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Abstract— The performance engineering activities in a per-
formance oriented development process of distributed (and
parallel) software have to cover a range of crucial issues: per-
formance prediction in early development stages, (analyti-
cal or simulation) modeling in the detailed specification and
coding phase, monitoring/measurements in the testing and
correction phase, and — most importantly for distributed
applications executing in heterogeneous distributed environ-
ments — automated performance management at run-time.

In this paper we present a development environment, N-
MAP, to tackle these issues. Within N-MAP, the chal-
lenging aspect of performance prediction to support a per-
formance oriented, incremental development of distributed
programs is addressed, such that design choices can be in-
vestigated far ahead of the full coding of the application.
Our approach considers the algorithmic idea as the first step
towards an application, for which the programmer should
not be forced to provide detailed program code, but just to
focus on the constituent and performance critical program
parts.

Due to time-varying workloads and changing system re-
source availability in heterogeneous multicomputer environ-
ments in which the distributed application is embedded,
self-managing applications are demanded which allow for dy-
namic reconfiguration in response to to new system states.
N-MAP aims at the development of applications able to in-
duce and assess the impact of such re-configurations at run-
time in a “pro-active” way. As opposed to “re-active” sys-
tems which bring reconfigurations in effect after the system
state has changed, the timeliness of reconfiguration activi-
ties is attempted by a future state forecast mechanism and
performance management decisions are based on anticipated
future system states.

Keywords: Distributed Software Engineering, Performance
Prediction, Run Time Performance Management, Discrete
Event Simulation, Network of Workstations.

I INTRODUCTION

Since the use of distributed systems and massively par-
allel processing hardware in science and engineering is pri-
marily motivated to increase computational performance,
it 1s obvious that a performance orientation must be the
driving force in the development process of parallel pro-
grams. Only very few efforts have been devoted to the rig-
orous integration of performance engineering activities in
the phases of distributed and parallel application software;
computerized tools suitable for supporting performance ef-
ficient programming are rarely in existence today.

The N-MAP (N-(virtual) processor map) environment

aims at remedying this situation by providing performance
prediction methods early in the development process based
on skeletal program code which, during the course of pro-
gram development, is iteratively and incrementally refined
under constant performance supervision until a fully func-
tional, performance efficient program is created.

N-MAP provides support for programming and perfor-
mance engineering activities in all phases of a performance
oriented distributed program development process ranging
from performance prediction in the early stages (design),
modeling and simulation in the detailed specification and
coding phase, monitoring and measurements in the testing
and correction phase, to finally the automated performance
management at run-time (see Figure 1).

As a performance oriented program development envi-
ronment, the goal of N-MAP is to provide performance
and behavior prediction for early program specifications,
namely “rough” but quick specifications of program skele-
tons that reflect the constituent and performance critical
program parts of eventually fully operable program code.

We have developed N-MAP and demonstrated its suc-
cessful use in a variety of different contexts. The develop-
ment of an application for Ax = b by means of a series of
Householder transformations (H A)z = Hb on the CM-5 is
reported in [1]. The process of performance prototyping
was exercised in [2]. The challenging performance assess-
ment of distributed simulation protocols was attempted in
[3] and in [4], where a 2*r full factorial design simulation
experiment was conducted as a means for systematically
searching huge performance spaces of distributed applica-
tions. Recently we have demonstrated N-MAP’s abilities
with respect to adaptive performance tuning [5].

In this paper we present the architecture and the key
components of N-MAP, which has become a stable and
mature environment, publicly available to the performance
and software engineering community. In Section 2 we
present N-MAP’s software architecture. Section 3 is de-
voted to scenario management and the simulation engine.
Section 4 explains adaptive performance management.
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II THE N-MAP ENVIRONMENT

