of blocks. As time elapses, the values of the blocks’
attributes will change, possibly continuously. However, the target
system will typically gather data only at discrete event points in

Blocks are a target-side notion; their visualiser-side its execution: three of these points are highlighted in the figure.
equivalent is thdile, a small area of screen estate (for At these events, a sequence of values representing the current state
example, a rectangle) that can be rendered according of this attribute for each block of the space is transmitted to the
to one or more of the attributes of the block that the visualiser.

tile represents (see Figure 4, for example). ]
_ o o o 3.4 Summary Information

Thus, object-specific !nformatlon is coalesced anq It sufflc_es to col- Ideally, the visualiser should decide upon its representation of data
lect, send (and possnbly store) only aggrega_te |nform_at|0q ab_OUt solely from the data streams it receives. However, this information
each block. Although this decreases the detail of the visualisation, ;g ot always sufficient. For example, it is often useful to provide
the data volumes sent to and prqcessed by the Vlsu_allser (_a”‘? thE‘summary information.e. a value that summarises an entire stream
user) are more manageable. This approach matht'” require 'tehr'ataparticular event, such as the total number of objects in the space
ation over each object in t_he heap in order _to ggt er data, but t €or the total length of all free-lists. These summaries represent a
transmission and processing costs in the visualiser are bound by, nerical overview of the current state of each space. A subtle
the number of blocks rather than the number of objects in the heap. point is that the summary information may not always be accurately
3pProducing a high-detail memory operation trace from an undisclosed sys- derivable from the stream data supplied to the visualiser. ConSider a
tem has been recently reported to have generated a 150GB trace file. stream that represents the number of objects per block. If an object




spans two blocks, it may be counted in both of them. Any attempt |_Collector Spaces Streams
within the visualiser to calculate the total number of objects risks | Simple semi-space | The whole heap | Used space

double-counting. Because of this, the GCspy framework assumes| collector Objects

that summary information is gathered by the server and transmitted .

separately. Simple mark-sweep | The whole heap | Used space
collector Objects

3.5 Control Information

Itis often desirable to describe the structure of a space further. This .
may be for presentational or for efficiency reasons. For example, Free lists Cength
a space may contain a number of application-specific, dynamically Size

moving, internal boundaries (such as boundaries between gener-
ations in certain styles of generational collector [3]). Addition-

ally, it may be desirable to distinguish blocks that are unused. For
these reasons, a generic and extensible mechanism was introduced
to provide such control information to the visualiser. The visu-

aliser will typically use such information to add visual enhance-

ments to the rendered space images in order to improve the ap-
pearance (and hence effectiveness) of the visualisations. Such en}
hancements include marking tiles as unused (to show heap areas
that contain reserved but uncommitted address space, or the unuseg
semi-space of a two-space collector), drawing separators betweern

Objects marked

Generational collector Young generationl Used space
Objects

Old generation | Used space
Objects

Objects marked
Promoted objects
Card table state

Train collector Young generationl Used space

tiles (to specify dynamically-moving boundaries in the space), and ’ ;
so on. Each space provides this information through an additional | (Mature object space Objects
control stream ] -

Trains Length
3.6 Bootstrapping Remset info
Visualisation of any system will be in terms of the abstractions de- |
scribed so far. The system’s implementer must decide how many Cars Used space
spaces are required and how many streams each space will hava. Objects
This information forms part of the bootstrap information sent to ?rlgii D

the visualiser. This data names the target, describes each space
and identifies the set of possible events. Each space is specified in _ i s
terms of its name, size (in number of blocks — this can be modi- Physical regions | Used space
fied dynamically) and its streams. Each stream is specified by its Type

name, the type and range of its data values and certain other infor- Train ID
mation relating to its presentation, particularly to how its textual
form should be shown (for example, textual information such as
units of measurement to improve readability). After the visualiser
has been configured, it suffices for the memory manager to sen
sequences of values, specifying only the space and stream to which
they correspond.

Table 1: Examples of how different garbage collectors might be
dmapped to the GCspy abstractions.

3.7 Summary of the Model have no knowledge of the use to which attribute data is to be put:

for example, it should be immaterial whether the output is to be
consumed by a visualiser (or other process) or be saved to disk, on
the same host or a remote one.

To summarise, the requirements of a system for it to be suitable for
visualisation by GCspy are that:

(a) the system comprises one or more components; .
(b) each component is represented by one or more spaces; 4.1 Client-Server Model
(c) there is a finite partition of each space into blocks; For this reason, a client-server model was adopted for GCspy. The
(d) all blocks of the same space have the same set of attributes;target system that is being visualised acts astreer(i.e. a GC-
and spy server needs to be incorporated into it) to which ¢hent
(e) each attribute of each block can be represented by an integer(the visualiser or the trace storing tool) connects. The communi-
within a fixed range. cation between the client and the server is performed over stan-
dard TCP/IP sockets. Sockets were chosen over extending exist-
ing mechanisms (such as JDWP [36]) because they are reasonably
generic, portable and not tied to a particular language, runtime sys-
tem, operating system or machine architecture. Even though the
4. GCSpy ARCHITECTURE client-server approach considerably complicated the design and im-
It is essential that the coupling between the GCspy framework and plementation of GCspy, it has several important advantages.
the target system be minimal. In particular, GCspy can make no as-  First, the visualiser and the target system are launched as two
sumption about the implementation language of the target system.separate processes. This minimises the additional code to be in-
For this reason, solutions based on reflection [25] are ruled out, corporated into the server process and the runtime interference by
despite their desirable properties of minimal interference with the the visualiser into the server. Although the GCspy server includes
running system. Likewise, the target system side of GCspy should a thread to handle communication between the target system and

Table 1 shows simplified examples of how different garbage col-
lectors may be mapped to the GCspy abstractions.



