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Abstract

Caches are a substantial building block for modern computer general data stored in memory can not be accessed
individually but only by means of blocks, also called lindis poses a potential problem for parallel computers: Iftiple
processor cores access data elements close to each odyemdly both be located within the same cache line. As a resalt t
copy of one core is invalidated when the other core updateslement within this block. Since the whole shared memory can
be accessed by all processor nodes of a system it might hatipnone node modifies a value in memory which invalidates
the copy of the respective memory block in the cache of amgphecessor. Such a situation does not serve the purpose of
data exchange between processor nodes and is therefoed feddle sharing Depending on the hardware involved, such events
may pose a serious bottleneck for performance which is varg o detect. This work describes an approach to estimate th
performance impact caused by false sharing and helps ttelectical code regions using the DBI framework Valgrind. [By
recording memory references of different threads and teracteristics an estimate for an upper bound of falsérghavents
is calculated. Based on this it is possible to estimate tfopeance impact and to point to the code locations whictsedithe
memory references in question.
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I. INTRODUCTION

False sharing can occur in any environment where multipdegssing elements work on a shared memory. Examples aenturr
shared memory architectures which also include desktopekstations and notebooks with multicore processors. iwWithis
work we focus on this class of systems. However, false spagmalso a problem for distributed shared memory systems
(DSM). In fact, DSM systems may be even more severely affestece the block sizes are not cache lines but pages which
increase the chance of false sharing.

It is very hard to investigate how many false sharing eventaioat runtime and to quantify the temporal overhead becaus
there is currently no way to reliably track such events.lIpteposes to sample specific cache related performanceearsun
at runtime and to create statistics how often multiple tiseaccess the same cache line at different offsets [4]. Toisagal

is based on the assumption that threads accessing the saheelree at the same offset exchange data (true sharingg whil
different offsets may indicate false sharing. Howeverhss@mpling based results heavily rely on the hardware besed and

on a given temporal ordering of the memory accesses. Thisvagybetween different runs which makes the result difficult
to reproduce. Furthermore not all processors support tipeined performance counters.

Due to the problems in regard to time we developed a modellwtiaes not consider time at all. The underlying idea is to
group memory references of multiple threads into parabetiens which are encompassed by barriers. Afterwards eater

a worst-case sequence of memory reference within such msexg it might happen in reality. This enables us to employ
dynamic binary instrumentation (DBI). This report preseah approach to estimate the number of false sharing evasésib
on the well-known DBI framework Valgrind [5]. A given parallapplication is instrumented at runtime by a new Valgrind
tool which we callPluto. It records all memory references and specific charadesitike thread ID, offset, size and type
(load/store). The memory references are grouped into eolgiblocks. Pluto writes the collected data for all coheydsiocks
which have been accessed by at least to different threadgdxt dile. This file can afterwards be analyzed to estimate the
number of false sharing events that might occur when runthiegpplication on a parallel system. Hotspots of falseispaan

be located by ordering the coherency blocks according t@stienated false sharing numbers. By using additional médion
collected by Pluto the code positions which caused the mgmeaderences can be located. Alternatively the data strastu
which a given coherency block belonged to could be identitsydproviding a list of potential code positions or data stuwes
which might cause a severe number of false sharing eventdetveloper can decide if it is worth to review the code sestion
in question.

The remainder of this report is outlined as follows: Chaptagives a comprehensive introduction into false sharing tre
approximations for their occurrence. The current statergflémentation is shortly outlined in Chapter Ill. In Chapté first
results based on our approach are presented. Planned ratdifscand extensions are outlined in Chapter V. The prpaidty
tools implemented are documented in chapter VI.

1. APPROXIMATIONS
First this chapter gives a short overview of the notatiordugdterwards it is defined which situations are referred sdase
sharing and true sharing respectively throughout this ntefutsing this definition the following sections will pregetifferent
estimates for the occurence of false and true sharing. Tineke up the basis to estimate the performance impact asiesgla
in the last section.

A. Model and notation

To be as independent as possible from any kind of machinétectire we consider only the siz& of a coherency block

b € B in our model. In case of shared memory systént®rresponds to a single cache line. Since we do not simuéatiees

in any way, we can divide the whole shared memory into a semefblocksb;, i € {0,1,...}. Let 7 be the set of thread
IDs. Let further denotet’ the set of possible offsets ardd the set of allowed access sizes to memory. Then we can denote
a single load or store operation by threlad 7 to coherency block € B with offsetz € X and sizey € Y by 15}2 [b] and

552 [b] respectively. The total number of load and store events idigntical characteristics (coherency block, offset, sine
thread) is denoted bﬂgﬁ [b] and Sé’;) [b] respectively. For example the total number of store opamats*)[b] to block b € B

by threadt € 7 is given by
SOR =33 s
reX yey

Sometimes the offset and access sizg are not considered. Then we rely only on the summed vallie§] and S® [p].

B. Definitions

We turn now to definitions of false sharing and true sharing[2] different approaches to precisely define false shaairey
discussed. However, a precise and practically applicabfimiton is difficult to find. For the scope of this report wevgia
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definition of false sharing which is both reasonable andiagple but can not be mathematically expressed. Howevisr, th
definition can be used in conjunction with our model to estenahat we define as false sharing which correlates withtyeali
For the following definitions we assume a concurrent seotibich is executed in parallel by multiple threads.

1) True sharing (TS) event:

We refer to a TS event if the exchange or invalidation of a ceey block serves the purpose of data exchange. Conséguent
one thread € 7 has to modify a coherency bloéke B at a given offsetr € X and of a given sizg € ) and at some point

in the future a thread’ € 7\{¢} loads a value of sizg in block b located at offset:.