Features that make N-MAP diverse from existing tools
are situated in the area of performance predictions. Since
any kind of predictive analysis is based on models (see
Figure 1), the primary drawback of model based perfor-
mance prediction 1s that the quality of predictions is en-
tirely dependent on the way how system characteristics
are abstracted into models, and the ability of tools to (ac-
curately enough) evaluate these models. In the classical
approach of model based performance prediction, models
are built explicitly with the motivation to be able to de-
rive performance indices for a range of different parame-
ter settings, i.e. workload or system parameters. Explicit
modeling is not new as a performance engineering method
for distributed systems [6], [7], and could be applied suc-
cessfully in areas where model assumptions are sufficiently
close to system characteristics. Success of the approach is
almost guaranteed when problems of static nature are in-
vestigated in homogeneous environments with deterministic
operational characteristics [8]. Explicit modeling appears
convincing for multiprocessor platforms with deterministic
operational characteristics, for programs with static struc-
ture and balanced computational loads as well as for reg-
ularly structured problems and dynamically non-changing
environments — at least for toy examples. For more gen-
eral cases, however, the explicit modeling approach is sus-
pect to fail. Reasons for these shortcomings, jokingly re-
ferred to as the “art of modeling”, are inadequate model
assumptions (exponential timing, stochastic independence,
finite state space, memoryless property, etc.), “sloppy”
modeling (to preserve tractability, reduce state-space, keep
convenient /efficient solution algorithms/tools applicable,
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etc.), an irregular problem structure, unstructured execu-
tion pattern (e.g. state/data dependent branching), non-
deterministic behavior of software layers and the run-time
system, unforeseen execution dynamics (like contention,
congestion, thrashing, etc.) and an overwhelming degree
of performance interdependencies, etc.

II.A Performance Prototyping

N-MAP, as a prototyping environment, although reliant
on models in predictive performance analysis, avoids engag-
ing in explicit models. Early code skeletons, together with
resource requirement specifications, serve as (performance)
prototypes for distributed programs, and, simultaneously,
as their implicit performance models. Implicit, because a
simulated execution of the prototype (real code) yields a
prediction of performance indices, and no explicit (static)
model representation is involved. As such, N-MAP is not
liable to modeling lapses.

More specifically, a performance prototype notated in
the N-MAP language, serves two purposes. First it rep-
resents the implementation skeleton subject to stepwise
refinement. Secondly it can be parsed/translated into a
discrete event simulation program, the execution of which
mimics the execution of the prototype on an idealized multi
computer, or, provided information on execution character-
istics of a real multi computer, on that one. The N-MAP
language 1s based on C, and includes language constructs
for intuitive components of distributed/parallel program-
ming like tasks, processes and (communication) packets.
The concept of virtual processors allows for a development
process that is preliminarily independent of a concrete set
of real processors, easing a problem oriented development
strategy. By providing direct language support for par-
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Fig. 2. Architecture of the N-MAP Environment

allelism at the task level, N-MAP encourages a top-down,
stepwise refinement approach of program development. Ini-
tially in this process, describing the task behavior and func-
tionality 1s of lesser importance than capturing its perfor-
mance impacts; with progressive refinements of the speci-
fication, full functionality will eventually be reached. The
simulation engine in N-MAP progresses individual simu-
lated (CPU) times for a set of virtual processors, according
to (user-)defined requirement specifications. Since require-
ments are subject to repeated refinements too, prediction
accuracy increases steadily.

A distributed application is developed within in the N-
MAP environment (Figure 2) by first expressing the “al-
gorithmic idea” in the form of a Task Structure Specifica-
tion (TSS) using the constructs of the N-MAP language.
The program input may then be characterized quantita-
tively by providing Task and Packet Requirement Specifi-
cations (TRS and PRS) which give the estimated execution
time requirements for task and the size of the data to be
transferred in each packet. Tasks and packets may further-
more be characterized qualitatively by providing Task and
Packet Behavior Specifications which describe the function-
ality (i.e. code to be executed) of the tasks and the actual
data to be transferred in packets. This, together with a
System Requirements Specification (SRS) describing the
run-time behavior of the target system in the form of a
model of execution, is parsed and translated into a discrete
event simulation program.

The execution of the simulation program generates the
behavior of the distributed program as if it were exe-
cuted on a set of N virtual processors, and performance
data is collected to analyze this behavior. The statis-
tics compiled include busy, overhead and idle times for
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Fig. 3. The Task Attribute Panel

each virtual processor as well as the number of mes-
sages/bytes sent/received. Additionally, trace files can be
generated that meet standard file formats (PICL) giving
access to standard analysis visualization tools (e.g. Para-
Graph) which can further characterize the simulated be-
havior.

