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Abstract

This work, starting form the analitical description of a ggn ASSIST program, derives some general properties
that characterize its steady state behaviour, allowingwefine performance model f&SSIST programs. This
model is well suited to the structured and component oréentgture of theASSIST language and of its future
evolutions. Starting from the performance model, it is gaesto discern which information the developer of a
program or a component must share with the compiler so tleanitpredict the performances of a program, and it
allow us to provide a definition of the performance contrdttis work proposes a methodology that, starting from a
performance model and a performance contract, allows tguaterthe performance parameters that every component
or module composing a program must satisfy, so that the anogis a whole fulfills the performance contract at run-
time. These parameters can be used to guide the deploynmgsgrof amASSIST program on a computational
Grid. The statically derived parameters, that are baseherestimates provided by developers, can be refined at
run-time, measuring them by means of an application oriemtenitoring system. The accuracy of the results of the
performance models allows the management of compeRIST applications by means of reconfiguration policies
based on local decisions.
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1 Introduction

«The task of building Grid applications that run reliablydafficiently on Grid platforms is often a difficult taski>! [1].
Component-based programming is currently the most progpisaradigm for programming complex systems, break-
ing them in smaller and simpler pieces: it is well suited ficefntly face the new challenges in terms of programma-
bility, interoperability, code reuse and efficiency thatinhaderive from the features that are peculiar to Grid [2].

Our study focuses on an high-level component oriented progring model. The choice has been driven by
several factors: high-level languages are more suited ite somplex applications because they abstract from a great
number of low level details, that can become unmanageal#a wte complexity of the code increases; moreover, they
allow to produce portable applications (w.r.t. O.S. andhiecture). The component paradigm allows programmers
to build complex artifacts by composition of simpler piecésoftware, often preexisting, enabling a great reuse of
code.

In component programming, programmers are in charge oingraptimized components and/or carefully select
appropriate components to solve the application problehilevthe optimization of the aggregated component pro-
grams is left to the programming environment, enabled imglsd by performance annotations added to components
by their authors, and guided by performance requirementeefvhole program inserted by the programmer that
performed their assembly.

Beyond the traditional component-based approach, bishalt on top of sequential modules, inl[3] the authors
propose a parallel component model, oriented toward higfopeances, as the programming model to solve large
scale problems on Grid platforms. This approach exploitsrsg inter- and intra-component communication patterns:
RPC, event notification and streams to compose the paraltdication. A broad class of parallel applications ex-
ploits the stream-based communication mechanism. Thi& aions at modelling the performance of this class of
applications.

Grid targeting poses several problems to the reliable dfiezft execution of this kind of applications. Among
these problems, resource discovery, mapping and schgdutiases are the ones that mainly affect application per-
formance. The resources that will host the execution of treponents that compose a parallel application must be
able to provide some minimum QoS to guarantee the perforenafithe whole application. The QoS parameters of a
particular application can vary from user to user, and fraobfem size to problem size.

To find a way to analytically manage this we need a model of §renhic behaviour of the target application.
Moreover, it is impossible to find an initial mapping of thengmonents on some resources that will guarantee the QoS
for the whole execution of the application. At runtime th@kgation will need to be adapted to the changing features
of the Grid resources. Even in this case, we need a charsatien of the performance of the application to enable the
monitoring services to detect QoS violations and start skineeof reconfiguration mechanism (e.g. the one described
in [4]) to find a minimal set of new resources that can be exptbio guarantee again the QoS of the application. In
this work we provide a formalization of component annotagi@and of performance requirements (constraints) on
programs, and we develop an algorithm that given theserirdtions finds the correct performance related parameters
to instantiate all components that build up an application.

In the following sections we present:

< two models for the class of component programs with streasadateractions, the first, more detailed, suited
for simulations, and the second, describing the steadg bethaviour of the programs, amenable to a mathe-
matical solution;

» the performance related annotations to high-performaangonents, needed to derive a performance model
for the whole application and the quality of service coriatsathat we will be able to cope with;

« the definition of performance contract w.r.t. the class gdli@ptions presented;

« afast algorithm to assess the performance contract, i‘progect” the performance requirements of the appli-
cation to its atomic elements;

< an analytic approach to the resource selection and stappimgphases;

< an experimental validation of the proposed mechanisms.
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2 Application structure

An ASSIST parallel component is structured as a (non simple) graptse/imedes (modules, BSSIST terminol-
ogy) represent computations and whose edges representwtioations or synchronisations. Edges are directed and
can connect two or more nodes. Two nodes may be linked by rharea single edge. Component interfaces are
represented as special edges: input interfaces as eddesagburce, and output interfaces as edges with no target.
A program can be seen as a single component with no input pubinterfaces, so we can apply the studied model
without modifications.

Nodes can represent sequential as well as parallel conqn#afhe computation can start spontaneously or as a
consequence of one or more data receptions. During the datigmy output data can be produced. A sequential node
has at most one active control flow (thread) at any time. Inralfghnode, two scenarios are possible:

1. only one computation, made up of several control flowsciwa in the node;
2. several computations, each composed by a single, indepecontrol flow, are active.

The first scenario corresponds to a data-parallel computaith which the node computes in parallel different
portions of the same data; the second one describes taskepaomputations, in which the node computes several
independent data, possibly applying different algorithimparallel.

The edges represent stream-like flows of data (nastredns in ASSIST).

2.1 Stream-based interaction

A stream is a typed, unidirectional communication chanmeé&hMeen a non-empty, finite set of producers and a non-
empty, finite set of consumers. A producer is connected toearst through its output interface, while a consumer
is connected to a stream through its input interface. We dedireamengththe number of data that flows in the
stream during the whole application lifetime. Every consumeceives the entire sequence of data constituting the
stream. When multiple producers are involved, the sequemeuced by each one merge in a single sequence. The
resulting sequence is compatible with the partial ordepoised by the sources, but data from different sequences are
interleaved non-deterministically.

Every node can be producer or consumer of several streanhd, iampossible to specify cyclic structures (i.e. the
communication structure is not restricted to be a DAG).

A program that exploits stream-based interaction can shffereint forms of non-determinism in a single node:

1. the interleaving of data produced by different producéesstream;
2. the reception of data from multiple streams consumed &ég#me node;

An other form of uncertainty, that can be regarded as noardehism from the point of view of the system, but that is
not for the programmer, is the case in which a single nodeymesimore than one stream: the program controlling the
node has the complete control on the choice of which outpeast to employ to produce data, but this is not statically
predictable.

Obviously, a system of more than one node is non-deterriglistause the events happening at different nodes
are, in general, not synchronised, and only the partialtawelering imposed by causality is satisfied.

2.2 Node behaviour

A node, either sequential or parallel, is specified, in galheéescribing its internal computations and the rulesreete
mining the activation. A node can perform several compaoiteti A computation can be activated if the following
conditions hold:

« the node can activate a new computation (this means thatlleisor it is parallel and control flows are available
to execute it),

« the boolean expression guarding its activation is verified,

« all necessary data has been received, or no data is necessary
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Sequential nodes can activate new computations only whegrette idle. Parallel nodes, instead, can have at most
one data-parallel computation active, or otherwise up éanthmber of its threads task-parallel computations running
in parallel.

A node can have several input and output streams. Each ostiigatmO can be controlled by one or more
computations of the node. Each input strehris associated to only one computation; nevertheless, apeatis
computations may exist, that do not need input data to d@etibat follow own activation policies. We nanfg the set
of input stream indices associated to the computdfiprNote that, if a node hascomputations and input streams,
the following holds:

1
Ai={1,...,v} (1)
i=1
[Eﬂj AiﬂAj=|:| (2)

i.e. the set of input stream indices is partitioned among#igA;. A spontaneous computati@ hasA; = []

2.3 Stream behaviour

Figureld represents the different patterns in which node$eaconnected through streams. The stream behaviour in

;) iB
©

@ B

Figure 1: Stream connection patterns

the four cases is:

unicast (1) one-to-one connection between two nodes: every datum seheémutput stream interfa€a is received
in order by the input stream interfatg.

merge (2) many-to-one connection: every datum sent on the outpudrstinterface®© andOg is received by the
input stream interfack:. The temporal ordering of the data coming from each inpetrfate is preserved, but
the interleaving between the two sources is non-detertignis

broadcast (3) one-to-many connection: every datum sent on the outparstieterfaceD 4 is received in order by the
input stream interfacelgs andlc. The receptions happening on different input interfacesiat synchronised.

on demand (4) connection with on-demand distribution: every datum senth@ output stream interfac®a is re-
ceived by only one input stream interfalye or Ic. The input interface selected depends from the evolution of
the computations on nod&andC at run-time.
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3 Continuous-time model for a running parallel component

In this section we model the run-time behaviour of a paratehponent exploiting the techniques of system theidry [5].
The obtained model can be simulated using Matlab/Simuéintidely used software tool for designing and simulating
system and application models. In Sddt. 5 we exploit this ehtal derive a simpler description of the program

behaviour, based on steady state analysis.