Such an ordering of a store and a subsequent load operatiefeised to as true haring. If another thredds 7\{¢,t'} also
loads a value in located atx,y aftert’ did this is not counted as a second TS event. In reality a T&tewight not be
visible if the modified coherency block has been evicted due tapacity miss before it is loaded by another thread. Sirce
do not simulate the cache we are not aware of capacity misgksvl therefore always count the TS event, regardless how
far away the subsequent load operation is. We do not condiderase where one thread stores data in blocks ofysigkile
another thread loads data at siZe# y as TS. Sequences of only load or store operatiorisabr, y by different threads are
neither considered true nor false sharing. The total nurab&S events is denoted b An ambiguous situation is shown in
figure 1(a). Thread O writes to the first two elements withiroharency block while thread 1 reads the same elements. Note,
that it still depends on the order of accesses if this is ydalle sharing. Assuming that each location marked in Fidi{eg

has been accessed exactly once by the corresponding theeadnndifferentiate between a number sequences. An inctenple
list of such sequences is given as follows:

0 0 1 1
1) soq = si4 = Iyt =1y

This sequence describes one TS event since thread O firsisvatitta to the coherency block and afterwards the same
data is read by thread 1.

2) sgd = lod — 51 — i
The semantic outcome of this sequence is the same as forrsmqag However, this leads to two exchanges of the
cache line. The performace impact is the same as for falsinghdlevertheless data is exchanged which gives two TS

events according to the definition above.
1 0 1 0
3) Io) — Iy — sy — s1)
In this case no data is exchanged since thread 1 reads th®fochefore thread O has written to them. If this sequence
occurs at runtime it results in false sharing which is defibebbw.

2) False sharing (FS) event:

We refer to a FS event if exchange or invalidation of a cohgréatock does not serve the purpose data exchange. Congbguen
one thread € 7 has to modify a coherency bloéke B at a given offsetr € X" and of a given sizg € ) and at some point
in the future a thread’ € 7\{¢} loads or stores a value oflocated at offset’ € X\{x} or with sizey’ € Y\{y}.

To fulfill the definition of an FS event it is therefore suffistethat the subsequent access differs either in its offsacoess

size. One can argue here if accessing data at the same aftset different size is FS or TS, but we currently define it as

FS'. Sequences of only store operations to a block at the samset@hd of the same size by different threads are treated as

FS since overwriting results of another thread is no exchasfgdata. The total number of FS events is denotedobyAn

example is shown in Figure 1(b). In this case it is clear tlatata have been exchanged since both threads accesséut disjo

subsets of a coherency block. Nevertheless, the absolatderuof false sharing events still depends on the sequence:

1) 5} — 50 — 18 — 1)

In this case thread O writes to both locations before threddatls a value. This results in one FS event since the
coherency block is exchanged only once.

2) syt — 15 — 514 = Iy}

Here the accesses of both threads are interleaved whiclisrasthree exchanges of the cache line. This gives thezefor

1For example copying an array of non-character elements tnbigldone byte-wise which would result in false sharing iftaao thread has written the
elements before.



a total of three FS events.

Given these examples it is clear that the global temporadronfl memory references plays an important role for the nurobe
FS and TS events in a multi-processor system. Unfortundtédyorder is not unique in reality and can vary in differemhs

of the same threaded code. For example, it is not guarantetdoth threads start working at the same time. Therefoee on
thread may hurry ahead some cache lines within a data steuatiiich may lead to a lower number of FS events compared
to the situation where both threads had started at exaatl\sdime time. In general the order of memory references betwee
different threads within a parallel section is not predit¢alnstrumenting an application using dynamic binaryrinsentation
completely destroys any temporal relations between tisrédad two reasons. First, injected code interferes at rumtand
changes when memory references are made. Second, Valgriatizes parallel applications which of course elimisasay
concurrency. Only the sequence of references per threatheabtained. Although this might be used to refine estimates i
theory it is not feasible in practice for reasons discusse8ection II-H. For this reason we try to construct a sequerice
memory references given their absolute numbers which maasihe respective type of events. The estimated absalliies/

for the number of FS and TS events are denotecbkandd respectively.

C. False sharing and two threads

Due to the lack of reliable information regarding time we toyconstruct a worst case sequence of memory reference$ whic
maximizes the number of FS events within a parallel secttssuming only two thread§ := {0,1} a first estimate can

be made by only considering the absolute number of accessethngad on each coherency blogk)[b] and S*)[b] with

t € {0,1} andb € B. For now we do not consider offset and size of referencess Takes it impossible to differentiate
between TS and FS at all. However, if TS is counted as FS weaserthe estimate for a bound which might result in a big
error but in general does not underestimate the number ovEft® Given a number of memory references the worst case is
an alternating sequence of store and load operations bgdteand 1 respectively. After there are no suitable operatieft

we continue with stores of thread 1 and loads of thread O.llitteere might be store operations of both threads left Whic
can also be arranged in a sequence to increase the numberweRS. This can be written as sequence of non-distingolisha
operations:

SO () 0 () () g0) L () L g0) L 0) L () L 0) ()

The first reference causes no FS since it is a compulsory midsaay subsequent access causes one FS event. We neglect
compulsory misses since there is at most one per coherenck Bbcessed. It is important to consider the combinatidns o
loads and stores first because solely load operations canangt false sharing. Only if there are store operations aémo
than one thread left and there are no more store operati@ilalale we construct a sequence of solely store operatitms.
problem of constructing such a worst case sequence can alsedn from the point of set-theory. Since we do not consider
time we can also abandon the view of sequences. Instead wassame sets of load and store operations for both threads.
Now we combine each load of thread 0 with a store of thread 1vécelversa. Afterwards there might by store operations
left for both threads. These can also be combined. By cogrttia number of combined operations we end up with a value
which equals in length to the sequence above. From both wiesvsan derive the following formula which gives an estimate

of the FS events in the worst case:

g =2 mm(s<0>[b],L<1>[b])+mm(s<1>[b],L<O>[b]) +2~max(min(S(O)[b]—L(l)[b],S(l)[b]fL(O)[b]),0) 1)