Another remarkable feature unique in N-MAP is the way
in which task attributes like resource requirements, tracing
options etc. are specified. From an automatically assem-
bled “task list” | generated after the lexical analysis of the
prototype source code, the users in a direct manipulative
way collects tasks of his choice to be presented via the Task
Attribute Panel for further manipulation. In the example
in Figure 3 the possibility of stochastic requirement spec-
ification is illustrated, which are particularly desirable for
task structures with nondeterministic behavior. For task4,
at every simulated invocation of the respective task, virtual
CPU time is progressed by the value of a truncated nor-
mally distributed random variate, for taskB by the value of
an exponential variate. taskC is parameterized with a de-
terministic virtual CPU time progression of 100 psec. The
trace toggle allows for switching the tracing option for ev-
ery task invocation in the simulated execution on or off. If
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the TBS toggle is switched on, the program code associated
with the task and the respective actual CPU time of its ex-
ecution will increment virtual time. This feature allows for
a smooth transition from performance prediction to per-
formance measurement as soon as a working application
emerges from the prototype.

Consider as an example the development of the House-
holder transformations (H A)x = Hb for the CM-5 ([1]) as
illustrated in Figure 4: In the first step, using a straight-
forward task structure specification and default settings,
N-MAP generates a predicted behavior as in the space
time chart on the right hand side. Providing additional
requirement specifications in step 2 (e.g. defining the CPU
requirements for the readmatrix() task to be a normally
distributed random variate, or the transform(i,j) being
dependent on the iteration index j and the virtual proces-
sor number ¢) yields a more adequate prediction (task in-
stances at higher iteration indices take less CPU resources).
After providing full source code for the application and con-
siderable debugging efforts, N-MAP collects the behavior
in step 3 from a true execution on the target platform (CM-
5). Tt is convincingly seen, that a severe misdesign of the
application was already observed in step 1 (after very few
development efforts), and further steps towards an ineffi-
cient distributed application could have been avoided.

To support the experimental way in which performance
efficient applications often need to be built, N-MAP imple-
ments performance engineering activities along a hierarchy
of objects subject for analysis (see Figure 5). At the top
level, N-MAP allows the user to organize different variants
of programs that stand for different implementation strate-
gies of a given algorithm (algorithmic idea). During the
prototyping phases, each program undergoes several ver-
sions, each of which can be analyzed as a single instance
(case), or as a systematic set of performance experiments
(scenarios). Attribute inheritance and code cloning is pos-
sible through all levels of the hierarchy, and considerably
eases experimental prototyping. Intercomparability of per-
formance indices generated at any level of the hierarchy is
preserved, thus yielding a self contained experimentation
environment. N-MAP’s graphical user interface presents
the top level tool functionality as in Figure 6.

II.B Scenario Management

A distinguished feature of N-MAP is the possibility for
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Fig. 6. The N-MAP Main Window

an automated scenario creation from a user defined set of
parameters or constraints of particular interest that allows
for a systematic search in the performance space. Op-
posed to repeated performance prediction invocations by
the user, N-MAP automatically generates all meaningful
performance point estimates by means of the scenario ed-
itor (Figure 7). The user expresses parameters of inter-
est in terms of so called mutables, i.e. symbols in the pro-
totype subject to variation (e.g. variables, program con-
stants, tasks, file names) and defines response variables
which collect the desired results (e.g. performance metrics
such as aggregated task invocation times, communication
overheads etc. ).

From the list of defined mutables and responses, a subset
is selected for investigation and inserted into the scenario
editor. The desired range of variation and stepping fre-
quency for each mutable is then specified by user. N-MAP
can now automatically generate a set of “cases” by taking
the Cartesian product over all mutable settings. Each case
is then executed/simulated and results are recorded in the
corresponding response variables. The results generated
with the scenario manager undergo statistical analysis and
are returned in aggregated performance reports. A vari-
ety of form customizations are available to meet individual
users needs. Multiple resources in a network of worksta-
tions can be allocated to accelerate the scenario experiment
via parallel execution.