3.1 Model for the node (deterministic case)

In order to describe the behaviour of a computation at rometiconsider Fidll2; the displayed quantities represent:

Figure 2: Simple node at run-time

< ik(1): total number of received data at tirhérom the input interfacey;
< ¢(t): total number of computations carried out at titne
< 0o(t): total number of sent data at tinte

We use continue quantities to model partial evolution, e(t). = 0.5 means that the node reached the half way point
in the computation of the first task.
Trivially, for each input interface associated to a compaig holds the causality relation:

e(t) = ik(t) ®3)

The node implementation exploits some buffers to storevedelata for each input interface, therefore for each input
interface and associated computation the following mukt:ho

_ O O
k() — e(t) =T 4)

wheretyk represents the maximum number of elements that can be eglagivhe input interfack before the stream
blocks (at least 1). We suppose that during the computatedatum is not removed from the interface buffer: this is
modelled by thd-Tdperator.

We calli"®*(t) the maximum admissible value for(t) at timet:

_ O O
i) = T+ e(t) )

If we make the hypothesis that no sensible delays are presémween computations and the beginning of the trans-
mission of the produced data, we can relate the total nunflisaresmitted data to the progress of thecomputations

of the node: ] .|
o(t) =F ei(t),...,em(t) (6)

This equation assumes a deterministic relation betweendte state, expressed by the values of its state vari-
ables, and its output behaviour. A more general formulattrthe non-deterministic case, that can handle also
data-dependent behaviour is presented in the followintijsec
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Now we can proceed modelling the time-related behaviouooffutations and data transfers. The activation of a
computation can happen only when the number of data conpleieeived on each associated stream (sedFig. 2) is
greater than the number of partially computed data:

[
ik(®) —e(®=>0 ()
and blocks when it cannot send a computed data to the outpatstbecause the buffers are full:
] ]
oM () — F ei(t),...,em(t) <O (8)

In the preceding inequality™®*(t) represents the maximum admissible valueoi@) at timet (see Eqn.[{18)).
We introduce thestep functioru(x): 1
0if x=0

U= Jitx>o0

and we denote witlv(t) the available computing power at tirhand withL the quantity of work necessary to perform
the computation. We derive that the number of performedigdacomputations, per time unit, is:

e o oo
a=u min iy (t) ,..., in() —e() - o
1 @ l”
U o) — F B (D), em(®) 9

3.2 Model extension for the non-deterministic case

We want to deal now with non-determinism, that can arise fl@mving multiple computations in a node, and with
(multiple) output streams controlled by the programmemimuapredictable way.

We introduce for every node with computations itscheduling functios(t) : R - [0, 1]", that describes which
computations are active at any given moment (whf); > 0). Each component a$(t) can assume a discrete
set of values: in a sequential node (or a data-parallel ctatipn on a parallel node) only 0 or 1 (i.e. not sched-
uled/scheduled), a task parallel computation on a panatlde of degred the value9, %, . %, 1, meaning that
0,1,...d—1,d activations of the computation are concurrently active.

The scheduling function satisfies some properties:

« the set of scheduled computations cannot exceed the nodeitafil),

< computations that can be activated, are scheduled as spmssible [TI1),
< only computations that can be activated, are schediiléd (12)

- if a computation is in progress, it cannot be desched@ilgd (13

In mathematical notation, we have:

| —
dl st)i<1 (10)
I;l:I I — |
Nl s(t)j = min 1, ai(t) (12)
i=1 i=1
Ed s(i<ai(t) (12)
i, t° t <t OOy = () Csh); = s(t); (13)

wherea; (t) determines if thét" computation can be activated, and is defined as follows:

« for a sequential node or a data-parallel computation in allghnode:
Mo o B

ak()=u min () —ex(t

() =u min TR —e®
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» for a task-parallel computation in parallel node with pkelem degree:
1 1

1 e
ak(t)=am|n d,jmlg ij(t) — et

The progress for a computation belonging to a node with pleltomputations can be expressed as follows:

dej _ L] | (o)

5 s()j - u oM(@) —F ei(t),...,.em(t) - - (14)

In general, in a non-deterministic program, the constsagiten for the scheduling function do not fully define it,
and several choices are possible, leading to several p@gsdyram traces.

The non-determinism in the output selection can be handtedasly, introducing a new set of indeterminate
functions for the outputs(t), that now are not deterministically related to computapoogress, andelection func-
tionsthat chose which output streams are selected at every newutation (they are constant over the duration of
computations).

3.3 Model for the streams

In order to describe the behaviour of a data transmissiongiream, consider Fifl 3, that representmaastcom-
munication channel (deterministic).

Figure 3:Unicastcommunication channel

The displayed quantities represent:
< o(t): total number of data sent at timidrom source interface;
< i(1): total number of data received at tihby the destination interface.

In this case, the causality relation states that
i(t) < o(t) (15)

We can model a network latendyand take in consideration that a new transmission beginsvamén a full datum is
produced, by the following inequality (stronger thBnl (15))

i(t) < [o(t — 8) ] (16)

Stream implementations exploit communication buffers tam hold only a finite number of data (we will denote it
with T2). It is possible to model this fact imposing the followingguality:

o(t) — u—u'qﬂms T a7
In analogy with Eqn [{5), we denote witt?'?*(t) the maximum admissible value foft) at timet:
o) =T + @'Ti(t)lj (18)
In this case the quantiti(t) is quantised differently from Eqngl(4) arid (5), becauseemst can transfer fractions of

a datum ¢~ is the quantization constant, i.e. the minimum fractiort teéransferred atomically).
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The equation governing the number of packets flowing in ttmeraanication channel per time unit is the following:

i e o, Bl
% =u o(t—3) —i(t) -u iMW —i(t) I:b(Tt) (19)
whereb(t) denotes the instantaneous bandwidth of the communicatannz| at timd, 6 the average latencg,the
size of the exchanged data atf*(t) is defined by Eqn[d5).

For more complex communication patterns (seelHigl 121, 1) we show only the general constraints for the sys-

tem, skipping a more thorough discussion of their dynami@b®ur. We note that, of the following, only the broad-

cast pattern is deterministic, while the others are not.yTda®, however, be modelled similarly to non-deterministic
nodes, so we will not insist more on this aspect.

3.3.1 Merge(O)

! i(t)

Figure 4:Mergecommunication channel

In this case (FiglJ4) the; communication buffers are located in the input interfacéhefdestination node. The
constraints are the following:

)= o)
k
D) =T, (20)

3.3.2 Broadcast (1)

Figure 5:Broadcasttommunication channel

In this case (Figld5) the, communication buffers are located in the output interfacthe source node. The
constraints are the following:

i () < o(t)
K =
K1 o(t) — ix(t) =Tz (21)
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Figure 6:0On demand¢ommunication channel

3.3.3 Ondemand (00)

In this case (Fid.]6) the, communication buffers are located in the output interfdd¢besource node. The constraints
are the following:
(=940

ot)— k(=T (22)

4 Solutions to the dynamics of a running program

We want to derive general, time-independent propertias fitee given time-dependent model. To do so, we try to
write the general form of the equations governing the dycawolution of the system.

The system state is described, at titnigy a set of observable state variablés;. n,(t),e1,... n.(t), 01, n, (1).
The state space of the system is & n; < ne < n, dimension euclidean spa&® = (P = R, R"); a configuration
of the system is described by a single pgin{_H of the state space, that corresponds to an assignment fitreall
guantities characterising the system.

A running program is modelled by a trajectgrgt) [ that describes the evolution of the system in time. A
constraint on the state of the system represents a subsajasftories of the system that are valid w.r.t. the constrai
The set of admissible trajectories is defined then as thesetéon of the subsets of all constraints imposed on the
system. The time derivative pf p(t) R lies in the vector space associated to the Euclidean space.

The dynamic equations provided by the model, coupled wighbthundary conditiop(0) = 0, implicitly define
p(t) for all t, as the solution of the Cauchy problem.

In order to simplify the discussion, we assume that lateaayepligible § = 0); in this way we can always write
the equations in terms of the value of the variables at ptesee, instead of considering some past values.

For a deterministic program, the dynamic equations pral/tiethe model can be written in the general form:

p(t) = U(p() a(t) (23)

We denoted witlJ : P » My, , the function that, for every configuration provides the colpart of the differential
equation (the one involving(-) functions), and witha(t) the independent part (the components of this vectoﬂé?e
for computations ana(si) for streams).