= =03 =y
The part abbreviated by considers all possible combinations of store operationthbgad O with load operations by thread
one. Accordinglys considers the inverse case. Remaining store operatioranyif of both threads are combined by If
LMD < SO and L[] < SMb] hold true, there are remaining store operations to cortstrsequence where thread 0
and thread 1 write té in an alternating fashion. If eithei ) [p] > S©)[b] or L(O[p] > SM[b] holds true,y is forced to O.
Equation (1) does a perfect job if there are no TS events ilityednfortunately it can not differentiate between FS ard
at all which is why the result may turn out to be a massive ateration. Nevertheless it may be useful if the programmer
knows where data exchange between threads is performethttf #sing (1) comes up with code positions where no data is
exchanged the programmer also knows that there is a pdteatiece of false sharing.

D. Extension to multiple threads

It is not straight forward to find a closed form like (1) for neathan two threads. The problem consists in

« updating the numbers of remaining loads and stores aftesidering a tuplg L), () for u,v € T, u # v and
« the order in in which the tuples are processed.



phi =0
sort( | );
sort( s );

while( exists (I[u] > 0) and (s[v] > 0) for (u,v) in {TxT} and u !=v ) do
for all i in 1..|T| do
for all j in 1..|T| do
if thread( I[j] ) !'=thread( s[i] )
top = minC I[j], s[i] );
I[j] -= tmp;
s[i] -= tnp;
phi += tnp
goto _next
f
done
done

_next:

sort( | );

sort( s );
done

for all i in1..|T| do
for all kini..|T do
if thread( s[j] ) != thread( s[i] )
tnp = min( s[j], s[i] );
s[j] -=tnp;
s[i] tmp
phi += tnp;
f
done
done

return phi

Listing 1. Calculatingp[b] for | 7| threads

The first issue only prevents us from giving a closed form [ikg since notation becomes very tedious and confusing. The
second problem is more severe because the order in whicls mad stores of different threads are combined can lead to
different results. Consider the following example:

o L0 =50, LM =5, L =100

e SO =50,5M =0, 5% =100
We can now calculate in two different ways:

1 =2-50+2-5+245 = 200
G2 =2-50+2-50+2-5 =210

We might first combine 50 loads of thread 0 with 50 stores ofdlr2 leaving another 50 stores of thread 2. Afterwards we
take the 5 loads of thread 1 and combine them with 5 storesre&thO. Finally we take the remaining 45 stores of thread 0
and combine them with loads of thread 2. This makes a totaD6fgbssible FS events. However, we could also first combine
loads of thread 2 with the 50 stores of thread 0. Afterwardsetare still 5 loads of thread 1 left which can be combinedth wit
stores of thread 2. This would results in a total of 210 FS &veh priori it is unclear in which order we have to combine
events to maximize>. The idea is now to combine large values first and to keep svahles as long as possible. Therefore,
we keep all possible combinations between different ttsegzen as long as possible. To accomplish this we sort thes load
and stores by their value in descending order. Afterwardstad to combine the largest values of different threads st

the vectors again if necessary. Note, that at most one eldmasrio be sorted after each step. Finally we might end up avith
situation where stores of more than one thread but no moudslaee left. In this case we combine stores of different tigsea
until only stores of a single thread are left. A formal prolét this algorithm really gives the maximum value forcan not

be given at the moment. Listing 1 outlines an algorithm inugecode which calculates the estimate for a single cohgrenc
block. At first ¢ is initialized with zero and the vectoisand s are sorted by size. Afterwards we iterate over these vectors
as long as there exist components in both vectors which amezam and represent memory references of different threads
The inner loops make sure that we test all possible combimatand check if the components denote references of ditfere
threads. If this is the case we combine these values and eifitiatvectors and the estimate. Afterwards we leave the inner
loops, sort the vectors and start probing at the beginninigotti vectors again. If no possible combinations are left taet s
combining left store operations by different threads. lis tase the order is no longer relevant.



Thread 0 Thread 1

Loads (0,2) (2,2) (4,2) (0,2) (2,2) (4,2)

Stores (0, 4) (6,2) (2,2) (4,2)

Fig. 1. Finding pairs of matching load and store operatidiie tuple(z,y) denotes the offset € X and sizey € Y of each memory reference.

E. True sharing

Now we derive an estimate for the upper bound of TS eventsntligiit occur given a best case sequence of operations. This
estimated may be useful to make a statement regarding the reliabifity @alculated according to (1). Again we assume
only two threads and no temporal order of the memory refeaento determine if two memory references might result in a
TS event we have to consider their size and offset. This meébne find a pair(sgﬁ,) [b], ZIZ) [b]) of references where # v
andu,v € 7 this might have been a TS event in reality. This processustilhited by Figure 1 for a single coherency block.
Two loads of thread 0 match with two stores of thread 1 in siz@ @ffset which we count as a total of four TS events. In a
similar way one load of thread 1 matches a store of thread @hikicounted as two TS events. The justification for doubling
the number of events is that for a given sequence of matchorg sind load operations an eviction of the modified line is
triggered when a value is loaded and the copy at the readevasidated when a value is modified againdlfurns out to be
more than an order of magnitude smaller thait is very likely that FS occurs, unless there are some tealpmumstraints in
reality which prevent FS at all. If on the other hafié: & holds then we can not make any statement regarding the ifigjiab
The estimateél[b] for a given coherency block € B can be calculated as follows:

ip=2-3% [min (sg;) [b], LY [b]) + min (5;3 [b], L) [b])} @)
reX yey
The inner term of the sums is very similar to+ 5 in (1), except for the added offsets and sizes. Since alieatore
operations of both threads can not serve the purpose of Heltaege, these are not considered as true sharing and ezéotiee
omitted in (2). It is possible to extend this estimate to mibv@n two threads in a very similar way as described in Section
II-D.