A graphical user interface provides the user with meth-
ods for conveniently accessing all features of the N-MAP
tool. The hierarchy of programs, versions of programs, sce-
narios and individual cases is reflected in the main window
of the tool allowing for easy accessing of all program com-
ponents from a single window. Listbox windows are pro-
vided for managing the individual elements of the N-MAP
language, e.g. processes, task, packets, mutables etc. and
control panels are provided for tasks and packets allowing
the user to view at a single glance the various attribute
settings of all tasks and packets or groups thereof. Perfor-
mance data and program execution traces can be viewed
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with a single button press in the main window as well as
program output and errors stemming from the parse, com-
pile or simulation phases. Figure 8 shows a screen shot of
a typical N-MAP session.

II.C N-MAP’s Direct Stmulation Engine

N-MAP employs a discrete event simulation scheme for
the simulation of distributed programs. As shown in Fig-
ure 9, the N-MAP simulation environment consists of a
simulator engine and a number of virtual processors (VPs)
which all execute in the common memory of the simula-
tion program. Both the simulator engine and the VPs are
implemented as light-weight processes within the running
UNIX process. During simulation, control is transferred
from the simulator engine to the VPs and vice versa by
means of a simple contert switch. Since scheduling and
flow control must be handled directly by the simulator en-
gine in order to maintain causal consistency, the context
switch suffices as control transfer mechanism and possible
overheads which could be introduced by standard threads
packages are thus avoided.

When simulating the execution of virtual processors in
the memory space of a single program, it is necessary to
provide a separate stack and data space for each VP. In
the initialization phase of the simulation, a memory area
of fixed size is allocated for the stack of each VP from the
heap. The VP’s stack pownter is then set to point to the
highest address in this memory block (as the stack will
grow downward during program execution). This context,
i.e. the state of the stack and the processor registers (which
include the stack pointer and program counter), is saved

Task Gantt Chart

Task Gantt Chart
TRSK GRNTT CHRT

Task Gantt Chart
TRSK GRNTT CHRT

Program
Global

Data

Simulator

Routines

Program
to be

simulated

Code Simulator Engine

—] Context:

— Stack Pointer

— - Prog. Counter

] Other ... ] Stack
— GVT: 6543

—] te EVL Pointer

E— Event List

E Reschedule | Msgarrives | Reschedule

— VPN | VP5 | VPO [ees
— @6543 | @ 6582 | @ 7114

— VPN

— Context: —

—] Stack Pointer — Heep
— Prog. Counter —

— Other ... — Stack
— LVT: 6543 — |VPN
— Statistics etc. —

— VPO —

— Context: — | Stack
—] Stack Pointer — |VP1
—] —* Prog. Counter — =

— Other ... — Stack
— LVT: 7114 —1 | VPO
— Statistics etc. — |

Fig. 9. N-MAP Simulation Engine Architecture



mtaci: sl rpden i Ju— = [T [urae Jru—
DEWG =im= 0 - ["HREF =im= 1t . “pEl_BINY sflosts 0.0 - [TBRF_DE_DCAML =flowte 0,0 4
PROFLEN sime @ T <irke 1 “pEF_NINY_BT Flewki 6,0 | =TT e sk
B <inte | SREF EIET_TOTAL <N |dki> .0
mE <ipk> O wExr_muws_ToTAL_Pr of lascs 0,0
| CATUTEL <lec> | EEEF_ETTER _RECWO a0
| |apam einas 1 s BF_T TES_Fomol_FROM wiwkn 0
| |3VTRED vdnk> O SFF_WETEN_SENT =ing= O
| SREF_NETHE_SWT_TD «imie §
SpET_OMH wf Loaks 0,0
Samrr. Sawrer. |
it il S SRS K ] Fow—H] it il S
Mutables Cases Responses
. i ' N-MAP _
ML by Hypot = N MA_P Simulation —>Ri{P11, P12}
M{ Hpy. W, } —=| Scenario % Engine —> R, {P21, P o}
_ : Manager H11) K21 /4 9 L
Mn{ Hn1, “nZ*'"} > _>Rm{pm1’ pm2""}

SMRHP oG 2
TH 2= |
Lo oedn i
BE <2 O
QDFTICTRL <=2= 0
EINA «2x @

GVTRED <E> 1

e
SESP_ENEC_TOTAL 0.0
COMMITTED EVENTE 0

| Mat
Mt
[t
[Mar
| Mot
[MsE
Mo
| Mot

I Mot
| Mok
Bt
| Mt
[MaL

Fig. 7. N-MAP Scenario Editor

with setjmp() and stored in the VP’s control data struc-
ture. Control is then returned to the simulator engine by
restoring its previously saved context with longjmp() and
the next VP is initialized. The question of data is resolved
in the N-MAP environment by replicating each data ele-
ment for each VP at translation time. This must be done
only for global variables, i.e. variables which may be ref-
erenced for any point in the code since variables defined
locally within functions are allocated on the VP’s stack at
execution time and are thus inaccessible for other VP’s.

With this mechanism, N-MAP can perform a seamless
transition from virtual time progression based on task re-
quirements specifications to the true execution of the task
behavior specification.

111 PRO-ACTIVE PERFORMANCE MANAGEMENT WITH
N-MAP

Developing distributed applications at the confluence of
software engineering and performance engineering activi-
ties as described so far cannot be guaranteed to achieve
satisfactory performance in every case. In other words,
static performance tuning remains inadequate for appli-
cations which exhibit non-predictable execution dynamics,

and for computing platforms characterized by a high dy-
namicity. For these dynamic systems and environments,
adaptive [9], [10], [11], [12], [13] performance tuning strate-
gies appear necessary.

Traditionally, adaptive distributed programs are able to
react in response to changes by altering the system configu-
ration, so that the action most appropriate to preserve (or
even to increase) the efficiency of the application is taken
when a change occurs. Although the whole dynamic load
balancing research area [14], [15], [16] has followed this ap-
proach, one faces the severe drawback of lack of timeliness
in “reactive adaptivity”: When an action takes place, the
system might be in a state different from the one in which
it was when the above action was considered appropriate.
The time required to determine that the system entered a
given state, to decide what action is appropriate, and to ac-
tually perform the above action, may indeed be longer than
the time taken by the system to enter a different state. In
the worst case, the effect of this action may be exactly the
opposite of the desired one, so performance may decrease
even further instead of increasing.

To overcome this problem, we have introduced the con-
cept of pro-active performance tuning in N-MAP, which is
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Fig. 8. A Screen Shot of a Typical N-MAP Session

based on the principle of predicting the future evolution
of the system in order to be prepared to perform a given
action at the appropriate time. While a reactive applica-
tion acts only after detecting that a given event (e.g. load
imbalance) has occurred, a pro-active one tries to forecast
such events and by appropriate preparatory actions tries
to avoid entering an undesirable state.

Technically, as opposed to “classical” load sharing or
load balancing strategies for distributed applications ex-
ecuting on networks of workstations (NOWs) with node
heterogeneity [15], [16] that attempt to dynamically redis-
tribute initial and forthcoming load configurations in order
to optimize overall execution performance of a particular
application, N-MAP does not follow this reactive perfor-
mance management policy: Traditional load management
literature follows a scheme of collecting state information
S(t) at certain (mostly periodic) instants of time ¢, and
enacts control decisions C'D(S(¢)) based on S(¢). Since
establishing the control decision C'D(S(t)) uses system re-
sources and takes time, as the diffusion of C'D(S(t)) to
the involved nodes does in a centralized scheme, C'D(S(t))
in most cases will not be timely. Assuming A time having
passed between the time the control decision was made, and
the time when the control decisions becomes effective, the
probability of a system change in the time frame A can then
be considered a quality parameter for the “timeliness” of
control decisions. Opposed to these schemes ( “re-active”
because load management is a re-action to a certain sys-

tem state) N-MAP applies “pro-active” load management:
based on a statistical analysis of historical state informa-
tion, ..., S(t — 2A), S(t — A), S(t), the future state of the
system §(t + A) is estimated for the time when the con-
trol decision C’D(§(t—|—A)) is supposed to become effective.
Depending on the forecast quality, this pro-active scheme
will presumably exhibit performance superior to re-active
schemes, at least for cases where state changes in the time
frame A are very likely.