The above simplification is not a limitation, in fact the gealease could be treated extending the dependency of
U to past states, instead of only the current one.
We show the form of the differential equation modelling agwgpte example, the dynamics of a two stage pipeline.

Figure 7: A two stage pipeline, with the variables descglits state
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The general form of the equations is:

C1
1
=l Om“(t)—f'g'l(t)@b”’*(t)
di, _ MO == . ®
=T =u fe(t—03) —ix(t) -u iF®®) —ixt)
=y —ez(t)qV (t)
dt
Substitutingo™a*, iM&* with their definition, assuming = 0 and knowing thatf (e;) = e; in the pipeline, it is
transformed into: 1
= e O C,bvﬁa)
1
; 1
0 Lk u s o i 2O
2y e :lNB(t)
dt
Defining
a = TA® O wa(®
- Ly - Lo
and
L&, 1
1, + 'qiz(t)'j ex(t) 0 - 0
U (ea(t), i2(t), e2(t)) = 0 u el(t)I:I_iZ(t) U Tt l%;(t)lj—iz(t) 0
0 0 u iz(t)I:I—EZ(t)

we can recognise the representation in the form of Hqih. (23).

We observe that the control matrix is piece-wise constaat aen-infinitesimal time intervals: this condition is
true in general (not only for the three equations shown iretteemple): it descends from quantisation in the general
equations for the nodes (Eqhl (9), derived frédn @), (2)X&8d in the equations for the streams (Eigd (19), derived
from (I8) and[(b)).

4.1 Existence of the solution

From the previous discussion, we can assume that our sysisrié form of Eqn[{23), and that the control part is
piece-wise constant over intervals of time. In this way, ékistence of the solution is trivial, and it can be provided
constructively. We start withy = 0, po(tg) = 0, Ug = U (0), and inductively define

-
pi(t) =  Uja(t)dt
t;
ti+1 = sup{t > ;|U (pi(t)) = Ui}
Ui+r = lim U (pi(t))
t—~ti

In this way,p(t) is defined as the concatenation of the pigG&g ;. .) itis a continue functiong;(t;) = pi+1(ti))
and piece-wise derivable (see H1jj. 8 for an example). Frenfaitm of the system, provided that the computing power
and transmission bandwidth never drop to zero, we can inftitteither is piece-wise regular or it stalls in a singityar
point,i.e. ¥t p(t) = p(t). If this happens, this means that the program is expecteetdlidck in every execution
(remember that we are considering deterministic programs)
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Figure 8: The evolution of a two stage pipeline in the statesp

4.2 Considerations about non-deterministic programs

In Sect[ 32 we modelled non-deterministic programs intoinly additional control functions (the scheduling and
stream choice ones) that capture the peculiarities of eemtuéion of the program (e.g. the order in which computa-
tions are activated when more than one is ready, the outatrstselection policy).

Knowing these functions, the program can be regarded aswieistic; moreover, the constraints on those func-
tions impose that they are constant over the duration of coatipns (see Eqnl{ll4)). We therefore are in the same
hypotheses in which we proved the existence of the solutidhe deterministic case. In this way we are assured that
the model captures every possible evolution of the nonragtéstic program.

This is a purely theoretical result, in fact we do not knowdlkeitional control functions in advance, and therefore
the model cannot be used in a predictive way. Neverthelessaw try to derive general properties, and to analyse the
program behaviour in steady state condition.

5 Steady state analysis

The steady state behaviour of the system can be analysedmjudean valueg for the rate of change of the state
variables: 1 © = p(to)
p=Elpl el = B(dt = Jim EE P20

— OO 0

to

(24)

The choice oftg is arbitrary, in fact the weight of the transient phase faalgay considering infinite executions.
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However, to ease the reasoning about these quantities, wiateaprett, as the end of the transient phase, e.g. in a
pipeline when the last stage consumes the first task (seB)Fig.

This can be useful to obtain an approximation of the comphetime of the computation of a stream of length
as the transient timg plus the time needed to process the rest of the stream, atthaysstate processing rate of the
last stagdn — 1) - €jast

5.1 Steady state behaviour of a node

The steady state behaviour of a node can be modelled assgdimtach computatioBy its activation rate

ex(t) — ex(to)

B = Jim = (25)

The data transmission radg of an output strear®y will depend on the activation rates of one or more computatio
of the node.

In previous section, we related the number of data outputssmumber of performed computations by means of
a transfer functiorf, (Eqn. [@)).

Proposition 1. If the transfer function is (asymptotically) linear

. . [cl(e) — 0
ok = fi(e1,...,em) = aies +...00em + ck(er,...,em)  with Eklcl)mgoom =

then a steady state is eventually reached, in which the ougpe is a linear combination of the computation rates
(with ay the vector of coefficients of the asymptote):

6k = Ay Ej (26)

Proof.

fu(e(®) — f(e(to)) _

6k = lim
t- oo

t—to
i G (60 — e(to)) + c(e()) = c(e(to)) _
t- oo t—1t
o tim SO () | c(e(®) —c(e(to)
t- oo t—to t- oo t—to
N —
oc-e+0= op '€

i=1
(|

The previous argument shows that under asymptotic lineeoitditions on the transfer functions, the steady state
relation between execution rates and output rates can loeilokss by a linear function; we will denote it with, so
we can write: _
ok = fu(®) (27)

Starting from the detailed description of a running proggiven by our model, we can derive several relations
among the quantities we are studying that hold in the stetady.s
From Eqgns.[[B) and14) we can derive an interesting propbatyrelates input rates to execution rates in a node.

Proposition 2. Steady state input and execution rates are related by th@fiig:

IZK__HIIi , éi = I_k (28)
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Proof. Letk [CA), we will prove thate; — 1, =0

5 —1 = |im 8O &) _ . k() ~ ik(to)

ei—lk:tﬂoo t—t, o t—t,
— i &1 ~€i(to) — ik(t) + ik(to)
t-oo t—to
— Jim &0~ 1k(®) _ €i(to) — ik(to)
t- oo t—to t—to

The numerator of the first addend is limited by constaflsgi®&s
ei(t) —ik() <0
and [3) (noting thag(t) = [e(t) D bives
ei(t) —ik(t) = —Twk
while the numerator of the second addend is constant, sartheténds to zero when the denominator tends to
infinity. O
5.2 Steady state behaviour of the streams

The steady state behaviour of streams can be modelled assgdo each endpoint its data transmission rate. We
derive, for the different interconnection patterns repngsd in Fig[dL, balance equations that relate input andubutp
endpoints.

Proposition 3. The steady state transmission rate at the endpoints of arsti@e characterised by the following
balance equations:

unicast:0a = 1g (29)
merge:0a + 0g = Ic (30)
broadcast:0a =g = Ic (31)
on demandba = Tg + Ic (32)

These equations are easily extended in the case of more iatglpo

Proof. The proof is similar to the one of Prdf. 2, exploiting:

e ([I3) and[(I¥) for unicast,

- ([20) for merge,
e (1) for broadcast,

e ([22) for on demand.

5.3 Performance annotations and model

Proposition§1[12 and 3 can be operatively exploited to mtuekteady state behaviour of a program/component.
We show with an example (Fifl 9) how the steady state behawviba pipeline program is modelled within our
framework. We associate to each computatiomxscution ratey, and to each input/output interface data transfer

rate iy andoyk respectively. These variables completely specify theieatibn state from the point of view of its
performance, therefore we will call them tperformance featuresof our application. In the pipeline example we
have one computation, one input interface and one outperfade for each stage; the first stage has no input interface
and the last one has no output interface.
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Figure 9: Four stage pipeline application

Prop.[2 allows us to express output rates as linear combitatf execution rates, provided that we know the
related coefficients. In the pipeline example, every timemgutation is performed a new datum is produced, so the
coefficient is 1:[KICLA, B, C}, ok = ex.

These coefficients must be provided by developers of progfi@mponents by means of somperformance
annotationsto the compiler, in order to build theerformance model

Prop[B allows us to relate output rates to input rates o€litodules. In the pipeline example we explod (29) to
deriveoa = ig, 0g = ic andoc = ip.

The equations we derived, reported here, define the perfareraodel of our example pipeline program:

1
€4 = oa first stage
& = i first stream

—d = eg =0 second stage
0g = ic second stream
id = ec =oc third stage
&4 = ip third stream
iDp=¢€ep fourth stage

From the performance model we derigg = 0a = ig = €g = 0g = ic = €c = 0c = ip = ep = A, i.e.

the program has only one degree of freedom, and all the spgésrm at the same speed. This is exactly what we
expect from a pipeline, in which, in the steady state, thematation speed of every stage is determined by the slowest
one. The interesting thing is that, with this approach, agitenexploiting simple annotations can find automatically
analytical performance model for complex graph structuoésaining the same predictive power provided by the
performance models for skeletons.

In general, if we denote withthe vector of the input rates, withthe vector of the execution rates and witithe
vector of the output rates, thperformance annotationscan be expressed as systems of linear equations:

i =Ae (33)
0 =Be (34)
C]_i =C,0 (35)

(33) relates the input rates to execution ratgg, (34) rekie execution rates to output rat€s] (35) describes the con
nection structure of the grap@; = I if no on-demand connectors are used.

The performance modelis therefore defined as an homogeneous system of simultafieear equations, that
describe the relations that hold in the steady state amangttiormance features

1 LA 0 111 1 I:OI 1
- i

g B —| [IId .dCg 1 (36)
-C, 0 G, (0] 0

The set of solutions of the system is a vector subspace opt@R" (wheren is the total number of variables,
either input rates, output rates or execution rates); weloaldimension of the solution space the numbededrees
of freedom of the application. If this dimension is 1, then the systerndmpletely determined as soon as a single
value for any variable is imposed. The degenerate case ai@espith dimension 0 implies that the only solution to
the system is the null vector (i.e. every variable must be)z¢his means that the predicted steady state is a deadlock
state, in which no computation or communication can proc&éée number of degrees of freedom of the system will
impact on how many constraints must be provided in order tiveléhe expected values for every variable.
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Clearly, only posil_LYe values[_af the rates are meaningfollwe can conclude that every assignment of positive
values for the vector i e o0 [ R" that is a solution of the system is a possible “operation fidor the
modeled application. This can be mathematically statedhéside conditions:

i
d Jd g 1] (37)
o] 0

the solution space, then, is a convex, possibly infinite ipedyon.
The approach outlined before is efficient, in fact the sifigaltion of the simultaneous equations can be achieved
using well known techniques from linear algebra, for whiglremely fast algorithms exist (see next section).

6 Considerations about multi-component programs

We have seen that the described model is suitable to desinige components (and therefore whole programs, as a
special case), starting from their fine grain structure aplgiof modules. In this section we show that it is well suited
to describe multi-component programs. In particular wenstiat:

= we can enforce encapsulation, by extracting automatiedtiggher-level description of a component not involv-
ing information on its internal structure (black-box magdel

< we can build a model for a multi-component program compotiedlack-box models for its components, and
solve it hierarchically.

Figure 10: Two stage pipeline component

We consider a component with one input and one output stregéerfaces, with an internal pipeline structure
(Fig.[I0). When designing the component, the internal streds known, so the full model can be constructed:

—1
Ed=is input interface
1% —eg =o0g stageB

og = ic stream

It =ec =oc stageC

Oc =0z output interface

In the equations of the model appear some variables thatecatehtified with the interfaces of the component, and
others that are related to its internal composition; moeedhe equations describe exactly the connection betwgen i
constituent modules. We want derive a set of equations #wtribe only the observable behaviour of the component,
i.e. the relations between its input and output interfadesorder to do so, we discern the observable variables (in
this case, onljiz andoz) from the internal ones. We write the system of simultanesyuigations in matrix form as
Ax = 0, ordering the vectox = [ig, g, Og, ic,ec,0c, iz,0z]" (and therefore the columns @) with the internal
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variables before the observabII%Iones.

L1
1 0 0 0 0 0 -1 0 Iz =1
-1 0 0 0 0 0 0 Hg =ep
1 -1 0 0 0 0 0 =0
0 1 -1 0 0 0 0 =ic
0 0 1 -1 0 0 0 =ec
0 0 0 1 -1 0 0 Leé =o0c
0 O 0 0 0 1 0 -1 oc=o0z

The Gauss-Jordan elimination algorithm simplifies systefrmultaneous equations producing an upper triangular
system, in which th&™ variable can appear only in the filstequations. This means that, in our example, in the
simplified system, the seventh equation relates only therghble variables. An interesting thing to investigateawh
these equations are synthesised. The algorithm perfovesaeteps, each one consisting in the elimination of one
variable (this gives the name to the algorithm) from all tjeaions below the one considered. The algorithm in its
basic form can perform row exchange (swapping equations)dt column exchange to the matrix (this would imply
a reordering of the components of the solution vesor The elimination is achieved, conceptually, by solving th
considered equation for that variable, and substitutiegstiiution in the following equations.

The first step in our example eliminaties in the second equation by substituting it with

1

C1
1 0 0 O 0 0 -1

0 iz =l
-1 0 0 0 O 1 0 =ep
1 -1 0 0 0 0 0 =0p
0 1 -1 0 0 0 0 =ic
0 0 1 -1 0 0 O =ec
0 0 0 1 -1 0 0Llel=0oc

0 0o 0 0 O 1 0 -1 oc=oz

The following steps will eliminate, in the ordexg, 0g, ic, ec andoc. Note that the chosen ordering forin which
internal variables appear before observable ones, isdeteto produce equations in which only the observable vari-
ables appear, because the internal ones have been seahsbiyuequivalent expressions involving only the observable
ones. The resulting, simplified system is:

L1 .

1 0 0 0 O =lB
-1 0 0 O =ep
0 -1 0 O =0B
0 0 -1 0 =ic
0 0 0 -1 =ec
0 0 0 O =o0c

0o 0 0 o0 O =0z

The resulting system can be split in two parts:
1. one that relates internal quantities to the external ¢thedfirst six equations)
2. one that relates only observable quantities<£ 0z).

The second can be seen as the black-box model of a compondrtaa be used to build the model of a multi-
component program, enforcing the encapsulation of theriatestructure of each component.

The first part, instead, is useful when, once solved the lagél performance model of the program to fulfil the
performance constraints, we want to propagate them toesimgddules, in order to drive the mapping mechanism as
well as the dynamic adaptation mechanism.

7 Comparison with queuing network theory
The results of our model for the steady state behaviour ohgpement (e.g. the example of Sdctl5.3) resembles the

job flow analysis performed when studying queuing netwdéjs Ve want to point out here the similarities and the
differences between the two approaches.
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The component is described by a set of equations, desciibénfiowing of tasks in the program: in the pipeline
example, every task produced by a stage is sent over therstoethe next stage. More complex situations can be
accommodated: when the multiple destinations are pos&iblasks departing from a node, each destination has an
associated coefficient, that can be seen as the probabéityattask will follow that route, exactly as in the queuing
network framework([l7.18]. We notice that the hypothesis camiy assumed to be able to solve the network, that the
queuing network is an ergodic systeh [9], implies the hypsithof Prod11, i.e. the transfer function is asymptotjcall
linear, with the routing probabilities as coefficients.

We extend the possible set of behaviours for the nodes, trafaomputation in a node, activated by a task, can
produce more than a single task as output, or, as well, cartabsaumber of input tasks to produce a single output.
These behaviours are captured by the same coefficientsidhedire seen as the product of the routing probability by
the task multiplication/division factor.

A known limitation of general queuing network solution madis [9] is that they cannot handle event synchronisa-
tion (ad-hoc solutions with fork/join statioris [10] are fesm being generalized). Our model overcomes this linotati
for the recurring, unconditional synchronisations hajppgmwhen a single computation is activated by the simultane-
ous presence of a token on every associated input interfadact we can show with an example (see [Eg. 11) that
our model captures deadlocks occurring in malformed progra

Figure 11: Program that deadlockd i, andlp, are synchronised to activate a computation

The equations describing our example are the following:

=0a module A
=ig =ic¢c bcast stream

% =eg =0p module B
ic =ec module C input

o ﬂ)D

= 2ec module C output
=ip1 stream BD
= ip2 stream CD

ip1 = ip2 =ep module D

If we solve the simultaneous equations, we obtain that teegyas zero degrees of freedom, and all the rates must
be zero at steady state. This means that every infinite catipantwould eventually stall. This does not imply that
cannot exist finite computations that complete successiallieed, a trivial computation of a zero-length strearmmis a
example of successful computation. However, this showtghledimited form of synchronisation of our computational
model is captured by our performance models.

8 Performances constraints

We defineperformace constraintsthe inequalities with the formx; = c¢; wherex; is a placeholder for a variable of
the system[{36) anci [ is a positive number that represents the desired operatiateafor x;. The constraints
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are satisfied if the measured values for the performancarisatire greater than (or equal to) the specified ones; to
minimize cost, it is preferable that they are as close asilples®s them.

The constraints are well specified if they are sufficient tmpate the expected value for all the performance
features of the program. In order to express every perfocmégature as a function of the constrained ones, we apply
a simple transformation to the equations, that can be seemaipulation of the matrix of the coefficients.

We reorder the columns (and consequently the variablEE¥ igBsuch a way that the constrained variables appear
last.

Exploiting the Gauss-Jordan Elimination algorithm, we oam reduce the matrix to echelon form. The form that
the matrix assumes as a result of this transformation casée to recognise if the constraints are well specified or if
new constraints should be added.

If the transformed matrix has not the form [ 1

In-x | D
0 |E

the constraints are not sufficient to compute an unique asggt for the performance figures.

If the matrix assumes the fori{|38), and denoting viitthe number of constraints and withthe number of
features and wittm the number of equations, th2 matrix is (n — k) x (k) andE is (m — n + k) x k. Note that
m — n + k can be zero, and in that case the form is

(38)

O O
In—k | D (39)

8.1 Example

Figure 12: Example program graph

Let us consider a program graph like the one depicted inEIg\We derive its performance model, exploiting its
structure and performance annotations.
Its performance model is completely described by the stetatg balance equations, derived as in the example of

Sect[G.B.
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Theperformance featuresthat characterise the performance model are the following:

1 [

The structure of the program is captured by the followingagiguns, derived using the previous three Propositions:

1. Input interfaces

Each input interface activates the corresponding comipatat nodes 4 and 5. Computations in nodes 1 and 2
are spontaneous. The first computation of node 3 is actilatethta from node 1, the second one is activated
by data from node 2 and the third one by data from node 4.

2. Output interfaces

] 1 1 1
131 = €33 001 0O0O0TUDO
i32 = €3p 0 01 0O0O0
i34 = €3¢ i3 0 0 01 0O 13 Ae
i4 = €4 0 0 0 01O
is =es5 |_|O 00 (r)mo 01 O
A

We write the generic linear combinations relating outptetifaces to node computations. The coefficients of
the combinations, reported here as an example, are the loatesitist be provided by developers, in order to
fully specify the performance model.

01 =€1
02 =€
— 3
034 = 7 €33+
— 1
O35 = 7 €3a+

04 = €4

3. Connections

1 —1 —1
1 0 O 0 0 0O
1 0 0 0 0O
tew+t fpex rok[J0 I & 1 00 rozse
Tesp+ i ex o+ & 4 0o
0 0 O 0 0 1 0
[ [T11 [
B
) | I 1
I31 = 01 1 0 0 0 O
iz =02 1 0 00
i34 = 04 13 0 0 0 1 13 Co
i42034 01 0 O
is=o0 0 0 010
ST - AN O
c

The performance model is summarised by the following homegas system of simultaneous equations:

1
-1 A O

|

Lb B -1 [Lld 309 L]
-1 0 C 0 0

We write the matrix for the example; note that we can paytiediduce the system eliminating some variables
without loss of generality, in order to improve the readapif the example. From an algorithmic point of view, the
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whole system can be analysed in the same way. In the exarhple Jimit our analysis to the variables,, esp, €3¢,
e, andedl, we obtain the following homogeneous system:

1 51 [
3 4 9 _1 €3a
E 5 10 b
0 0 1 -1 0 e

Now we transform with the Gauss-Jordan algorithm the previgystem, re-arranging the columns w.r.t. different
choices of constrained features:

1. e3c ande4 are constrained:

1 1
1 [ 183 1
10 —-16|0 2 el [e3d, = 16e5 — 2e,
Ld 1 15 |0 -2 g5 %?(;ﬁb=—1565+284
00 0 1 -1 —€3c 3c—€4=0
€4

In this case the constraints cannot fully specify the systedeed, the last row expresses the correlation between
es3c andey that must be respected; anyway, it is impossible, for examntplspecifyes (the variable related to
the third column) only using the constrained variables.

2. e35 andes are constrained:

1 [
1 €3p 1
1 0 0] 1 -1 c [Ce3 = —e3q t+ €5
Ld 1 0|05 -8 % % = —0.5e3a + 8es
0 0 1/05 -8 a 2 = —0.5e35 + 8es
€5

In this case the constraints fully specify the system. Eawonstrained variable can be expressed as a linear
combination of the constrained variables. Nevertheldsgibssible to obtain negative solutions (e.g. choosing
e3a = 2 andes = 1), that imply that the constraints cannot be fulfilled.

3. esa, €3p andes are constrained:

1 1
1 €3c 1
1 0|0 —05 -75 4 [e3 = 0.5e3, + 7.5e5
Ld 1/0 —05 —-75 a = 0.5eg, + 7.5e5
0 0|1 1 -1 b €5 +e33 —e3p =0
€5

In this case the system is over-specified. The unconstraiméables can be expressed as a linear combination
of the constrained ones, but there is a relation, expressttehast row, between the constrained variables, and
the constraints must fulfil it.

8.2 Solution of the constraints

When the system is fully specified, it is easy to solve the fizgatem to find the values of the unconstrained variables
of the application. In fact, denoting withthe vector of unconstrained variables, witthe vector of the values of the
constrained variables and with D the matrix ad1d (39) we have

1IE+Dc=0 thatis equivalentto & =—Dc (40)

1The unicast streams and the omitted transfer functions timmoduce new degrees of freedom.
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If negative solutions are found, we can compute the neaestfsconstraint€™= ¢ + h with h = 0 such that
& = —Dc"= 0, solving the linear problem:

N
min  h;j

$t
[ ¢F —D(c+h) (41)
i >|; 0
=0
In this way we find the correct values for the constrainedaldesc; + h; and for the unconstrained ongs

When the system is over-specified, the values of the constlaiariables cannot be arbitrarily chosen. In fact,
denoting withA the vector of constrained variables and with E the matrixad88), the following must be satisfied:

EA=0 (42)
If we substitutec in place ofA the previous system is not satisfied for scepand we have, instead:
Ec=d (43)

At this point, a new set of constraint'= ¢ + h with h; = 0 must be chosen, that satiggc™'= 0, ¢’= ¢ and that
the new values of the constraints are as close as possiltie teser specified ones. Moreover, we search for positive
solutions for unconstrained variables, therefore atfc™= 0 must be satisfied.

To computec-different techniques can be used. In our case, we can simipiynise  h; subject to the previous

constraints: )
min  h;j

[Eh=-d
=0
and determine the new valueS'= ¢ + h for the constrained variables and the valdess —D(c + h) for the
unconstrained ones.

In our example (last case) we hake= [esq e3p es5]"; if ¢ = [1 1 1]7 then the last relation is violated & 1).
The minimisation problem we have to solve is:

(44)

min hza + hap + hs

a+hs—hs=-1
(L+hg)+75 (L+hs)=0

aZO
‘ b=0
5=0

In this simple case, the solution of the problem can be founditect inspectionhs, = 0, hg, = 0 andhs = 1.
In general, it can be found algorithmically using a lineaognam solver (e.g. the simplex algorithm11] or the
polynomial time Karmarkar algorithri[12]) to find the optihsalution.

The aim of the algorithm is to identify a single solution, ttieaan assignment of values to each variable describ-
ing the running application. An under-specified systemt ke infinite solutions is considered an error, while an
over-specified system can be modified, as explained abofiedithe nearest solution to the given constraints. The
application of the Gauss-Jordan algorithm is necessargdbthe mentioned error condition. The transformation of
the whole original problem in a linear program, in the casaminfinite number of solutions, would find a wrong
solution, in the sense that it is not the one desired by the as¢he following example will show.

8.3 Example

Let us consider a simple application with two independedisdhat send data to a third node through a merge stream.
Let us consider only the variableg, 0, andiz that characterise the stream, and the structure equati®ro, = is.
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If an user specifies the performance constriire 5, the equivalent linear problem is:
mino; + 0y + (i3 — 5)
§t _
+ 02— I3 = 0

1=0
=0
iz=5

A visual representation of the polyhedron of the problemegicted in FiglIB, where the polyhedrbnis the planar
surface delimited by the line&, B andC. The optimality direction vector projection on this suias normal to

Figure 13: Polyhedron of the LP problem in the example

the line B; it means that every point on this line is a solution of the LBhpem. Different linear program solvers
will retrieve different solutions. For example, the simp&gorithm will return a vertex (eithgb 0 5]" or[0 5 5]7),
without any warning about the infinite number of solutionsheTsolutions found in this way hardly are the ones
intended by the user (why he put two components producingttieam, if in the solution only one is working?). This
suggests that such indeterminate conditions should bedftbhagerrors, so that the user can better detail the behaviour
he desires from the application.

9 Resource selection and mapping

The developed theory can be used not only to relate the peaitces of components between themselves and to
the ones of the whole program, but also to predict the rue-fi@rformance of parallel components and programs,
provided that we can model sequential computations and atatipn resources.

This is an important aspect of targeting Grids, in fact stdtthe-art Grid resource managers select at launch
time the target machines for the execution of sequentiallghprograms, and the prediction of execution timeskat
for the sequential code on the chosen machines is impodasglect the most suitable ones for sequential/parallel
executions.

The correct configuration of a parallel application on a tinme chosen set of machines is a complex problem,
with several implications:

« select an adequate number of resources (proper sizing alfgdaronstructs) to guarantee a certain elaboration
bandwidth / completion deadline (QoS);
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= select the most appropriate resources to execute the raiigliaed sections of the computation;

e map processes onto resources, taking care of the informdédved from the program structure (communi-
cation topology, specific necessities) and the paramefargednterconnection networks, as well as on their
eventual congestion state.

Here, we define some quantities and derive relations amamg that can be used to drive the selection and
mapping phases of application deployment.

Work associated to a computation Computations can be characterised in terms of the work tleefppn (e.g.
number of floating point operations, amount of data exchdmgtih memory or disk) per activation. Different metrics
are possible (see e.@.[13,]14]), and perhaps multiple osetdn be considered simultaneously, so we can define, in
general, the work performed by the computati®nas an array | = [lis, ..., lic]" of the values of the considered
metrics.

Machine power The machine power can be described (borrowing the definiigrower from physics) as the work
performed in the time unit. Clearly, we need a power measuredch considered work metric (MFLOPSs for floating
point operations, data transmission bandwidth for mendisl/data exchange), so likewise the work, it is expressed,
for a generic maching, as an array of measures;\# [wjy, . .. Wil

The service time for a computati@} on maching can be computed, if a single metric is considered, as

Gj = w; (45)
Results for multiple metrics can be combined:
tij ' (46)
j
k=1 Wik

1
the appropriate combinator should be selected:
. if work related to different metrics is serialised

« maxwhen work related to different metrics is carried out in fiata

Physical limits We define the maximum rate at which a computatitjncan be performed on machijeas the
reciprocal of its service timeg{f'®* = tal. The effective rate can be lowes;(< e{j®*), due to contention with other
computations competing for the same machine, or to the tiasted waiting for data needed to start computation.

The product; - tjj represents the percentage of the time that the resguassigns to the execution of the compu-
tationE;. In a node withm computations, the following must hold:

™ 1
gi-tj=1 (47)
i=1

Each term of the summation represents the percentage afitbet the resource assignedit® computation; the sum
represents theesource utilization, and must be less than or equal to 1 (resource fully occupied)

The maximum value for data transfer rates on the streammiigl by the bandwidth of the physical link available
for each stream. If we denote with the size in bits of the data transferred on stré@mwith o; its transfer rate,
and withBj the available bandwidth on the physical lipkwe have, for then streams mapped on the single physical
link j:

™ 1
Sj - 0j = Bj (48)
i=1
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9.1 Enriched set of annotations

In order to exploit[[4l7) and(38) to drive the resource s@ecind mapping, the parameters appearing in the equations
must be specified. The execution and transfer rates are krinviact their value is computed by the algorithm for
constraint solution. We need to know the service tifr each computation, the size of transmitted dgtand the

link bandwidth. In general, we want to discern the quarttitleat are related to the program from the ones related
to the hardware on top of which it will be run. This allows usetealuate the performance of different mappings,
involving heterogeneous hardware platforms, and seledbdist.

The program parameters will be specified as annotationstprilgram modules (we call this new set of annota-
tions deployment annotationd. They specify, for each computation, the associated werlkagtivation I, and for
each connection (stream), the sief the data that is carries.

In this way, the maximum performance achievable is comp{erploiting [45)456),[[47) and{38)) by composing
this information with the hardware features, expresseti@agiachine power Vind the communication bandwidih

Deployment annotations are not restricted to this; thegi§palso, in a language that can be interpreted by a
launcher([15], the minimum hardware requirements to rum eacdule. This is important, because some measures
such as the work performed by a computation can be affectesbine kind of resources. For example, a matrix
multiplication operation requires a certain number of flogpoint operations and data fetch for main memory, if it
is executed on a machine with sufficient memory. Otherwlse pperating system will perform some 1/O operations
(page swapping) to overcome memory limitations, but chamdramatically the performance of the program (in this
case, the execution time would be dominated by the 1/O op&stthat are orders of magnitude slower than memory

access).
We can think, therefore, the deployment annotations, as$ af smplications of the form:if module M runs on
hardware with at least these characteristics, then its comaponsE;, . . ., Ex will perform L, , ..., L, units of work

per activation.More than one implication can be given for a single modulés #tlows the programmer to specify
different operation points, related to possibly differbatdware capabilities, covering the cases in which theddek
resource affects the performance, but not the correctri@ssamputation.

Likewise, placement constraints are declared as deplolyararotations; in this way, we can specify that a par-
ticular module instance should be activated on a particukhine, or inside a given administrative domain (e.g. for
privacy issues) or on a machine that has a copy of a given filestalled software.

The information provided by deployment annotations, sugubby the values of the computation and data trans-
mission rates provided by the solved constraints, is saffity detailed and low level that it can be exploited by an
automatic program launcher, that performs resource sgfeahd mapping on behalf of the user, therefore it will be
incorporated in the description of the program at launchimg.

Optimal parallelism degree for parallel modules We have seen that performance modeling abstracts from a mod-
ule being sequential or parallel, because the interestissd on computation execution rates, rather than on resour
assignment. The fact that a module is parallel is, theretaken in consideration only when resources are selected
and the mapping of modules to resources is computed. In trdeterpret[4b) (od{46)) and{#7) for the parallel case,
we can think that an aggregate resource is assigned to ealepanodule, such that:

« the power Wis the aggregate power of the set of resources,
« t; is therefore the service time for the parallel executionarhputationE;, and

« the produckg; - tj represents the utilization of the aggregate resourceifiieis 1, all the resources of the set
are busy).

In this way, a set of resources is suitable to execute a phratidule if equatiorf{47) is satisfied. This formulation
can be applied successfully to heterogeneous sets of rEsurecause it is parametrized w.r.t. the aggregate power
of resources.

Traditional formulas that compute the optimal parallelidegree for parallel constructs, based on number of
resources instead of their power, implicitly assumes tey ire homogeneous.

A difficulty that arises when dealing with heterogeneous$etsources is the definition of an optimality criterion.
When resources are all equal, minimizing the number ofzetiliresources optimizes the cost, but when heterogeneous
resources are available, also the cost can be differerttsbould be evaluated case by case, for every suitable @sour
assignment found.
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A final remark is deserved to how to aggregate the power of afsetsources. For homogeneous resources, or
when a single metric is used to describe the power, an easpfid®fining it is the sum the power of all the resources
of the set (peak aggregated performance). This does notfapheterogeneous resources when multiple metrics are
combined, and can be shown with an example.

We suppose to have a computation that performs 1M floatingt puierations and exchanges 1MB of data with
main memory, and two machines, one with a fast FPU (1GFLOR&sbw memory (100MB/s), and the other with
a fast memory (1GB/s) and slow FPU (100MFLOPS). Our prograetetion rate is approximately 100 on each
machine, so if we use them in parallel, with optimal speedapobtain a theoretical rate of 200 computations/s.
If we sum the powers, instead, we obtain an “aggregate mathéaturing 1.1GFLOPS and 1.1 GB/s of memory
bandwidth, on which the program could operate at 1100 coatious/s.

This shows that fon heterogeneous machines, the aggregate power should bediana listtl:--"wW =
{W;,...,W,}, where W is the powers vector of the machipgor homogeneous aggregation of machines). We need
also to define how to computé--"}t; starting from this definition. This can be simply achieveattitg from thet;;
on the machines described by; Vs the inverse of the peak bandwidth:

{1,..., n}ti — t_ (49)
j=1 Y

This works well if the implicit assumption of optimal spegdof the parallel module is satisfied. In general, a
parallel execution introduces some overhead; we defineftisgacy [1€] of a parallel run the percentage of the peak
aggregated performance that can be effectively exploit#tien the efficiency loss is not negligible, a more sound
way of defining the aggregated performance is taking theyroadf the peak aggregated performance, computed as
shown before by the efficiency of the parallelization for acfeesources of the given cardinality.

This requires a characterization of the efficiency of a pelrahodule as a function of the number of resources,
that can be given as a deployment annotation, in tabular.f@everal existing techniques allow to estimate it with
reasonable effort and accuraCvl[L7), 16], without the needégute the program once for every number of processors.

10 Performance contracts

We can define thperformance contractfor a component, basic or compound, the tuple composed by:

« performance model,

performance requirements,

deployment annotations for the processes belonging toatmponent (sensible for basic components),

for each sub-component (in case of a compound):

— a performance contract for the sub-component
— a mapping of the performance features of the compound tortee of the sub-component.

Clearly the performance contract for a multi-componentiappion is the performance contract of its topmost com-
ponent.

We defineassessed performance contrae performance contract that associates to each comporeestpected
values of its performance features, expressed as perfaamaguirements, such that it can fulfil the constraintsén th
context of the whole application.

The contract assessment algorithm is hierarchical: gimeapalication (i.e. its topmost component) and its perfor-
mance contract, the algorithm computes the expected vafiles performance features using the performance model,
and map them to the interfaces of each sub-component. Iteaadorsively applied to the performance contract of
each sub-component, using as requirements the computezsvalr the interfaces, to determine the performance val-
ues associated to each module or sub-component; this caité@ted up to compute the performance requirements
for every atomic element of the application.

Thecomputation complexity of the provided algorithm is polynomial in time, w.r.t. inmizen, that is the size
of the contract description. For a basic component we Agy® = Tgj(n) + T p(n), whereTg3(n) is the time
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complexity of the Gauss Jordan algorith@(0®)), andT,p (n) is the complexity of the Linear Solve©(n3-®) for
the Karmarkar algorithnm[12]). For a compound we have thatibntract sizen is the sum of the compound pang
and of the contract size of the sub-componeni@nd the time complexity results:

1
T ni =Tgy(Ng) +Trp(ng)+  T(ny)
i=0 i=1

Since 1 1
ni=n [_1nk=0(nk) K= 1
we conclude
T(n) = O(n*®)

The requirements of an application could vary at run-tirhés implies that the performance contract is not fixed
during the execution of an application. The changes carctaffe required performance for a component; when
this happens, the contract assessment algorithm has tgbedaat run-time, to derive the new assignments for each
component. The proposed algorithm meets the requiremartteing applied on-line: it has a low computational cost,
and it can be distributed on top of the management hieraaschgng the components constituting the application.

11 Experiment

We validate the proposed approach on a realistic applitate describe its performance model and measure the
work of its main computations, using standard metrics. Fber@nt performance contracts, we apply the assessment
algorithm and compute a mapping on a set of heterogeneausroes machines, following the guidelines of SEkt. 9.
We measure, then, the adherence of program runs with thestggliperformance.

11.1 Application description

The test application is a graphic pipeline, in which the fa@mnponent request the rendering of a sequence of scenes,
and the second renders each scene (exploiting the PovRagrieg engine), interpreting a script describing the 3D
model of objects, their positions and motion. The third stegllects images rendered by the second one, and builds
Groups Of Pictures (GOP), that are sent to the fourth stagdonming DivX compression. The last stage collects
DivX compressed pieces and stores them in an AVI output file.

The graph of the application is shown in Hig] 14.

Figure 14: Graph of the render-encode application

Performance model The performance model of the application is the set of mteatbetween the performance of
single components and stream connectors. It is built fraerpérformance model of basic components. Each basic
componentis a singlaSSIST module, either paralleld;, C4) or sequential (the others). The performance model for
basic components are resumed in Tab. 1, for GOPs of 12 pi;tilme performance model for the entire application is
therefore:

C1o=0Cui=Cp=0C3i =12:C30 =12-Cyj =12 Cyo =12 Cs;

and has one degree of freedom. This means that it is sufficispecify a single performance requirement to determine
the desired speed of every component of the application.
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RecursiveTypedef
Contract = < Model mod, Map{String, Double} req, Xml ann,;
List { <Map{String, String} perFeatMap, Contract con >} sub >;

Contract.assessment()

begin

/I Propagation

Double[m][n] tmp_m « Reor der Col uimmsLast ( mod, req.getKeys()) ;
Double[k] ¢ < req.getV alues();

tmp_m ~ GaussJor dan(tmp_m);

switch tmp_m do

Douhig[K] h; O
case In—k | D
if (=Dc<0)then — [— 1
) R
h « LP_Sol ve I:rﬁ|rﬂl—D(c+ hy=0 L[
h=0
else
| h 0
end
req — NewRequi r ement s( mod.getV ariables(), req.getKeys(),c +h, —D(c + h)) ;
byegk ; .
case I”O_k E
— . —1
1
HEh=—Ec
h -« LP_Sol ve |_—r_TE(C+h)20 :
=0
req — NewRequi r ement s( mod.getV ariables(), req.getKeys(), c + h, —D(c + h)) ;
break ;
otherwise
| Error (System not fully specifigd
end

end

/I Recursion

foreach (Map{String, String} perFeatM ap, Contract con) in subdo
con.req — MapPer f or manceFeat ur es( perFeatMap, req) ;
con.assessment();

end

end

Table 1: Performance model for components and streams efktraple app.

Component Equations Connector _Equations
Cz 0= S1 i=o
_ 1 . S, i=o
Cs 0= E ! S3 i=o
C4 0=1 S4 i=o
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Deployment annotations Each component has different resource needs, that mustibBeshto guarantee cor-
rectness and efficiency. These annotations specify: theéwaae platform the binaries are compiled for, capacity
requirements (memory, secondary storage), software negents, performance characteristics, restrictions en th
machines that can be selected (e.g. machines in a partaisinistrative domain, or subnetwork or even specify the
exact machine on which a component is intended to work).

The annotations are resumed in Tdb. 2: all components arpitemhfior Intel 686 platforms; compone@t has no
particular requirement, whil€s has to be run on a specific machine, that is the one in whichutpubfile is going
to be stored. Componefi; requires a large amount of memory, because it has to stotdttheps coming from the
render component, sort and assemble them in groups of aghaepictures and send them towai@s. C, andC,4
perform the actual computations, and are annotated wittvtiik associated to them. These annotations are exploited
to find a suitable set of resources that can execute the canparifilling the performance requirements that can be
specified in the contract.

The work performed by a component for each activation isasgmted by a pair of valups= (pmrLopP: PMB):
representing the number of floating point operations (esgeé in MFLOP) and the data transferred to/from main
memory (expressed in MB). These values are empirically oredsby running a few activations of the compu-
tation on machines that differ for the performance of the Ri#id main memory (expressed by the pair =
(MmELorss, MMmB/s))- The actual values for the works are computed as the onekdébapproximate (in the sense
of minimum squares) the execution time, expressed as theoftime time spent computing floating point operations
and the time spent transferring data. More formally:

L = Py
p =arg mpm t(m,p) — tm
PMFLOP PmBe

+
MMmELopPss MMBrs

andt,, is the measured time on machine m.

wheret(m, p) =

For the connectors, the deploymentinformation specifisthe of the carried data. It can be used to determine the
required bandwidth to sustain the transfer rate that thieopeance model, instantiated on the performance require-
ments, associates to the connector.

Table 2: Deployment annotations for the example applicatio

Component C1 C, Cs Cs Cs

hw platform | 1686 686 i686 i686 i686

capacity req. mem:64Mb  mem:256Mb  mem:64Mb

work (3307,302) (52,104)

placement IP=X.X.X.X
Connector S: S, S3 Sa
data type | parameters picture GOP of 12 pics. compressed GOP
data size 54 1244164 14929924 2097156

11.2 Performance requirements and contract assessment

Typically, if someone is facing a problem by means of HPCgpbk has clear in mind some sort of performance
requirement for his application. This can be expressedfferdnt forms, e.g. completion time, computation rate,
response time, etc. In our framework, requirements areesspd as computation rates; this means that, if the problem
is expressed in different terms, some sort of preliminagpsformation should be applied (e.g. study the initial
transient length to relate completion time to computatiater or use the Little’s Law to translate response time
requirements in computation rate ones). This way of reaspisiimplied by the fact that the problem is being solved
using stream parallelism.

In our example, we want to obtain a predetermined frame ocatté program output. We will compute the contract
for two scenarios:
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. _ 1 i .
easy we require 1 frame/s (the constraint is expresse€iy= 17" because each input f@s is composed by 12
frames).

hard we require 12 frames/s (the constraint is expressedspy 1).

Applying the contract assessment algorithm, we deriveeémh component, the requirements expressed irfIrab. 3.

Table 3: Projected requirements for each component

easy hard
Comp. input output Comp. input output
Ci1 n.a. Co=1 C1 na. GCi; =12
C, Ci=1 Cxr=1 C, Coi=12 Cyo=12
Cs C3i=1 Czp= 1271 Cs Cii=12 Czp=1
Cy Csi = 1271 Cyo = 1271 Cy Cii=1 Cspo=1
Cs Csi = 1271 n.a. Cs Csi=1 n.a.

11.3 Contracts, mappings and results

The last step is to compute a mapping of the application orathdable machines (Tall 4), that initially satisfy the
performance constraints. In the next chapter we will show tiee constraints can be enforced at run-time, despite
changes in resource load or computation workload. In tHeviahg experiment we disable the adaptation engine, and
work with free resources, to insulate the effects of loagketdecisions.

We instantiate the physical limit inequalities for all oundules [4¥) and linkd{48). These inequalities give the
concrete requirements, expressed in lower level terms e user provided performance contract, that the mapping
should satisfy to obtain the required performance.

For theeasyscenario we have:

= componen€,, ec,=1: we search a set of aggregate resountgssuch that-t(my, pc,) < li.e. t(mz, pc,) <
1

= componentCy, ec, = 127! : we search a set of aggregate resourngssuch thati2=1 - t(mg, pc,) < 1, i.e.
t(m4v pC4) =12

e connectolS;, Ss, = 54, 0s, = 1: we search a link of capaci®;, such that4 - 1 < By
e connectolS,, ss, = 1244164, 05, = 1 : we search a link of capaci®,, such thal244164 -1 < B,

= connectofSs, ss, = 14929924, 0s, = 1271 : we search a link of capaci®s, such tha4929924 1271 < By

Table 4: Available machines. All the machines are providé@t wast Ethernet NICs; connections between clusters
share the departmental network (switched).

Machine/Cluster; CPU clusterdim. MFLOPS Memory MB/s
pianosa P3 32 176.14 614
cl P4 8 317.56 1185
pegaso AthlonXP 1 617.83 961

quanto P4 1 267.39 1185
pacifico 2xP4 1 442.41 1743
izar P4 1 236.84 1634
marte P4 1 349.84 1536
fuji AthlonXP 100 642.43 795
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= connectoiSy, ss, = 2097156, 0s, = 1271 : we search a link of capacif,, such thaR097156 - 127! < B,
For thehard scenario we have:

= componentC,, ec,=12 : we search a set of aggregate resourogs such thatl2 - t(mz,pc,) < 1 i.e.
t(mg, p02) <121

e componentCy, ec, = 1: we search a set of aggregate resoumtgs such thatl - t(mg, pc,) < 1, i.e.

e connectolS;, ss, = 54, 05, = 12 : we search a link of capacif$i, such thab4 - 12 < B;

e connectolS;,, ss, = 1244164, 0s, = 12 : we search a link of capaci$,, such that244164 - 12 < B,
e connectoiSs, Ss, = 14929924, 0s, = 1: we search a link of capacis, such tha4929924 -1 < B3
e connectoiS,, ss, = 2097156, 0s, = 1 : we search a link of capaci®,, such thaR097156 - 1 < B4

We observe that the second scenario has no feasible mapjtinghe available resources, because connegtor
requires a link of at least capacify44164 - 12 B/s= 113.9Mbit/s. The contract for thdard scenario has to be
rejected because it is infeasible, with the available reser1 Moreover, our performance model shows us that with
this program structure and a bandwidth limit of L00Mbitg program cannot scale to more than 10fps, irrespectively
of the computation resources employed.

Theeasyscenario has no bandwidth problems, in fact the most demgtidk, associated to connectds, needs
9.5 Mbit/s.

We compute and evaluate three different mappings:

< using a large cluster of slow machines,
< using heterogeneous resources,
< using a small cluster of fast machines.

In this example, we exploit (a simplified version of) the ime estimation model of[13] as a complement to
our performance model for the sequential parts of our pelrptbgram. The resource requirements obtained by our
model are expressed as functions of the sequential coderperfice on a candidate resource. In order to compute the
mapping, we need to evaluate the run-time estimation moadeldch candidate resource, to select the ones that satisfy
the requirements.

In order to solve aggregate requirements, we need a wayatet@, p) for an aggregate resourne= [my, ..., Mg]
to the performance of the code on single resout(es, p). If we suppose perfect speedup, it is easily obtained (ex-
ploiting @3)) as: O
tmp)=  t(mi,p)*

i
We note that the result is independent of the orderingngfin the aggregate resouree, therefore resource
aggregation can be performed with linear complexity.

Mapping 1 (pianosa cluster) The constraint(m., pc,) < 1 is satisfied using an aggregate of 20 nodes of the
pianosa clustert(my, pc,) = 0.96); the constraint(my, pc,) < 12 is satisfied by a single nod&ng, pc,) = 0.5).
The bandwidth achieved from this configuration is shown o [EB.

Mapping 2 (c1 cluster + pacifico + pegaso + marte + quanto) The constraint(mz, pc,) < 1is satisfied using the
aggregate power of pegaso, pacifico, marte and 7 nodes téictist(m,, pc,) = 0.94); the constraint(mg, pc,) <
12 is satisfied by machine quantt{if4, pc,) = 0.31). The bandwidth achieved from this configuration is shown in

Fig.[I8.

Mapping 3 (fuji cluster) The constraint(m., pc,) < 1 is satisfied using an aggregate of 6 nodes of the fuji cluster
(t(my, pc,) = 0.92); the constraint(mg, pc,) < 12is satisfied by a single nodg((ns, pc,) = 0.22). The bandwidth
achieved from this configuration is shown in Higl 17.
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Test results for cluster Pianosa
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Figure 15: Achieved bandwidth for Mapping 1

Results commented The obtained results are as expected: the initial configuralf the program computed using
the performance model fulfills the constraint, at least attteginning of the application run. This occurs because we
sampled the achieved performance on the first frames of thvéentaut the application workload slightly changes with
the evolution of the movie. This is evidenced by the smootfetiwidth curve, that has the same course in the three
experimental settings: the workload is heavier around Hd@s300s, while it is lighter in the middle and at the end.
With mapping 2 and 3, the heavier workload causes tempoialgtions for the constraints, that would have triggered
self-adaptation, if we enabled it.

12 Related work

Performance modeling is one of the key problem that needs &altiressed to face scheduling/mapping problems with
heterogeneous platforms. Banino et BLI[18] apply steaatg stnalysis to schedule master-slave tasks on heteroge-
neous platforms with different communication topologi®sir approach differs because we separate the performance
modeling step from the scheduling one: we apply steady ataéysis to program graphs, relating the performance
of every part with the performance of the others; we condidisran “abstract mapping”, that must be concretized
finding suitable resources for each process, that can subtapredicted performances.

Symbolic performance modeling is a modeling methodology émables a rapid development of low complexity,
parametrized performance models. Symbolic models can lbbanéally derived from high-level languages close to
the program or machine (e.g. Paméla [19]). Our model enjoyptoperties of symbolic models: it can be extracted
from the structure of the program (that in our case is theiegibn graph), it is parametric and can be efficiently
evaluated.

Structural performance models [20] are the first effort teedep compositional performance models for compo-
nent applications. Our work targets the class of streaneébasmputations, showing how compositional models can
be generated automatically for them, reducing the problemarleling a parallel application to the simpler one of
profiling its sequential parts.

Queuing network modeling can be adapted to support perfocenanalysis of software architecturesi[21]. The
translation of the structure of a program to the equivaler@uing network model is not straightforward, and may
require approximations to obtain mathematically tractahnbdels. Our approach departs from queuing networks,
because we model systems with finite buffers without lostesk$ are seen as an incompressible fluid that flows
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through the network); we derive equations similar to the flmlance equations of queuing networks, but under a
different set of hypotheses (finite buffers, task gemmatiod absorption, synchronization of different tasks in a
single place). We show that our equations can capture threhsynization behaviour of programs, being able to detect
deadlock conditions.

Performance contracts has been introduced_ih [22] as a noegpetify run-time expected behaviour of a dis-
tributed program. It is defined as a set of contract spedificathat can be verified by a monitoring system, in order
to trigger adaptation if any of them is violated. Our defwnitiof a performance contract is broader: it is intended to
specify all the information needed to run an high-perforogapplication on a Grid, namely resource selection and
process mapping, expected performance and adaptatiaigsalat must be adopted when it is not achieved.

The presented symbolic performance model allow us to foboworiginal approach to resource selection and
process mapping. Differently frorh [23], our performancedmlds not a function that given a set of resources, com-
putes the achieved performance. It rather relates perfacenaf computations with performance of resources, and
can be queried to obtain which resource performances atgreedo achieve a contractually specified computation
performance. In this way, the performance model of the fEnatogram can be evaluated once, instead of for each
candidate group of resources, speeding up the selectisephdoreover, resources (or resource groups) fulfilling
single or aggregate requirements that are obtained byawrgwaluation, can be selected without considering an
exponential number of candidate groups, at least if we arrearccerned with cost minimization.
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