F. Combining the estimates for false and true sharing

The first estimate> for FS does not consider offset and size of memory referefidesrefore, it is not able to differentiate
between TS and FS at all. Now that we have an estimate for theuof TS events, it appears tempting to obtain a better
estimate

¢ =¢-0. (3)
Although this approach delivers astonishing exact redoltfirst tests as we will see in Section 1V-B, these might be enor
the result of coincidence. The general problem here is, ttatvalidity of the result completely depends on the unknown
sequence of memory references. Consider the example imeF&yun this case> = 0 holds wherefores’ vanishes. However,

Thread 0 Thread 1
Load [n|nfnfn[n|nfn[n| [n]n]n|nfn[nfn]n]
S 2 Y O 3 3 Y A E R

Fig. 2. Access pattern with unknown sequence might missigad

given this access patterns and the same numhrreferences to each cell we can also construct the worst seguence of
references. Therefor@ < ¢ < ¢ probably holds. Unfortunately we can not make any furthateshent about the true value
for ¢ without knowledge of the actual sequence of referencestpend. However, it is arguable if a meaningful real-world
application would produce an access pattern as given witlctgxthe same number of references and nevertheless @m®duc
a significant number of FS. For real-world scenarios suchcaess pattern is a very strong indication that both threaat& w
together on a common data set. Furthermore there are pyobatrle kind of synchronization mechanisms implemented to
avoid race conditions. Eventually detecting and handlivesé synchronization points might be the key to finally dedidy’
gives a meaningful result. This is an open question at the embm



G. Examples

We will now investigate some different access patterns af tireads and compare the values@fd and ¢’. Furthermore
we will discuss for each example wether the estimates reflbet we would expect from an application producing a similar
access pattern. For ease of notation we assume only a sirgf@m blockb € B and therefore omit the index. Furthermore
we consider only references within a single parallel sectio

1) Matching accesses of same size at one offset, Figure 3(a):

Thread 0 writes to the first positiom times while thread 1 loads this position just as often. Gigeoh an access pattern we
would expect TS, since size, offset and also the number afsses matches between threads. For example thread 0 might
store some kind of status value at this position which isquicially read by thread 1 and triggers some kind of action. A
synchronization between both threads is not obligatorg &stimates evaluate to

¢=2n, 0=2n, @ =0.

Given only the total numbers we cannot make any meaningétistent regarding the actual number of FS events. However,
by looking at the access pattern it is at once clear that th@menot be any FS. It is unsureff= @ is really fulfilled, but since
there is only a single class of loads and a corresponding dbstores FS can never happen. For this regsois probably
correct.

2) Matching accesses of same size at multiple offsets, é&ig(b):
This case is very similar to the first one but this time theeeraultiple offsets. From a real world application we wouldiag
expect TS. Synchronization is still not obligatory. Theirestes give:

¢=4n, 0=4n, § =0

The conservative result is probahfe= 4n since this time we can in fact construct a worst case sequehtss length.
Calculating the overhead with this estimate can easily teatie claim, the application would suffer from an overheddolw

is an order of magnitude higher than the total runtime of fhygliaation. On the other hand corresponds to what we expect
from a real world application producing this access pattelmwever, we can not know it for sure without knowing both the
sequence of accesses of each thread and their temporétaniag. Note that such an access pattern is far from optaweah

in case of TS. Assume that thread O writes the first positiban tthread 1 reads it, afterwards thread O writes the second
position which is also read from thread 1. Now thread O startarite to the first position again. This corresponds to @ rin
buffer of size 2. It would be more efficient to place both itemdlifferent cache lines to avoid frequent exchanges of the
cache line. However, detecting such a situation definitefjuires knowledge about the sequence of references and & ou
the scope of this report.

3) Multiple accesses to disjoint areas, Figure 3(c):

In this case two threads access disjoint areas of the sameoméiiock. Both load and store operations may happen. The
actual number of references per thread does not have anyiropahe qualitative statement of this example. For sinitglic

all positions are assumed to be accessdines (load and store). This gives the following values for estimates:

G=16n, =0, ¢ = 16n

Without knowledge of time it is not sure, if the FS estimates tight. However, since there cannot be any TS in this exampl
we know that this access pattern potentially leads to a vigly humber of FS events. Assuming the worst case is the best we
can do at this time. This access pattern is common for readdvapplications. Assume an array of si2éwhich is executed

in parallel by two threads. If the array element with ind&% is not located at the beginning of a cache line a similar Sina
would arise. However, there is only a single cache line &ffié@and only a small portion of the operations would be peréat

on the corresponding memory block. Therefore the overheeuried by FS will go to zero for sufficiently large arraysrFo
small arrays it would be severe. Both cases are perfectlyeteddy the estimates.

4) Multiple accesses to overlapping areas, Figure 3(d):

Assume that for some reason one thread only loads from a segué memory locations while another thread only writes to
another sequence of locations and that there exists anappéng section. Within this overlapping TS seems likelywéuwer,

FS can occur due to the disjoint parts. Given varying numleeferences for all three areas the estamites evaluate to:

@ =4m +6-min(l,n),  =4m, @ =6-min(l,n)
This time there is a difference betweenand ¢’ depending on the number of references. Without furtherrmétion we
cannot be sure which one is more applicable. However, magobifsets and sizes of memory references by different tterea
to the same code location are an indicator for TS. Therefpn@ay be more adequate for real world scenarios although this
is based only an assumption and easy to disprove by givingtab# sequence of memory references leading to this access
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Fig. 3. Different examples for access patterns.

pattern.