HI.A Distributed Application Wrapping

N-MAP provides a wrapping facility for distributed ap-
plications such that performance data can be periodically
relayed from the application to a pro-active performance
tuning module. Wrapping is implemented through the in-
sertion of sensors into the program code at code generation
time. Based on the metrics delivered by sensors, indicator
values are derived which serve to characterize the applica-
tion’s momentary behavior. Program execution can thus be
envisioned as a trajectory through the n-dimensional indi-
cator space. In order to record the execution trajectory in a
memory and time efficient manner, incremental clustering
techniques are applied. The resulting dynamically evolving
clusters serve to characterize reachable program states and
the coordinates of their centroids serve as guideposts for
steering program execution towards higher performance.
To avoid state exchange overheads and to preserve scala-
bility, the scheme restricts itself to local state information
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and enacts control decisions locally.

As outlined in Figure 10, a distributed application, com-
posed of a set of application processes executing remotely
on different nodes of e.g. a NOW (network of worksta-
tions), is wrapped with a performance management com-
ponent which automatically controls the applications’ per-
formance. As a matter of system performance observation,
each application process is monitored by a dedicated “sen-
sor”. (Besides application specific sensors, system resource
sensors deliver utilization information directly from the un-
derlying system resources.) Sensory input is reported to
a statistical analysis component that extracts the relative
importance of sensor values, and by that establishes “per-
formance indicators”. A prediction component uses the
indicator history together with the sensory input to fore-
cast the next system state, upon which a control decision 1s
made. “Actuators” then expose the application process(es)
to the control decision, thus closing the performance man-
agement loop.

III.B Sensors, Indicators and Actuators

In its simplest implementation, a sensors 1s defined as
a global variable which is assigned the current value of
its corresponding performance/state metric at appropriate
points in the application program code. Although this ap-
pears sufficient for most cases, more complex sensor im-
plementations may require a more extensive data collec-
tion strategy and/or additional preprocessing of perfor-
mance/state metrics before assigning a value to a sensor
variable. Moreover, various types of sensors are possible
depending on the characteristic of the performance/state
metric in question. The current implementation of our pro-
active performance management module (PPMM) module
allows for point sample sensors which register the momen-
tary value of a performance/state metric and cumulative
sensors which sum a specific metric (e.g. occurrence of an
event).

Technically, assuming ng sensors are defined, PPMM 1is
invoked

with a state update function PPMM_update(S1,Ss,...5).
Based on (S1,53,...,5,.), the module then calculates the
value of ny indicators which are used the characterize the
current state of program execution. In the most general
case, the value of an indicator may be a function of any
number of sensor values I; = f(S1, 52, ..., Sny). The task
of the PPMM 1is to optimize the value combination of of
the indicator vector by setting the values of actuators ac-
cording to the control decision based on the analysis of the
indicator data.

As opposed to sensors which simply relay state infor-
mation from the executing application to the PPMM,
actuators are inserted at appropriate points in the pro-
gram source which set the values of execution program
parameters affecting the run-time behavior of the ap-
plication directly. Since indicator values may also de-
pend on the momentary values of the n4 actuators:
I = f(S1,...,50,, A1,... Ap,). inverse functions must be
given that allow the actuator values to the calculated based
on a given indicator value I;: Ag = fk_l(fi, Siy.o,50,).

HI1.C Ezecution Trajectories in Indicator Space

In a geometric interpretation, each vector of sampled
indicator data g(t) = (I1(¢), I2(t), ..., In,(t)) collected at
time t can be viewed as a point in an ny-dimensional vec-
tor space. The sequence of sampled points gathered during
the course of program execution thus describes a trajectory
through the njy-dimensional indicator space. With each
point of the trajectory representing a system state that has
been visited, the entire execution trajectory can be viewed
as the ordered set of all system states which have been
recorded during the course of program execution. Using
the trajectory information, the PPMM can identify similar
states and steer program execution (by controlling actua-
tors) towards those states which have better performance
components.

Storing the coordinates of every point of the trajectory,
1s not feasible due to the enormous amount memory this
would require. Additionally, sorting and data retrieval
would be too time consuming. A recording method is
needed which is fast and makes state information retrieval
quick. Since the objective of the PPMM is to identify
reachable states similar to the current state and to steer
program execution towards them, a method which classifies
similar states appears adequate for “storing” the trajectory
data. Clustering fulfills these requirements in that similar
states can be grouped together, the centroid of the result-
ing cluster then serves as a representative for all points
within the cluster. Static clustering methods are obviously
not feasible due to the dynamic nature of the data since
new points must be repeatedly added to the data set and
clustered. To overcome this difficulty, the PPMM imple-
ments an incremental clustering algorithm which allows for
continuous, dynamic reclustering of the data points in the
indicator space.



III.D Performance Forecasting and Tuning

With each update of the PPMM, a decision must be
made as to which values must be assigned to the actu-
ators in order to reach a state with better performance.
Based on the current system state and the clustering in-
formation, which represents the execution trajectory in a
compact form and thus a set of possible system states, the
PPMM must choose to move (in the actuator subspace)
towards clusters of states with better system performance.
A number of methods for cluster selection appear appro-
priate, some promising techniques have been studied in [5].
In any case, after the most promising cluster has been se-
lected, the PPMM controls current actuator values to go
for the selected cluster. Execution control is then returned
to the application which modifies its execution behavior
according to the current actuator settings.

With all processors following this strategy simultane-
ously, a negative shift in program performance can be
prevented, since each processor moves towards that same
point in indicator space which promises highest perfor-
mance given the overall system state. This method of
run-time performance tuning, furthermore, has the advan-
tage of being truly distributed, avoiding the communication
overheads that the exchange of system state information
among processors can induce.

IV CONCLUSIONS AND SUMMARY

An incremental performance oriented development tool
for distributed programs has been presented in which
performance and behavior prediction are treated as per-
formance engineering activities in the early development
stages, allowing for the evaluation of alternate implemen-
tation strategies far ahead of the actual coding. Guided
by the performance predictions given for the initial skele-
tal program code, the developer may choose only the most
promising implementation alternatives for further refine-
ment and investigation.

In the ensuing specification and coding phase, N-MAP
provides tools for modeling and simulation which allow for
an incremental specification of executional requirements
and program behavior until a fully functional and efficient
distributed program is achieved. With the integrated sce-
nario manager, detailed and automated investigation of
performance and behavior is possible at any time during
the development cycle. Through the systematic variation
of performance influencing factors, detailed reports are gen-
erated which provide valuable insight into program behav-
ior, even for very large parameter spaces.

Furthermore, N-MAP provides a wrapping facility which
implements a pro-active strategy for performance manage-
ment at run-time. Opposed to “classical” performance (or:
dynamic load) management methods which react after hav-
ing detecting that an undesirable state (system state of
poor performance), has been entered, the pro-active tun-
ing module in N-MAP makes distributed applications “fu-
ture aware” by wrapping a prediction and control decision
component to it, such that based on sensory input applica-
tions can plan their individual resource consumption with

respect to their anticipated availability.

The key features of N-MAP can be summarized as:

N-MAP is fully integrated development environment
with emphasis on performance prediction, static per-
formance tuning and run-time performance manage-
ment.

N-MAP provides language support for data parallelism
and parallelism at the task level, together with a vir-
tual distribution model.

Support is provided for a top-down development ap-
proach by progressive improvement of task require-
ment and behavior specification until full functional
code is available.

Prediction of execution behavior i1s possible already
from early program (task structure) specifications
(trace analysis, performance visualization and execu-
tion animation)

For performance prediction, N-MAP supports deter-
ministic and stochastic requirement (workload) speci-
fications, 1.e. random variates are made available both
from theoretical as well as empirical distributions. Ar-
bitrarily complex, even state based requirement ex-
pressions are possible.

Arbitrary performance prediction precision is possible
via incremental requirement (workload) specification
and refinement (at low cost due to an efficient simula-
tion kernel, portable to basically any UNIX environ-
ment).

N-MAP allows for an automated generation of (instru-
mented) source code for simulation of wvirtual proces-
sor distributed programs on single processor, as well
as an automated generation of (instrumented) source
code for execution on real multicomputers.

A fully automated scenario management generates a
systematic set of workload scenarios which can be ex-
ecuted even in a distributed way (i.e. simultaneously
on several uniprocessor workstations).

A graphical user interface is provided for all tool com-
ponents with the possibility to customize preferred
editing facilities.

A full software distribution is freely available for
SGI/Irix and SunSparc/Solaris platforms.
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