Server X Client
|
Java Application |
X Visualiser Frame
Java VM !
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X Stream 0 Stream 0
: Stream 1 Stream 1
1 Stream 2
1
1
Server Interpreter ! Client Interpreter
1
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1
[[] Generic GCspy Framework [ virtual Machine
[l GCvM-Dependent GCspy Customisations [] Running Application

Figure 2: The GCspy client-server architecture showing a Java VM managed by a generational collector. The younger generation uses a

semi-space copying collector (S-S GC) and the older a mark-compact collector (M-C GC).

the visualiser, its impact in terms of thread scheduling is small (es- and the target system do not have to be written in the same lan-
pecially if a second CPU is available for this purpose). For the guage. This improves the portability of the framework and allows
most part, transmissions to the client only take place at ‘safe points’ it to be easily incorporated into a variety of systems. Only the
(for example, at the start or at the end of a garbage collection run) server-side code needs to be ported to a particular system, whereas
to send visualisation data gathered by the memory manager. Atthe visualising client is generic and can be used unchanged in any
these points, threads other than memory manager threads are typsituation. On the server side, the harder undertaking of writing
ically stopped. For example, transmission points in RJVM (see the server code itself needs to be done only once for a particular
Section 5.6) correspond to the stop-the-world phases of one of itsJVM or other target system. Writing data gathering code for each
collectors: all data collection and transmission takes place while all garbage collection algorithm within a memory manager, for exam-
mutator threads have been stopped. Figure 1 showed the operatiomle, is almost trivial (see Appendix C.2).

of such a mechanism. Apart from increasing the stop-the-world

pause time, a transmission does not affect any running application4.2  Storing / Replaying Traces

threads (scheduling, priorities and so forth). Second, by making ¢ js gesirable to be able to store GCspy transmissions in order to
the visualiser a separate process, it can be launched on a dlfferen];eplay them and analyse them at a later time. This is useful for
machine to further reduce the impact on the application. However, 4emanstrations, for sharing of information with remotely-located
the GCspy framework does not restrict transmission to safe points. o, jieagues and where it is undesirable to allow a remote system
We describe in Section 5.4 how a concurrent collector might be Vi- 1, connect to the server. An example of the last scenario is that
sualised with only weak synchronisation with the JVM. As aresult, .,mpanies are not always willing to release their software to re-
the wsuah_satlon framework is as non-intrusive as possible and hasg,rchers on confidentiality grounds. Our hope is that they will be
the potential to produce results that are not skewed by the presencey|q 1 release the trace files instead to improve the community’s

of the _\/lsuallser. . . . understanding of how realistic applications behave.

A client-server architecture also allows the visualiser to be con-  gegpy s client-server architecture facilitates storage and replay.
nected to the target system only when it is necessary, leaving it o gpecial-purpose client connects to a server and simply stores in
undisturbed otherwise. This has important benefits. The user can {14ce file the attribute data the server sends. Similarly, a special-

!aur;]ch their aplpllcatlon as usual and only connect the visualiser t0 , - nse server reads this trace file and transmits the stored data to
it when a problem occurs in order to attempt to discover its cause, 5 connected visualiser. Both these utilities are written in Java, are

or connect to it intermittently to monitor its behaviour over time. general-purpose and use Java’s gzip APl to compress traces. The
Thus, GCspy can be deployed outside the laboratory to diagnosey e storing client configures itself according to the bootstrap in-
those performance problems that commonly manifest themselvess, mation sent from the server and writes this information to the

only under real loads. For example, a JVM vendor providing SUP- y4c6 file, so that the trace-replaying server can adapt itself for each
port to a highly-valued client may visualise an application running  g;ch trace. The visualiser cannot distinguish whether it is con-

rem_otely on the client's machine. . . ) . nected to a GCspy-enhanced target system or the trace-replaying
Finally, a further advantage of this approach is that the visualiser geer  Because of its coarse-grain visualisation and because it



needs to store only data streams and summaries, rather than thelient and the server is asymmetric. The server mostly ‘pushes’ data
events of the collection itself, the trace files collected by GCspy are to the client when appropriate: initially, the bootstrap configuration

compact and compress well (see Table 3). information and, subsequently, stream contents. Communications
. from the client back to the server are mainly user-initiated and in-
4.3 Wire Protocol frequent, such as disconnect, control flow commands (play, move

Communication between client and server is through a custom bi- forward to the next event and pause) and event filter modification
nary protocol. GCspy'’s target- and visualiser-independence require{see Section 5.3).

ments preclude use of language-specific protocols such as JDWP To transmit the state of the heap, $erver interpreteserialises
[36]. For performance reasons, we chose not to use a text-basedeach data and control stream to GCspy’s custom binary format and
protocol (such as XML or MetaTF [8]). The GCspy protocol does sends it to the client. There, tioéent interpreteris responsible for
maintain some state between the client and the server (the state ofxtracting the values and installing them in the appropriate stream

the event filters, the configuration of each space and so on). of the appropriate space (essentially acting as a multiplexer). Fi-
nally, once the data of all available streams have been transmitted,
5. SERVER IMPLEMENTATION the server sends a final message to notify the client that it can re-

o . L . . draw the on-screen representation of the space.
It IS vital that GCspy _|n_tru5|on nto _the target system being visu The benefit of this architecture is that it allows the GCspy frame-
alised be kept to a minimum, both in terms of any code that must : . )
. . work to be ported easily to any system. Such a port involves writ-
be added and in terms of runtime costs. GCspy code added to the - o . -
. S ing appropriate (collector-specific) drivers, usually deduced easily
system should be small. Systems that embed the visualiser in the, L X o
S AR from existing ones, and adding a small amount of platform-specific
target system would be hard to maintain and might intrude sub-

stantially on the performance of the visualised system as the usercode to the server to communicate with the drivers and to'|n|t|al|se
) . ) the server. Only the server needs to be adapted to a particular sys-
explored the data in the user interface. As far as possible, our goal . . .
: : . tem — the client can be used unchanged. The code required is
is to allow the target to run at full speed without perturbation, ex- . . : ; )
o : . ; small: Section 5.5 describes an example implementation.
cept when it is required to gather data, for example immediately ; ; .
. . . . Currently, two implementations of the GCspy server code exist.
before or after a garbage collection. In this section, we explain the . . : -
) . One is written in C, because a large number of runtime systems
server-side model and the work required of the memory manager . . ; . . . .
: . . . . are implemented in or can interface with C. The other is written in
implementer in order to incorporate GCspy into their system. Java. The latter acts as the reference implementation, is used for
Each component of the target system to be visualised is rnOd-the tllace replaying tool and can also be inr():or orated inl JVMs that
elled by the GCspy framework as a space (see Section 3). Fig- playing P

ure 2 shows the GCspy framework incorporated into a JVM that are written in Java (for example, Jikes RVM [2]). The visualiser is

. o . entirely written in Java using Swing; the Java client infrastructure

has a generational memory system with its young generation man-. :
. . ! is also used for the trace-storing tool.

aged by a semi-space collector and its old generation managed by
a mark-compact collector [20]. In the figure, two spaces have been5 2 Control Flow
created, one for the semi-space collector, the other for the mark-
compact collector. The semi-space collector has two streasesi(
space per block and number of references froatsto each block)
and the mark-compact collector three (hnumbeobjects card ta-

ble state ananarkedobjects per block).

Transmissions are sent from the server to the client when a spe-
cific event is reached. To prevent overwhelming the visualiser (and
hence the user), the GCspy framework provides facilities to pause
and resume the execution of the application. Whenever the user
presses the pause button (see Figures 4 and 6), the client sends a
5.1 Drivers and Interpreters pause request to the GCspy server to cause it to pause itself after
the next transmission and to stay paused until it has received a re-
sume request. This ensures that, when the system has been paused,
all transmissions have completed and the data that has reached the
visualiser is consistent. Disconnecting happens in a similar fash-
ion. Again, it is the responsibility of the implementer of the target

Communication between the collector and the GCspy infrastruc-
ture is performed throughdriver. The role of the driver is to map

information collected by the memory manager to the streams sup-
ported by the driver’'s space. The driver is also responsible for col-

lecting summary and control stream information (see Sections 3.4 system, if they want to take advantage of the pause facility, to en-

T each e ecees Suflent nioaln 0 02t sure it no oler et are aperting when the GCspy server
. ’ y 09 ; i Sauses. In some systems this is easy to achieve; for example, stop-
well. As it understands the structure of its space, it can also provide

. . . the-world collectors typically halt all mutator threads so GCspy op-
the necessary control information. Clearly, drivers are collector- ypicaly pyop

and server-specific: whenever the implementer wishes to visualiseeratlons can be piggy-backed on that.
a new component of the memory manager (such as a new imple-5.3 Event Filters
mentation of the remembered sets of a generational collector), a

n%w drlve; musttbe W{;\tlen (see Sedctlon 5.5). Hdowever, éhle client- is implemented by the server (i.e. the server does not transmit these
Side counterparts — the space and space-rénderer modules — arganis a5 opposed to the client not accepting them). Data gathering
generic and not tied to any specific system or driver, as they operatey,, skipped events should be omitted in order to avoid affecting the

OV_T_Lthe stream ngtre_ﬁlons. ¢ . aul . performance of the running system at uninteresting event points.
€ server and cliennterpretersare generic modules, responst — g, event filters are associated with each event.

ble for serialising and transmitting data over the socket and for re-
ceiving, deserialising and interpreting (hence their name) incoming e Enable / Disablefilters allow the user to enable or disable

Events deemed uninteresting by the user cafiltezed Filtering

transmissions. The server-side interpreter is a library that exposes transmissions at specific events. For example, a user might
an API to the driver programmer. For the most part, the GCspy only be interested in old generation collection events and not

interpreter is portable between servers (an exception is the inter- young generation ones. Disabled events do not cause trans-
preter for Jikes RVM which is written in Java and so must take care missions to the visualiser and memory managers should not

to avoid allocation in the Java heap). Communication between the even collect data for them.



the visualiser concurrently, without requiring the mutator threads

Block State Stream Values to be halted at all. This will have very little impact on the per-
0123 ...n1 0123...n1 formance of the target system, especially on multi-CPU machines.
Clock Tick Concurrent collectors also benefit as it will not affect their max-
EECONR:- R imum pause time, even when the visualiser is connected. Again,
Clock Tick the extra code in the collector is also localised, typically in a sep-
OEER- - - arate thread, with a regular ‘clock’ event providing the points of
Clock Tk transmission (see Figure 3). Unfortu_nate_ly, th|§ approach cannot
ElRO0---J guarantee that the data sent to the visualiser will be consistent, as

it is gathered concurrently with the mutator’s operation (compare
Figures 1 and 3). However, any single discrepancy caused by this
(such as a large free chunk considered to be allocated because it
has been temporarily removed from the free-lists to satisfy a small
allocation request) will most likely affect a single transmission and
Figure 3: Capturing data from the stream for a single attribute of a "0t subsequent ones. Users can still obtain useful visualisations
single space asynchronously. of a systtem, but they must be aware that inconsistencies might be
apparent.

5.5 Building and Incorporating Drivers

« Delayforces the server to delay for a given period after trans- One of the benefits of the GCspy framework is the ease with which
missions of specific events, allowing the user to ‘slow down itcan be incorporated into an existing memory manager. In this sec-
the film’. We choose to delay at the server side to ensure that tion, we outline how a simple driver can be added to a semi-space
client and server are always synchronised. collector. Pseudo-code for this example is given in Appendix C.

o Pauseforces the server to pause after transmission of specific First, at boot time, the JVM must initialise the server interpreter
events, saving the user from having to pause the application (see Section 5.1) and register the required set of events with it. This

manually every time such an event is reachefd debugger infrastructure will be shared by all drivers. As each specific collec-
break points). tor is initialised, it must create and initialise its own driver.
¢ Period allows a regular sampling of events; it causes trans- ~ The driver code has the following responsibilities. On creation,
missions of specific events to happen once evegyents. it creates and initialises its space (or spaces, in the case of a com-
This is useful if certain events are too frequent and allows plex component), registers that space with the server interpreter,
the user to reduce their transmission rate. creates and initialises the space’s streams and registers them with
the space. To support data gathering, the driver typically provides
5.4 Data Collection a method that initialises the data of all the streams to default val-

ued and methods to update the stream data according to the state
of the collector (a method that specifies the location of an object, a
method that specifies the state of a card, and so on).

Suppose that the collector is required to gather data and transmit

- - ; - it before and after each collection. First, it must check whether
The firstway i iggy-back llection on gar llec- ! o . o
e first way is to piggy-back data collection on garbage collec the server should transmit (i.e. a client is connected) and whether

tor operations. This ensures that the driver's stream data always.the event is active (i.e. it has not been disabled and it is not bein
contains an up-to-date snapshot of the state of the corresponding (ie. 9

space. Here, the collector is extended with code that updates streani?nki't?;igl) 'i ts”sggz::sﬂ(qaesCtisee’sttrgzrgo(!llzgoi; ia”isc ;”n triecrgg\t/gcri tfgr
data as it operates. This incremental way of collecting data is pos- ypically

sibly the fastest. However, it has two disadvantages. First, data- every tra_nsmission) a_nd then i_terates over the heap, communicating
collecting code must be planted throughout the collector, making tq the driver the Iocatlon .Of object§, state of the cards gnd so forth.
the maintenance of both more difficult. Second, and more impor- Finally, the collector notn‘_les the drlverth_at data gathering has peen
tantly, data collection cannot be turned off when it is not required completed so that the_ driver can trar_lsmlt th_e streams_to the client.
(for example, when the visualiser is not connected or an event is . In the n_ext two sections, we describe ‘h'? Incorporation ofGC_:spy
disabled or skipped) without imposing a performance penalty, as into two different JVMs anq attempt to estimate the effor_t required
the test whether to gather data or not must be repeated at each dattc‘? add new streams to existing drivers, to write new drivers or to

acquisition point (for example, whenever a mark-sweep collector gglrtts?;f)%yetgﬁhli\g 3%//5'\;??” :\iﬁiféi\ggﬁo(;’]CSpy performance re-
marks an object). '

Alternatively, data may be gathered by performing separate and 5 g Example Implementation I: RIVM

complete sweeps over each component. When an event is reache i . . .
stream data is typically recreated from scratch before being trans-dR‘]VM was the f'r.St system in Wh.'Ch GCspy was incorporated (and
acted as the main test case during GCspy development). It has a

mitted. Although the performance penalty of such sweeps is high, oy i tem in which h ti b
checking whether data should be gathered or not involves just a sin- 0-generation memory system in which each generation can be
managed by one of several garbage collectors. This is facilitated

gle test per event. The cost of this test is negligible, allowing the \ -
. . ; by RIVM's GC Interface[46], which abstracts the memory man-
runtime system to execute at practically full speed when the visu-
y P y P agement system from the rest of the JVM. In order to be able to

aliser is not connected or when no events are enabled. Additionally, lise diff t f ti f th ¢ ith GC
all the extra code in the collector is concentrated in just one place visualise difierent configurations ot the memory system wi )
six different drivers were developed.

and does not interfere with the bulk of the collector code. Ports of SPY:

GCspy to RIVM, HotSpot and Jikes RVM adopted this approach.  4some drivers may not need to re-initialise streams, for example if they are
The third technique is to collect stream data and transmit it to accumulating values over the course of a program’s execution.

The GCspy framework does not define a data collection method.
This is the responsibility of the target system implementer. In prac-
tice, there are several ways to implement data collection within a
garbage collector. Three techniques are enumerated below.




Configuration 213 javac reptile [ Level | Description |
sec.  rel. Sec. rel. 1 Collect only data that can be acquired in constant time
i No GCspy 29.07 1.00/ 26.90 1.00 (such as the space used by a compacting collectoy).

ii  GCspy, uninitialised 29.15 1.00| 27.00 1.00 2 As level 1, but also iterate over small data structures

iii  no connection 29.12 1.00, 27.13 1.01 (such as the card table).

iv connection, no events 29.15 1.00f 27.13 1.01 3 As level 2, but also iterate over objects in the heap (for

v connection, level 1 53.22 1.83| 75.07 2.79 instance, to count the objects).

vi connection, level 2 55.61 1.91| 76.27 2.84 4 As level 3, but also iterate over reference fields in ob-
vii connection, level 3 95.60 3.29| 179.62 6.68 jects (for instance, to gather statistics on directior] of
viii  connection, level 4 283.48 9.75| 554.45 20.61 pointers).

Table 2: Impact of GCspy on total execution time fc13 _javac andreptile
without GCspy are shown. Fixed heap sizes of 18Mh 248 javac and 55Mb forreptile

(1) A semi-space driver for the two-space copying collector that
is the default configuration for the young generation (see Fig-
ures 4 and 6). It manages one space with two streams.

(2) A mark-compact driver for the sliding-compacting collector
(the default configuration for the old generation), which man-
ages one space with five streams.

(3) A driver for a simple, non-moving, mark-sweep collector,
offered as an alternative for RIVM’s old generation (see Fig-
ures 4 and 6). It manages one space with seven streams.

(4) A driver for the generational, mostly-concurrent, incremen-
tal collector [27], offered as an alternative for RIVM’s old
generation. It manages one space with eight streams.

(5) Adriver for the Train collector [17], offered as an alternative
for RIVM’s old generation, which manages three spaces with
a total of forty streams. Its operation is described in more
detail elsewhere [28].

(6) A driver for visualising the operation of non-moving col-
lectors’ free-lists, used with drivers 3 and 4 (see Figures 4
and 6). It manages one space with two streams.

benchmarks. Both absolute time and time relative to that
were used.

one for the young generation, managed by a semi-space collector,
one for the old generation, managed by a mark-compact collector,
and one for the permanent space (this is used for classes, methods,
etc.), also managed by a mark-compact collector. The drivers have
six, thirteen and ten streams respectively and were adopted from
drivers 1 and 2 of RIVM. A young generation collection causes
two events and an old generation collection three (as for the RJVM
implementation). The port took about a week, but most of this
time was spent on understanding HotSpot's generational frame-
work, rather than incorporating GCspy.

5.8 Performance

We now provide results for GCspy performance. In all cases, the
figures are for the version of Sun’s HotSpot JVM described above.
All benchmarks were run under Solaris 7 on a Sun Ultra80 work-
station with 4<450Mhz UltraSparc Il CPUs and 2GB of memory.

As it is important that the server experiences no GCspy-imposed
performance penalty when the visualiser is not connected, data col-
lection in the HotSpot JVM was done by complete heap sweeps
(as described in Section 5.4). The benchmarks used to measure

The events that are defined depend on the collector configurationperformance were213 javac from the widely used SPECjvm98

used. For the two stop-the-world configurations (for instance, driver
1 for the young generation and drivers 2 or 3 for the old gen-
eration), there are five events: Young generation collection start,
Young generation collection end, Old generation collection start,

suite [35] andeptile , the kernel of an Escher drawing package

translated from Haskell into Java bytecodes [44]. Table 2 gives
performance results for several configurations. In the table, row (i)
shows results for the control set, that is, the HotSpot JVM without

Marking phase end and Sweeping (or compacting) phase end. TheGCspy compiled in; row (ii) had GCspy compiled into the JVM but
two young generation collection events and four further events are it was not initialised, its communication thread was not launched

used by driver 4 (for the mostly-concurrent collector) to match the
phases of that particular collector: Root checkpoint start, Root

and no data collection was performed. In the remaining rows, GC-
spy was compiled in and booted. Clients connected to the server

checkpoint end, Remark phase start and Remark phase end [27]in rows (iv)—(viii) but not in row (iii). In row (iv), all events were

Similarly, in the case of driver 5 (for the Train collector), in addi-
tion to the two young generation collection events, there are two
more: Train collection start and Train collection end.

The architecture of GCspy made the introduction of different
events for different collectors straightforward. In our experience
and assuming that the programmer is very familiar with the driver
and the framework, it takes about thirty minutes to introduce a sin-
gle new stream to an existing driver, including incorporating the
data-gathering code. Deriving the first version of driver 4 from
driver 3, and writing driver 6 from scratch, took just under two
hours each (including incorporation into RJIVM).

5.7 Example Implementation Il: HotSpot
GCspy has also been ported to Sun Microsystems’ HotSpot JVM

(the version used is close to the 1.4 public release). HotSpot alsoof heap forreptile
uses a generational framework and the port involved three drivers:

disabled so only bootstrap data was transmitted. The last four rows
show the effects of increasingly expensive data collection levels
(these are described in Table 2).

These timing results confirm our claims that the incorporation of
GCspy does not impose a noticeable performance penalty unless
GCspy is initialised and gathering data. If the thread is started but
no transmission occurs, the overhead is minimal or non-existent
(we do not have a satisfactory explanation for the difference be-
tween_213_javac andreptile in this case). When the visualiser
is connected, for light data gathering the JVM slows down by a
factor of two to three, and for heavy data gathering by over an or-
der of magnitude, which was expected. The GCspy overhead is
greater fomeptile  than for_213_javac because the former allo-
cates mainly very small objects; hence iterating over each megabyte
is more costly than for ta213 _javac , which
has fewer and larger objects. The user can improve performance, if



Traces Events| Collections Heap Sizes (Mb) Tiles Trace Size
young old| young old perm| (8Kb blocks) (Kb)
202 _jess 304 146 4 21 2.2 2.0 805 189.23
_205 _raytrace 161 76 3 21 47 1.5 1068 333.17
_209 _db 89 37 5 21 13.2 1.5 2148 198.74
213 javac 241 101 13 21 133 2.0 2230 973.65
228 jack 204 87 10 2.1 1.4 1.8 672 143.00

Table 3: GCspy trace file sizes for SPECjvm98 benchmarks usin
generation, old generation and permanent space; tile numbers and

they wish, by using event filtering (see Section 5.3). Running the
visualiser locally or remotely does not seem to have a large impact
on performance.

If desired, GCspy can store rather than display event transmis-
sions. Table 3 shows the size of the trace files obtained from the

SPECjvm98 test suite. The heap sizes reported are the maximum
size each space of the heap reached while running each benchmark.

The visualisation granularity was set to 8Kb (i.e. each tile repre-
sented an 8Kb memory block).

6. THE USER INTERFACE

The GCspy visualiser runs in a separate process from the target be-

ing observed, communicating via a standard TCP/IP socket. The
visualiser is entirely generic and relies on bootstrap information
from the server for initialisation. This bootstrap information pro-
vides the name of the server to which the visualiser is connected
(Figure 4, aredl), the names and sizes of each space (Figure 4, ar-
easl]), the names of the events defined on JVM (Figure 4, &fea

and so on. The state of the server can either be displayed one event

at a time (Figures 4 and 6) or ash&story — an evolution of the
state over time (Figure 7). We discuss each view below.

6.1 The Main Window

Figures 4 and 6 illustrate the main window of the GCspy user in-

terface when connected to the JVM described in Section 5.6. The
window is split into several areas, each of which is numbered in

Figure 4. These are described below.

0 SpacesMost of the GCspy main window is taken up by the

areas where spaces are rendered. There is one such area per
space. Even though all spaces are visualised at all times, the

one selected by the user to betiveis denoted by a dark
frame around it. The active space controls aféad and.

In Figures 4 and 6, each tile in each space corresponds to
a 128Kb block in the heap. Notice the effects of the con-
trol stream in the Young Generation space: unused tiles (cor-

responding to the unused semi-space) appear pale grey and

a separator identifies the boundary between the two semi-
spaces.

Space Tool Bars. Each space has a separate tool bar from
where windows associated with it can be launched. One such
window is the legend window (in Figures 4 and 6) which
shows the representation of a low, a mid-way and a high
value. Notice that care is taken to represent zero values dif-
ferently (a light frame rather than a solid tile) from very
small values — it is useful to distinguish these. Unused tiles
are also explicitly identified. The summary window (Fig-
ures 5(a) and (b)) contains the summary information for the
entire space.

Current Event. This displays the name of the event that
caused the transmission currently being visualised.

g level 3 (see Table 2) data gathering. Heap sizes refer to the young

trace sizes include all three spaces.

O Tile Information. When a tile of the active space is selected
by the user (denoted by a white frame around it), this area
displays the values for that tile in all available streams (essen-
tially the attributes of the corresponding block). The presen-
tation information associated with each stream, described in
Section 3.1, allows the visualiser to provide a more appropri-
ate representation of its values, for example, as a percentage
for the used space attribute, as an enumeration for the card
state attribute and so forth. Note that permanent informa-
tion that does not change from transmission to transmission
(namely the address range of the block represented by the
tile and its size) is transmitted to the visualiser just once, at
connection-time.

View Chooser. This menu allows the user to choose which
stream will be used to visualise the active space. In Figure 4
for example, the used space attribute has been selected. Cur-
rently, there is a one-to-one correspondence between streams
and views.

Magpnification. This shows a subsequence of the tiles of the
active space, centered on the active tile and rendered with
smaller tiles, and a further subsequence, again centered on
the active tile and rendered with larger tiles. The intention
is to reveal artefacts over a series of tiles that might not be
apparent in the main space area due to line breaks. In future
work, we plan to experiment with combining attributes in a
single tile and suggest that the larger tile size may add clarity.
Menu Bar. The menu bar allows windows relevant to all
spaces to be launched, such as the event counter window,
listing the number of occurrences of each event defined by
the server (see Figure 5(d)), and the event filters window,
controlling event filtering (see Figure 5(c)).

Main Footer. This is split into three areas. The left area
includes the control flow buttons: (from left to right) pause,
resume and step one (the latter is only activated when the vi-
sualiser is paused; it moves the execution to, and pauses it at,
the next event). The middle area indicates the server to which
the visualiser is connected and its state (i.e. paused or about
to pause). Finally, the right-hand area allows disconnection
from the server and reconnection to a new one.

6.2 History Graphs

The GCspy visualisations described so far, and illustrated in Fig-
ures 4 and 6, reveal the state of a system at a single point in time.
The evolution of a system over time is also of great interest, but
this is hard to observe from a succession of snapshots. To pro-
vide a concise view of the history of an attribute of a single space,
GCspy can present its evolution as a graph (see Figure 7). Such
history graphsare two-dimensional grids of very small tiles (large
tiles would generate prohibitively large images) in which each row
corresponds to a single GCspy event transmitted. Whenever a new
event transmission reaches the visualiser, a new row is added to the

ad
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Figure 4: The GCspy user interface main window showing Yeed Spaceiew of the Old Generation space of RIVM for tteptile
benchmark. The Mark Sweep space is active, a tile on it is selected, and its legend window is also included on the left.

rSummar\; for Old Generation [Free Lists]

|—Summar\r for Qld Generation [M&S GiC)

Event: End Toung GC  (27)
E0.OME (52,478,200 bytes)

124,152,008 bytes)

Current Size:
Used Space: 46.1%
Card State:
DIERTY 3,413
SUMMARISED Z£5
CLEAIT 98,962

Promoted: O.7% (378,282 bytes)

Event :

Length:

Size:

End Young GC

284,283
£3.9%

Roots: 3,161
arked: 0 objects
Free Chunks: E£84,Z83

1,080,693

(27}

(E2,E7&6,79E bytes) Objects:

(a) Summary window for Free List space.

(b) Summary window for Mark Sweep space.

Event Enabled | Delay (mg) Fause Period |
Start Young GC I i] [} 1
End Young GC [v] a [] 1 Event | Counter |
Start ©ld GC vl 0 v 1 Start Young GC a7
End Marking Phase V] 0 [ 1 End Young GG a7
End Sweeping Phase M ] ] 1 Start Old GC 1
| Clear Delays | | Clear Pauzes | | Rezet Periods | g Markin_g [FliERE i
End Sweeping Phase 1
| Enable All | | Dizable All | | Defaults | | Close | Close

(c) Event filters window.

(d) Event counters window.

Figure 5: GCspy auxiliary windows for RJIVM.
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bottom of the grid (essentially, theaxis of the graph represents  blocks, as the free chunks were added to the free-lists in address or-
time, starting from zero at the top). der, hence all the free chunks in one block will be used up, before
The information provided by GCspy’s set of abstractions (de- the allocator considers free chunks in another block. Figure 7(b)
scribed in Section 3) is sufficient for the client to generate history sheds further insight into the behaviour of the old generation al-
graphs, ensuring consistency between the graphs and the visualisalocator. Until old generation collection 1, promotion allocation is
tions in the main window without imposing a further burden on the done from a single large free chunk that initially spans the entire
server implementer. History graphs can be customised in severalgeneration. The diagonal line sloping down indicates which parts
ways (size of the tiles, colour options, vertical separators that group of that large free chunk are used. After collection 2, we can observe
tiles together, horizontal separators that correspond to events in thedistinct lines sloping from the upper right (the end of the old gen-
server and so on). For example, in Figure 7 the vertical separa- eration) down to the lower left (the start of the generation). By this
tors indicate 10Mb heap increments and the horizontal lines corre- time the heap is fragmented by this application. Free-lists in the old
spond to old generation collections (the garbage collection number generation maintain the free chunks, which are obtained by sweep-
also appears on the graph for easier identification). The visualisa-ing the space from left to right, in a LIFO manner. Thus, the first
tion model is an extension to the basic model employed by GCspy, chunk to be selected for allocation is the rightmost available one of
making it easy for the user to understand one having seen the otherthe best matching free-list (predominantly the 24-byte list). Once
We describe how main window and history graph views have been this list is empty, the allocator splits chunks from larger sized lists,

used in practice in the next section. causing the diagonal lines in the history graph to be repeated. We
can also observe the effect of this allocation policy on used space
7. GCspy IN PRACTICE in Figure 7(a) as bands sloping down to the left.

: ; The second case study [28] is of the RJVM Train collector, no-
GCspy has been used to study the behaviour of production JVMStorious for the subtleties of its operation and for being difficult to

where it has met our claims for scalability by visualising heaps of ; That it ble 1o | te GC int h
up to 1Gb (using 128Kb blocks and 8,192 tiles). These case studies une. fhat it was possibie to incorporate Spy Into such a com-

have improved researchers’ and developers’ understanding of theirple.)? collector reinforces our claims for the_ generallty and adapt-

collectors and have revealed a number of new insights. ability of the framework_. A number qf applications, known_ to_be
A number of applications were used to explore the visualisation problematic for the Train, were studied and several new insights

in both case studies. They were: emerged.

e Long-lived data frequently clusters to form a few, very large
trains. Commonly, in botkeptle ~ andGCOld, objects were
copied to cars at the end of the same train. As that train be-
came older, GCspy showed that objects continued to be clus-
tered in it. History graphs obtained fro@COId showed this
pattern particularly clearly. Over time, a single data structure
caused an increasingly larger number of objects to be clus-
tered with it, and that train took longer and longer to collect.
These patterns are repeated in other applications and show
that collection policies dependent on an assumption of short
trains [31] are not well-founded.

e reptle  (see Section 5.8).

e GCOIld, which creates and manipulates a large tree structure
to evaluate the performance of incremental garbage collec-
tors [27].

e paraffins , which calculates the paraffin molecules that may
be constructed from a given number of carbon atoms. This is
a good stress-test for the Train collector because components
are constructed through combinations of existing ones, hence
some objects (such as that representing)Gite very heavily
referenced.

The first system studied was RJVM (see Section 5.6). The RIVM
generational collector was configured to use two generations, the
younger managed by a semi-space copying collector and the older
by an in-place de-allocating mark-sweep collector [20].

Figures 4 and 6 show thi¢sed SpacandPromotionviews of the
reptle  benchmark. Looking at the Old Generation space, greater
space usage within a block and greater amount of promotion to
a block are both indicated by a brighter (lighter in monochrome)
shading. We can see from thised Spaceiew that blocks at the
start and the end of the old generation are heavily used, presumably
because those at the start are long-lived objects and those at the end
have been comparatively recently promoted and so have not yet
been collected. This conjecture is confirmed by the history graph
of this space, Figure 7(a), which shows vertical bands of long-lived
objects at the left of the graph and a band of objects at the extreme
right at the time of the main window snapshots. Observe that theseHistory graphs have been particularly instructive but useful infor-
objects are reclaimed by the second old generation (the horizontalmation has also been obtained from the GCspy main window.
white line, labelled ‘2’ in the figure).

There are two points of interest in Figure 6. First, looking at
the Free List space, we can see that there are four very popular
size classes (and seven unused classes). Furthermore, popular size
classes are equally spaced. The reason for this is as follows. The
reptle  application allocates 24-byte objects heavily (the first pop-
ular size class). If contiguous objects are freed, their space is coa-
lesced, leading to long free-lists for common multiples of 24 bytes. e A particular application was observed to be causing very
Second, promotion to the old generation is concentrated on a few slow young generation collections (sometimes over 300ms).