5) Access pattern of a ring buffer, Figure 3(e):

Form := n—1 this examples models the access pattern of a ring buffeeatht inserts elements into the buffer while Thread
0 extracts them. Given this example the buffer would cutyetntain three elements (offsets 3,4,5). To indicate & timg
buffer currently contains any elements a synchronizedabéeiis needed which might be located anywhere else in memory
Calculating the bounds gives:

@ = 2-min(3n + 5m, 6n + 2m)
= 6 - min(m,n) + 4m + 6n
= 16n—10, forn>1

0 = 6n + 4m + 6 - min(m, n)
= 16n—10, forn>1

o' =0

Which bound is tight depends now on the definition of FS. Stheering buffer definitely serves the purpose of data exchang
this example does not give any FS events according to ouritiigfinTherefore the outcome @f is tight. However, in terms

of avoiding frequent cache line exchanges it would be muchenadficient to either write elements in neighboring memory
blocks or to force the producer to complete a full cache linfole the consumer is allowed to read the first element. Given
such an implementatio@’ remains tight whilep would be the wrong choice.

6) Overlapping references of varying size, Figure 3(f):

Finally we consider an example with different access si2Zdthough there are matching operations which might result i
TS, there are tuples of load and store operations of diffesizes. For examples two different variables might be fesly
exchanged between two threads. The first one resides at 0ffshile the second one is located at offset 4. It depends en th
temporal order if this results in FS or not. The bounds evelte:

@ =300, © =300, ¢ =0

Assuming the worst casg is most likely an overestimation of FS events. However,rtgki’ is now likely an underestimation.
It depends on time again which estimate is better suited.

H. Problems in sharpening the approximation for false shari

Assume that the first five positions of a coherency block ast @is often read by thread 0 as written by thread 1. This
corresponds to Figure 3(d) where= m = n holds. The maximum number of TS events that can occé is 4n. However,

it is not sure that the overlap really indicates TS events.dxample thread 0 might readtimes from offset O while thread 1
writesn times to offset 3 which would result itw FS events. Depending on the remaining sequence of accassesrhber of

FS events might further increase. Therefore, the estiiasethe best possible estimate for this case which is definitetrect

but also very likely an overestimation. Of course it is als sure that FS occurred at all. For example all load operatio
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by thread 0 might happen before the first store of thread Oa® versa. However, we can not know this given only absolute
numbers of references without temporal context.
A possible approach to sharpéris to take the size and offset of references somehow intoustc@onsider again the situation
in Figure 3(f). We could construct a worst case sequence tdmiee FS with considering size and offset of access in two
ways:
1) At first thread O writes to offset O while thread 1 reads froffiset 1. This gived0 FS events and5 left store operations
at offset 0. Thread O continues to write to offset O while #urdl now loads from offset 4. This gives anoti9érFS
events and5 left loads at offset 4. Now thread 1 turns to load from offsetr@ thread 0 write to offset 4 which gives
another100 FS events and therefore a total 26f0 FS events.
2) Now we construct a slightly different sequence. Threadatts loading from offset 4 and thread 0 writing to offset 0.
This gives100 FS events. Afterwards thread O writes to offset 4 while trédoads from offset 0 and 1. This gives
110 FS events and therefore a total 20 FS events.
The example above shows that the sequence in which opesatiercombined does matter. Given more access size andspffset
possibly even more than two threads, this problem becomes mwre difficult. It might be some kind of combinatorial
optimization problem. So far we found no way to formalize precess of finding the worst case sequence with considering
access sizes and offsets even for only two threads.

I. Considering barriers

Barriers can be quite easily considered as long as theytaffethreads. Synchronization between a subset of threads ik muc
more difficult. For now we assume a numberpafrallel sectionsdefined as a code segment which can be executed in parallel
and independently by an arbitrary number of threads andhmsiencompassed by barriers. Anything discussed so fashold
within a single parallel section. Subsequent parallelisestcan be taken into account by introducing an indea the set of
coherency block# wheres denotes the parallel section. L&t= {0, 1,...,|S|—1} be the set of parallel sections afid the

set of coherency blocks which have been accessed withilosect S. We note that at most one FS (or TS) event can occur
between subsequent parallel sections. This happens whereaaccesses a memory block the first time within this section
which has been accessed by another core in the previousrsgetvided that no compulsary miss occurred in the meantime
The number of FS (TS) events between any secti@nd its subsequent sectient 1 is bounded above byB3; N B,11] if
s+1 € S and 0 otherwise. Estimatesandd considering multiple parallel sections can be expressed,tandd, per parallel
sections € S:

|S|—2

F=> @+ > [B;NBoy] 4)
seS s=0
|52

0= 0.+ > |BiNBuii (5)
SES s=0

Note that considering parallel sections is not necessamg ifire only interested i3’ because the influence of barriers vanishes
for this case.

J. Estimate of the performance impact

So far we were only concerned in giving an estimate for the bemof FS events. However, the absolute number is not
meaningful for a quick decision if the incurred overhead IS iE severe. For this reason we convert the absolute numbers
into a temporal overheadt by multiplying the corresponding estimate with the appnoie penalty per FS event. Let be

the overhead per FS event measured in clock cyclesfalnel the core frequency measured in Hz of the processors fahwhi
the overhead should be calculated. Given the most simplad@uhe overhead is given by

At:=2"T [Af]=s (6)
f

This also holds true fory’ but the calculated overhead might be an underestimationhfsrcase. There are two problems
regarding this calculation. First it might give a value whis larger than the total runtime of the application. Thibasically
the result of a possible overestimation of FS events. Sedhiglapproach assumes a fixed penalty per FS event which is in
general not true. The penalty depends on the processor betegen the FS event happens. Given a dual processor system
equipped with dual core processors where both cores shaymman L2 cache the penalty might be around 30 clock cycles
if the FS event occurs between cores on the same socket but 250 cycles if it occurs between cores on different sockets
This difference is almost an order of magnitude and makesetfporal estimate inaccurate. Since we cannot know on which
core a thread would be executed in reality there is no saluticthis problem. Therefore, the programmer is asked tolgupp
the core frequency and a penalty of a system, for which theheae should be calculated. If no penalty is given, a modest
penalty of 50 cycles is currently assumed.
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Thread 0 Thread 1 Thread 0 Thread 1 Thread 0 Thread 0 Thread 1 Thread 1

S I 1 T I s A I O I R B O I R B
| J
64 Byte 64 Byte 64 Byte
(a) Access pattern provoking FS (b) Access pattern avoiding FS

Fig. 4. Access patterns to provoke or avoid FS. The type oéscdepends on the selected mode.

IIl. CURRENT STATE OF IMPLEMENTATION

At this time the Valgrind tool Pluto is responsible only faollecting statistical information about memory referesicéhis

is done by logging the absolute number of refererﬁgé[bs], L&fé[bs] for each parallel section € S. To reduce the output
Pluto only logs coherency blocks which are accessed by at tae threads within a single parallel section. Note, ttdg t
makes it impossible to consider the boundary between phrsdictions as described in II-1 since sharing between lgaral
sections can also occur if a block has been accessed only mgle shread within a section. For this reason we currently
take the boundary between parallel sections not into a¢cshith might lower and @ at most by the number of blocks
accessed within a parallel section whijféremains exact. This has no influence at all on the examplesstied in Chapter IV
since these examples rely on a single parallel section dhky.logfile produced by Pluto is afterwards read by a parséchwh
allows to interactively display summaries about coherdnlogks and details of a single block including access matsies,
number of references by different threads and code positidrich caused the memory references. Furthermore it caésil
the estimates, § and¢’ and allows to order the coherency blocks according to thesEighates. By supplying the core speed
and penalty per FS event the total numbers can be converi@demporal penalty\¢.

IV. RESULTS

This chapter discusses first results of our appraoch. Ferphipose we created two benchmarks. The first one is symtheti
and specially designed to point out the overhead incurree$yThe second benchmarks calculates prime numbers amassuff
from FS after parallelization.

A. Synthetic false sharing benchmark

The synthetic FS benchmark is designed to trigger as muchvEfteas possible. Two threads traverse an array in 64 Byte
strides with 4 byte offset to each other. This is illustrabgdFigure 4(a). Thread 0 accesses an element of four bytesat of

0 while thread 1 accesses a value at offset 4 of the same dim@wArds both threads jump 64 byte ahead which corresponds
to the next cache line. The threads are pinned to processes.cbherefore, each core accesses a cache line exactly once
The type of access depends on the selected mode. Availatmkications for both threads are store/store, modify/mypodifd
store/load. This is repeated for a given number of iteratidrhe benchmark is designed in a way such that the number of
memory accesses per thread remains constant independéitig array size which makes the results easier to undetstan
To accomplish this the number of iterations is adapted dycealin. Since the number of memory references remains aohst
the estimatess and d are also constant. This is the reason why the overhead as bivéPluto reduces to a trivial case.
However, this benchmark can be used to determine the pegmaitiS event for a given system which can be passed to Pluto
to modify its preset default penalty. To obtain the overhisadiced by FS through measuring there exists a second vafian
this benchmarks which avoids FS at all by performing the saramory references on disjoint parts of the array as illtestra

in Figure 4(b). Note, that this doubles the total working. Setis does not matter as long as the processors executing the
benchmark do not have a common cache level, e.g. processated on different sockets. If they have a common caché leve
the results are only reliable up to half of the L2 cache sireesifor larger arrays capacity misses are inevitable. fRefoi
different access types are discussed below.

1) Store/Store:

We executed the benchmark with varying array sizes from 328 to 16MiB with FS enforced or avoided. The threads were
pinned to processor cores located on different socketshmvmakes the penalty per FS event very high. We did a total of
6,25- 107 memory references per run. For the FS estimate hplds1.25 - 10® events according to (1). The estimate given by
Pluto is slightly higher (around 5000 additional FS evestage both threads do not only access the working set butlsme a
synchronized at the end of the test loop by a barrier. Thistiaddl overhead is more than four orders of magnitude smnall
than the analytical estimate and therefore insignificaaot.this example we know that no TS can occur. In fgegvaluates

to zero for the given access pattern. Since the number of menaéerences is known exactly we can derive the number of
clock cycles per memory reference by using the wall clocketim

time needed for execution
c:= - core frequency [HZz]
number of memory references



12
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Fig. 5. Overhead per memory access incurred by FS for store/sperations, approximately corresponds to the pempatymemory reference.

The overhead incurred by FS per memory reference can belai@dwas delta betweenfor runs with and without FS since
we know that every memory access should trigger an FS evéetrdsults are illustrated in Figure 5(a). The continuos lin
denotes the overhead per memory reference in clock cyclesid& some fluctuations at very low array sizes we get an
almost constant overhead up two an array size of 4MiB. At pluit the L2 cache begins to fill up. The overhead reduces
significantly at a size of 8MiB and converges to zero for largeays. The reason for this consists in capacity missebeof t
last exclusive cache level per core. This means that a mddifiehe line of one core is likely to be evicted due to a capacit
miss before it is requested by the other core. The averagbeae between 128 byte and 2MiB lies around 150 clock cycles.
For lack of exact knowledge we will accept this as penaltyper FS event for now. This value is supplied to Pluto to trates!
the estimatey’ to a temporal overhead. Since the FS estimate is tight inekésnple and the axis of ordinates is given as
FS Overhead per memory reference in cycles Pluto’s outpubted by the dashed line results in a constant and reflects the
average penalty. per clock cycle as long as not capacity misses occur. Wheartlag size exceeds the L2 cache size Pluto’s
estimate still remains constant since we do not considefitiite cache size at the moment. To verify the results obthine
time measures we repeated the test and read the performameteis by using pfmon. Since the access pattern is idéntica
for both cores we measured the eveln®s LI NES _OUT: ANY andL1D_CACHE_ST: MESI of a single core with and without
FS. Afterwards we calculate ratio between L2 evictions dredtbtal number of memory references to the L1 cache
L2_LI NES_QUT: ANY

P*= L1D_CACHE_ST: MESI -
In this case F$ =~ 1 holds at array sizes smaller than the L2 cache. This proatsghch memory reference triggered an L2
eviction at the other core and vice versa. By calculatingdifierence between the ratios for a run with and without F8 an
multiplying the result with the estimated penalty we end uthwhe dashed line in Figure 5(a). This correlates veryalios
to the overhead measured using the wall clock method.
In a second test we pinned the threads to cores located omarte socket and with common L2 cache. The remaining setup is
the same as for the previous test. Figure 5(b) shows thetseJille continuos line denotes again the overhead as otithine
the wall clock approach. As the array size exceeds the Llecsize (32KiB) the overhead incurred by FS drops to zero withi
error of measurement. This is clear since modified caches lla@ be exchanged over the common L2 cache. The dashed line
shows again the estimate by Pluto for= 47 cycles which basically reflects the average overhead witienL1 cache. At
this point the importance of the penalty factorfor the given situation becomes clear. If Pluto uses the Ipeaa obtained by
the test on different sockets in this example the overheaddwvoe overestimated by approximately a factor3ofTherefore,
7. is a system dependent factor and must be supplied to Pluber@ise we have to accept inaccuracies induced by a preset
value for the penalty. This example also shows the deperdehES on the cache size. These must not be to neglect at least
for such regular access patterns. At the moment it is unknbwis is also a problem for real-world applications.

2) Modify/Modify:

The setup remains the same as for store/store but modifiriptjes a load and a subsequent store operation. The number of
memory references per thread is therefore doubled. How#vierno longer possible that each memory reference causes a
FS event. Therefore, the penalty per memory reference datelomger reflect the penalty per FS event like in the stovedst
example. The results for cores located on different sock&tgiven in Figure 6(a). Since the result of Pluto would slagain

a constant at approximately the supplied vatydt is omitted. It is more interesting here to investigate trealty per FS
event. The overhead per memory reference obtained by tHeclwek method is shown by the continuous line in Figure 6(a).
The drop at arrays between 256 and 1024 byte can not be eagldinwe foresee this unclarity the average overhead lies
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Fig. 6. Overhead per memory access due to FS for modify/magierations.

Array size | L2_LI NES_OUT L1D_CACHE LD MESI L1D CACHE ST: NESI P

128 byte 61026929 3953976 62506207  0.92
256 byte 60724640 513642 62505377 0.96
512 byte 61162812 30499 62505876 0.98
1 KiB 74028725 902592 62506186 1.17
2 KiB 64464253 62520950 62506394  0.52
4 KiB 90907380 62533226 62553776 0.3
8 KiB 68582463 62622073 62503795  0.55
16 KiB 67296598 62519515 62503674 0.54
32 KiB 63709466 62756873 62548383  0.51
64 KiB 62453320 62512661 62503606  0.50
128 KiB 62461257 62509556 62510108  0.50
256 KiB 62300115 62510897 62500891  0.50
512 KiB 62567948 62508593 62500484  0.50
1 MiB 62572242 62553786 62492705  0.50
2 MiB 62577268 63477663 62492537  0.50

Table 1: Detailed results of the performance counters. &gel arrays the ratio is no longer meaningful since capawisses occur.

around 125 cycles per memory reference and is about the saufioe the store/store variant. However, our assumptionas th
this time only every second memory reference causes an K. dveerefore, the penalty per FS event would be approximate
the double and lie around 250 cycles. To proove this assompte read again the performance counters using pfmon. The
counterL2_LI NES_QOUT: ANY gives again the number of FS events assumed that no capasggsioccur. The total number

of memory references is obtained by th&D CACHE LD: MESI plus L1D CACHE_ST: MESI . Again we can derive the
ratio

. L2_LI NES_QOUT: ANY
"= L1D_CACHE_LD: MESI + L1D_CACHE_ST: NESI |
between FS and memory references. The results are showrbia TaThis time the value is considerable smaller than 1
except for array sizes between 256 and 1024 bytes. For siaging at 64KiB the ratio is exactly one half which means
that an FS event occurs only every second memory referecdafger arrays capacity misses occur which is why the delta
of L2 evictions between the versions with and without FS htavbe considered. By doing this the ratio drops to zero very
quickly (o0 = 0.07 for 8MiB) which means that no more FS occurs. This proofs msueption and gives a penalty per FS
event of . = 250 cycles. By multiplying the ratios given in Table 1 with thialue we end up with a close approximation
of the overhead obtained by the wall clock approach. Coresgityuthe penalty not only depends on the cores involved into
an FS event but also on the operations performed. Our asgnmptthat a single store operation to a cache line can be
buffered somewhere within a processor provided that tlieesioes not depend on a value in the same cache line. This way
the processors would be able to process the next store bf@nerevious one has been written back in the store/stoe cas
Modifying a value however causes a stall until the value hesnbloaded. Therefore, the FS penalty becomes completely
visible. This result makes it even more difficult to choose tiorrect value for. which now ranges anywhere between 50
and 250 clock cycles for our test system.
For comparison only Figure 6(b) shows the penalty per memefgrence for cores with a common L2 cache. The average
penalty adds up to 23 cycles per memory reference. Readmgedhformance counters gives similar results as for cores on
different sockets wherefore the penalty per FS event agesnaround 50 clock cycles.
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Fig. 7. Time and overhead per prime test.

(...
int chunk = 1;
#pragma onp paral l el shared(chunk) private(i,nmask, tnp,id)

#pragma onp for schedul e(static, chunk) nowait
for( i=2; i<N, i++) {
tmp = 2xi;
while( tnmp < max_size ) {
mask = 128 >> ( tnp %8 );
ptr[ tnp/8 ] |= nask;
tnp +=i;

Listing 2. Parallelized loop of the prime sieve

B. Prime Sieve

The second test application is a prime sieve according ttoEftzenes. It is based on the idea to calculate all multipfes

n € {2,3,...,N} for a given upper boundv and to mark all numbers which are a multiple of another onethatend all
numbers which are not marked are prime. We implemented the basic variant of this algorithm by using a bit array which
represents the numbers to test. The single threaded vestais at2 and marks all multiples up t&v within the array by
setting the corresponding positions to 1. Afterwards ittstaver again with 3 and so on. At the end all bits represgntin
non-prime numbers are set. The implementation consistssofgde loop which can easily be parallelized using OpenMfe (s
Listing 2). We used a static parallelization to avoid anyrbead induced by task assignment. The chunk size is set to 1 to
ensure a tight interleaving between threads. This makesessnce otherwise OpenMP would divide the loop anywhereratto
N/2 which would lead to an unequal load balancing (there are femdtiples smaller thanV for a large number than for
small numbers). In this case we pinned the threads to cocaseld on different sockets again. Figure 7(a) shows theageer
time per prime test measured in clock cycles for a given asizg. Since the algorithm has no linear complexity the tirae p
prime test increases for larger numbers. Parallelizatils for array sizes up to 8MiB which is double the size of th2 L
cache. This is explained by the irregular access patterheoéilgorithm. The stride sizes increase with the numbetsdend

the latter part of the array is accessed more frequent thafotimer part, e.g. the first cache line is never accessed affer

the first 512 numbers have been processed (64 byte timesraightbers per byte). The continuos line in Figure 7(b) shows
the difference between the dual and single thread variathttlaerefore the overhead induced by parallelization. Theheld
and dotted lines indicate the FS estimgteand ¢’ as given by Pluto. To translate the estimates into a temparaext we
used an estimated FS penalty @f = 250 cycles per event which is the highest average penalty for $8btained by the
synthetic benchmark. This value was obtained by the syisthenchmark where each thread modified the value in memory.
Obviously ¢ overestimates the penalty by more than an order of magnit(des is clear for two reasons. First, modifying
values involves reading and writing and therefore a pattéraubsequent loads and stores for each thread. The estifnate
assumes the worst case since it does not know the sequenefei@ices. Second, the access pattern is not strictly séaue
The stride sizes vary which is why not every modify result&ifS event even for small array sizes. The result as given by
¢’ is much more accurate. However, this result must be sednatrior the reasons mentioned in Section II-F. Furthermore

2The slope of3 is roughly linear for array sizes greater than 256KiB, nqianential as one could assume by looking at the section inr&ig(b).
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¢’ would also overestimate the penalty as the array size exdbedL2 cache size since the cache size is not yet considered
by Pluto.

V. CONCLUSION AND FUTURE WORK

This report showed a new approach to detect and quantifg &ilaring effects. A formal model without temporal conteasw
presented. Using this model a worst case estimate for fakéng and a best case estimate for true sharing were defihede
estimates were used to quantify false sharing. Since thpsoaph does not rely on hardware support or precise sironliti

is widely independent from hardware. It can also be exterdaéflect distributed shared memory systems.

The most severe problem we encountered is the lack of terhpdoamation about the sequence of memory references.
Although the sequence of a single thread can be obtaineddtyimentation the problem of deriving meaningful estirmate
affordable time remains open. Without temporal informatibe estimate for false sharing turned out to be very inateur
An approac to sharpen the estimate is to take the possibldeuof true sharings into account. Although this led to good
results in a first test we definitely have no longer and esgnofitan upper bound for false sharing since it is easy to digpro
the result by a counter example. Nevertheless this appnmashturn out to be useful for a variety of real-world applicas
and should therefore not be discarded. Another possiliditgharpen the bounds may be to merge subsequent references t
the same cache line. This reflects the abilities of most atipeocessors and would dampen the estimates for some types o
access patterns. Our original assumption that the cackedsigs not matter since false sharing would concentrate omal s
number of frequently accessed memory blocks could not berefl so far. In contrast, the results for both examples turne
out to be large overestimations for large working sets beeaapacity misses prevented false sharing in reality. eftie,

we plan to counter this problem by using the reuse distankef[Biemory blocks to dampen the estimates on large working
sets which exceed the last level cache size. Further igatigins regarding thread synchronization are necessaryedly we
support only barriers by making minor modifications to therse code of an application under test. Methods for autodnize
detection of barriers is planned. Supporting partial syastzation between threads requires further investigatio

Finally the question remains open, if false sharing is yeallproblem for real-world applications. Although syntlketir
deliberately bad written applications can show the poss#ffect of false sharing it is unknown how many real-world
applications are affected. For lack of reliable mechanismsletect false sharing, results of our approach are diffimul
validate for all but self-written applications with simpdecess patterns.

VI. DOCUMENTATION

This Chapter is meant as supplement for the comments ceutdm the source code to help others understanding the
implementation faster. It is not a complete API reference dutlines the most important data structures and the ways in
which they are accessed and modified. Please note that bathatiee only meant to be a proof of concept and therefore in an
experimental stage.

A. Pluto

Pluto is responsible to intercept any memory reference rbgicin application and to log statistical information. It isled on
Lackey another Valgrind tool which also collects statisticalamhation about memory references. However, Pluto is istede
in references to data on a more granular level than Lackelhis.reader is supposed to be basically familiar with Valgyrin

1) Instrumentation routine:

Any new basic block is passed to the instrumentation routingllow Pluto to insert calls to its logging mechanism. We ar
only interested into memory reference to data, not insiwast This is based on the assumption that code is not modified
runtime and code is not stored within the same coherencykbdscdata. This results only in load operations on the given
memory blocks which is why FS can not occur in this case. