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1 Introduction

This report is an initial description of ongoing research work between the
university of Sao Paulo and GMD-FIRST’s operating system group. The goal
of the joined project is to develop performance prediction models for parallel
programs, which are based on a virtual shared memory system and runs on
the parallel computing system MANNA. As the report shows, comparison
of prediction times and measurements allows an easy identification of an
application’s performance bottlenecks and, moreover, scalability problems in
the system software.

2 VOTE

The VOTE system [2] is a member of the program family based PEACE
operating system [1]. VOTE extends PEACE by a virtual shared memory
(VSM) system to close the gap between usual shared memory programming
methods and the architectural constraints of distributed memory machines.
Therefore, the design philosophy is strongly related to a symbiosis of ar-
chitectural transparency and performance aspects. This is managed by a



program family of memory consistency models, which is briefly described in
the following subsection. Beside of trying to prevent memory access fault
through specialized memory consistency models, it is also promising to tune
the access fault handling mechanism. Section 2.2 describes the approach
chosen in VOTE.

2.1 Consistency Models

Trying to support both aspects of transparency and performance require to
design a VSM system that is based on the semantics of sequential consis-
tency [3] ("a read operation will return the value of the last write opera-
tion to the same memory location”) and, thus, supports a shared memory
programming view even in a distributed memory machine. On top of the
sequential consistency model, less strict consistency models are supported
to allow further runtime improvements. The use of these extensions is tied
to changes in the semantic of memory accesses, which the application must
obey. In return, the extended memory consistency models require a reduced
consistency maintenance with improvements in the runtime behavior.

At any point in time the programmer can switch between a variety of con-
sistency models, which are tuned to support particular access patterns. There
are simple models just providing an once-only handling of faulting read-write
sequences (called pending model) and more advanced models which automat-
ically performs claims or releases of access to shared data items for a later
point in time (continuous model).

The most versatile model is the update consistency model which realizes a
multiple reader/multiple writer operation mode. Consider, for example, the
lock-step operation of the SPMD (single program-multiple data) computa-
tion model. During a computation phase (step), there is often no need for
data consistency, since the parallel threads operate on different data items.
Since the VSM system’s granularity is a page, a very fine-grained data par-
allelism may cause serious problems (false sharing). Allowing multiple writ-
ers access to a local copy prevents the thrashing effects. Before entering
the ensuing communication phase (lock), sequential consistency must be re-
established by an operation scheme which merges the diverging copies into a
consistent one.

The VOTE approach to re-establish sequential consistency is a two—stage
restoration mechanism. When a process activates the update model, it re-
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ceives two local copies (reference and local) of the VSM object. The reference
version is solely for the reason to store the VSM object’s state at the time
the process left sequential consistency, whereas the local version is a private
writeable version allowing an independent processing in the activation time
of the update model.

library operation (1)

page := page @ (local @ reference)

sequential consistent operation (i)

Figure 1: Restoring update to sequential consistency

At deactivation, a difference set of the reference and local versions is
created (see figure 1) by a bitwise exclusive-or operation. This can be done in
a library implementation and, thus, operate in a decentralized fashion at high
speed. In a second step, the difference set will be merged into the sequential
consistent VSM object by virtue of the global sequential consistency model.

2.2 Access fault handling

The benefit of consistency models is that they prevent faulting accesses and,
thus, maximize the time in between. A supplementary key to VSM perfor-
mance is given through an optimization of the access fault handling with the
goal to minimize the time required to handle a faulting access.

The VOTE system as a pure software solution performs access fault han-
dling without any kind of hardware supported multi- or broadcast function-
ality. The software architecture to handle access faults is a straightforward
scheme guaranteeing consistency maintenance on a per object basis. To do
so. there is a local VSM management thread on each site that use VSM.
These threads are called actors and they are controlled by a central knowl-
edge site. This knowledge site is called adviser and runs as a preemptive
thread on any processor. Although this thread can manage the complete
set of VSM objects, it’s mostly favorable to use several advisers on different



processors. This prevents a central resource accumulation and helps to avoid
a bottleneck for access fault handling.

An access fault situation is initiated by a requesting site either causing
a read or a write access fault. The local access fault handling looks up the
responsible adviser and performs a call to that thread. To ensure consis-
tency maintenance, the adviser thread manages all global state information
about page locations (holding sites), access rights and the memory consis-
tency models in use. When the adviser receives a page request it simply
initiates a page transfer request, which will copy the requested page from a
holding to the requesting site. The request also cover information about ac-
cess rights. Thus, the involved actor threads are able to program the memory
management unit in respect to the current memory consistency model.

Runtime of Virtual shared memory
access fault handling access fault
Page copy at site # other (time in psec.)
requesting | knowledge | copies | read mode | write mode
no yes 0 832, 930,
no yes 1 832, 1270,
yes yes 0 — 650,
yes yes | — 990,
no no 1 1920, 1620,

Table 1: Costs of Access Fault Handling

The runtime numbers of the measurements can be found in tablel. The
numbers indicate that VOTE is optimized to handle read access faults.
Mainly this is done by caching VSM pages at the knowledge site. An ac-
cess fault then can be handled directly by the adviser (;,2,4). In turn (3), it
requires to send to the adviser a copy of a VSM page if a former exclusive
write access holder must give away a copy to a thread that faulted on a read
access. The result of handling such a read access fault are three readable
VSM copies at the requesting, knowledge and holding site with an extra
runtime of about 300 usecs (3—z). Normally, this is compensated since the
approach saves about 780 usecs (s—;) for every succeeding read access fault



to the same VSM page.

Write access fault handling may due to the MRSW (multiple reader/single
writer) sequential consistency maintenance be of high cost. The current
VOTE system still use a sequential algorithm to send invalidation messages to
holders of a read copy. This causes an increase in runtime of about 340 psecs
for each additional holder of a VSM page copy.

3 Description of Algorithm

The algorithm used for tests was Gaussian elimination, since it is highly
parallelizable but potentially has a high communication cost.

One can parallelize Gaussian Elimination row-wise or column-wise. In
a Fortran code, it is more natural to compute the columns (or blocks of
columns) in parallel. In our case it is better to compute the rows in parallel,
since in C++ the matrix is distributed in the memory row by row and making
the matrix shared puts a contiguous part of a row in each VSM page.

Parallelization is done assigning a processor to each row, in a round robin
fashion. The main problem is that at each iteration, one row must be sent to
all other processors, generating a high communication cost and contention,
as will be seen.

In the beginning of the program, the matrix is completely located in the
first processor.

Initially a simplified version was implemented, with no pivoting. To avoid
errors, the test for the diagonal element was replaced for a fake one, which
made the reference, but replaced the value locally for a constant. This pro-
vides the same number of operations and remote references as the original
code and makes the model simpler. Of course the result is not correct, but
we wanted a testbed, not the actual routine, at this stage.

The code can be seen in figure 2.

4 Performance Model

The total execution time can be decomposed in several terms, basically
grouped in two classes: the application time and overheads.



1: // loop on columns
2: for (j = 0; j < n-1; j++) {

=5 sync->pass ();

4: if (la.v[j1[j] == 0.0) faults++; // RF
5: // row elimination

6: for (i = j+1; i < n; i++) {

7 if ((i % maxprocs) == id) {

8: la.v[i][j] /= -1.0%; // R+W F
9: for (k = j+1; k < n; k++) {

10: t = la.v(jl[k); // RF
11: la.v(i] [k] += t*la.v[i][j];

12: }

13: }

14: }

15: }

Figure 2: Modified Gaussian elimination

The application time (T;) is the time spent in actual computations ac-
cording to the algorithm used. It can be computed counting the number
of operations and considering all dependencies. It follows the theoretical
complexity of the algorithm.

In general T,, consists of a sequential part T, and a parallel part T,,,.
The application time for P processors is then:

Tpur
P (1)
The model depends on the algorithm scalability and on system overheads.
The actual computational part is highly parallel as can be seen in figure 2.
In fact the inside loop (on i) is a DOALL and the only sequential operation
is the test on the diagonal element. The execution time for P processors can
then be written as

Top(P) = Toeq +




Tp = % + overheads(P) (2)

To complete the model, it is necessary to identify all kinds of overheads
which may affect performance. The most important are discussed in the
following sections:

4.1 Communication

Communication cost is, together with load unballancing, usually the most
important cause for performance loss. This is particularly true for a virtual
shared memory system where full pages are sent from one processor to an-
other. The software overhead associated with management is considered as
part of communication cost, in this model.

In our program, the communication is in page exchanges and in barriers.
Since a barrier call is much faster than a page exchange, we will consider the
later first.

To get a first approximation for communication cost, we need to count
the number of page faults and its types. To compute this number, these
considerations take place:

e At the very beginning the whole matrix is in the first processor.

o On the first access to a row there is a read fault followed be a write
fault (line 8 in the code), except for the first processor. The read slow
is because the page has to move from processor 1 to the adviser and
then to the requesting processor. The write is faster because the page
is already in the adviser.

Since & X pages remain in the first processor and there are n — 1 rows
used in the computation, we get

P—1
P

read and write page faults, where K is the number of pages per row

x(n—1)x K (3)

o At each iteration, there are an additional P—1 read faults, since the row
containing the diagonal element must be sent to the other processors.



The number of actual page faults depends on row’s size.
There are n — 1 iterations and the number of read faults is given by:

TotPages = ii: (5= ?i:::;:;j;j;u ble)} *(P-1) (4)

For a matrix 500x500 (1 page per row), the number of read and write
page faults are, respectively:

WF = 500 + £51 (5)
RF = WF+499+(P-1) (6)

and for a matrix 1000x1000, these values are:

WF = 2000 + {£51 (7
RF = WF +(3)*999+(P-1) (8)

The final communication costs are described in section 4.3.

4.2 Unballancing

In this case, unballancing is not important, except for the last few iterations
of the inner loop, when some processors are idle. It is a second order effect
and only important for a large ratio procs/rows, which is not the our case
(up to 16 nodes).

Some processors will become idle when waiting for a barrier or the adviser,
but this will be considered a contention overhead instead.

4.3 Contention

Contention happens in barriers and in the adviser. In both cases requests
are handled sequentially.

Barrier contention can be easily modeled by a linear function starting
with 2 processors, since for one processor there is no need for synchronization.
This overhead is additive, that is, one has just to add the barrier time to the
total time. However this cost is small when compared to communication.



The adviser contention, on the other hand, can not be modeled as an ad-
ditional term. It is strongly related to communication cost and its description
must be embedded inside the communication time expression.

The time to send a page to several processors can be decomposed in two
parts: the time for the adviser to get the page and the time to send to the
remaining processors.

Sending the page to the first requesting processor takes the time of a slow
read fault (page to adviser and then to processor), and sending it to remaining
ones takes P — 2 fast read faults, since they are attended sequentially.

If we name the ‘basic times’ as

tyry time for a fast read fault
t,ry time for a slow read fault
tywy time for a fast write fault

we can then write the total communication time, remembering that the first
read is not on adviser, and for P = 1 there are no faults,

T(reads) = t,; x WF 4 TotPages(t,s + (P — 2) * t4,/)
T(writes) = trwy * WF
where TotPages is the number of pages moved during the computation and

not considering the initial distribution of the matrix.

The numbers for matrices 500 x 500 and 1000 x 1000 are:

T%(reqds) = torf * WF +499 % (t,y + (P —2) % t5,4)

TE% (writes) = trwy* WF

TN (reads) = tyg+ WF +(3/2) %999 # (£ + (P = 2) % 1))
T (1yrites) = trwy * WF

4.4 The model

We can now write a detailed model, based on the discussion in the previous
sections.
The total running time for P processors is given by:
Tp = %- + T'(reads) + T(writes)
B+ (tary + tgwy) * WF + TotPages(t,,; + Dist(P — 2))
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where Dist(z) is a function which gives the broadcast cost of a page for z
processors and TotPages can be computed by equation 4.
In the initial version, Dist(z) has the form:

Dist(z) =z x tyg (9)

5 Measurements

In this section we compare the predicted and measured times for matrices
500 x 500 and 1000 x 1000.The time parameters for the used implementation
are the following, in seconds:

tey = .002300 (10)
tiy = -000740 (11)
tywg = -001040 (12)

Predicted and measured times

140 T T T T T
' Time ©—
120 Comm. +— |
L Linear €— _
100 Predicted -X: -
80 |-
Seconds
40
20
0
0

Figure 3: Predicted times for matrix 1000 x 1000
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Figure 3 shows the predicted and measured times for the 1000 x 1000
matrix. The other curves presents the ‘ideal time’, which would provide
linear speedup and the communication cost. The time spent on a single
processor session is 129.94.

It is clear from the picture that the model describes the processing time
within a reasonable accuracy. Figure 4 presents the predicted time for a
larger number of processors.

From that picture we can verify that the optimal number of processors
were reached in the experiments (12). Unless a more efficient communication
method is used, one cannot expect a better speedup.

Predicted time
140 Y T T T T T

120 . Total time ©— _
Communicaction time <—
100

80
Seconds
6

1
1

T
i

40
20 5

o

Procs

Figure 4: Predicted times
For the 500 x 500 matrix, the single processor time was 15.97s, and the

results are present in figure 5. The speedup is not as good as the previous
case because the ratio computation/overhead is not as high.
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Times 500x500 - async (int.)

16 T T T T
14 + Time ©—
Comm. +—
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0

Figure 5: Times for matrix 500 x 500

6 Conclusions

The use of performance modeling was very useful to confirm the viability
of VOTE as a virtual shared memory system and to suggest alternative
implementations based on bottleneck identifications. In fact, one of these
suggestions required a functional enrichment of the VSM system. A new
version of the VOTE system includes a propagation model to multicast data
areas. This considerably reduces the required communication and its results
will be the subject of a future paper.

The model developed here, although simple, is powerful enough to predict
accurately the values measured and can be extended to make a performance
analysis a priori of specific problems, and to decide if is it worth to implement
them under this platform.
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