¢ Remembered set maintenance in the Train collector may be
costly. Visualisation offered an opportunity to compare tech-
niques for tuning remembered sets. One technique to reduce
costs is to isolate heavily referenced (‘popular’) objects in a
car of their own. GCspy visualisation of popular objects has
confirmed that they are comparatively rare but nevertheless
important to handle specially. A technique to increase the
capacity of remembered sets is to ‘coarsen’ them by mak-
ing each entry represent a larger region of memory. Again,
GCspy history graphs (obtained from tpeaffins  bench-
mark) confirmed that isolating popular objects and coars-
ening remembered sets distributed entries between remem-
bered sets more evenly (and so helped smooth garbage col-
lection pause times).

¢ Visualisation of the free-lists of the non-relocating collectors
of RJVM revealed that every second list was empty. This
was caused by the free-lists’ assumption of 4-byte object
alignment although RIVM had been subsequently modified
to align objects at 8-byte boundaries. The presence of empty
lists imposed a (small) performance overhead.



Visualisation of its card table with GCspy immediately re- APPENDIX
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C. INCORPORATING A SIMPLE DRIVER

C.2 Driver Implementation

Here we outline the implementation of a driver for a simple semi- On creation, the driver sets up the space and its streams. For sim-
space collector. This pseudocode description follows very closely plicity, we omit some of the arguments to the constructors.

our implementation for a collector for Jikes RVM using the UMass
GCTk garbage collector toolkit. Construction of the driver was
straightforward and used less than 300 lines of code, including
comments. The object-oriented features of Java considerably sim-
plified both the construction of the collector and the driver. Note
that, to avoid perturbing the data being measured, it is important
that no allocation be made in the Java heap. We exploited Jikes
RVM’s ability to create objects outside the heap but the details are
beyond the scope of this paper.

C.1 JVM Changes

To add GCspy to an existing collector it is necessary to modify the
collector (i) to initialise the GCspy framework and (ii) communi-
cate its state to GCspy. At boot time, the collector creates a set of
events, the server interpreter and a driver for each space.

void initialiseGCspy() {
/* first, initialise the GCspy server,
* this is shared by all drivers */
String eventNames]] = { "Semispace GC Start",
"Semispace GC End" };
new Events(eventNames);
new Serverinterpreter(
"Jikes RVM",
events,
1 /* max space number * )

Events events =
gcspyServer_ =

/* then, initialise each driver *
gcspyDriver_ = new GCspyDriverSemispace(
gcspyServer_,
"Semispaces’,
heapStart_,
GRANULARITY,
(heapEnd_ - heapStart )/GRANULARITY );

public

GCspyDriverSemispace(
Serverlnterpreter gcspyServer,
String name,
ADDRESSstartAddr,
int  blocks,
int  DblockSize) {

startAddr_ = startAddr,

blockSize_ = blockSize;

maxTileNum_ = blocks;

/* first, create a new space */

space_ = new ServerSpace(
"Semispace GC", /* space name */
maxTileNum_, /* number of tiles */
1 /* max stream number */ );

/* then, register the space with the GCspy server */
spacelD_ = gcspyServer.addServerSpace(space_);

/* now, create a new stream */
objectsStream_ = new Stream(
"Objects”,
maxTileNum_
objects_ = objectsStream_.getData();
objectsSummary_= objectsStream_.getSummary();

/* stream name *
/* max tile num */ );

/* and register it with the corresponding space */
space_.addStream(objectsStream_);

/* finally, set up the tiles names (this information

* appears on the visualiser when clicking on a tile) */
for (int i =0;i < maxTileNum_ ++i) {

ADDRESSstart = startAddr + (i * blockSize_);

ADDRESSend = start + blockSize_;

if (end > endAddr)

end = endAddr,
space_.setTileName(i, "["+Integer.toHexString(start)+
"-"+Integer.toHexString(end)+")" );

}

}

Before and after each collection, the collector must gather and trans-}
mit data to the visualiser if connected and the event should be The rest of the driver’s public interface consists of methods to clear
transmitted. If required to transmit, the driver is asked to clear the values set in each of its space’s streams, to map values sup-
the streams before the collector iterates through the heap, passinglied by the collector to the appropriate block (this is essentially
data to the driver. Finally, the server is told that data gathering is histogram binning) and to initiate transmission to the visualiser.
complete.

public void zero ( ADDRESSmaxAddr) {
tileNum_ = getTileNum(maxAddr);

private void gatherGCspyData( - N
int  semispaceEvent, /* resize the space if the number of blocks has changed
ADDRESSspaceStart * (i.e. the collector resized the heap) */

ADDRESSspaceEnd) { space_.setData(tileNum_);

/* first, check whether the event should be transmitted,
* j.e. whether the client is connected and the event
* js active (not disabled or skipped) *
if  (gcspyServer_.shouldTransmit{semispaceEvent)) {
gespyDriver_.zero(heapEnd_);
Iterator it = heap_.iterator(spaceStart, spaceEnd); }

while  (ithasNext()) { o )
gespyDriver_object(itnext(); public void object ( ADDRESSaddr) {

} /* count the object in the appropriate data slot... */
++objects_[getindex(addr)];

/* ...and also in the summary value *
++objectsSummary_[0];

/* initialise streams to their default values,
* passed to the stream during initialisation,
* and zero the summary information *

space_.resetData();

/* if the event is active, this will also perform

* the data transmission --- it also counts the

* number of events reached to keep the event }
* counters up to date */

gespyDriver_finish(semispaceEvent);



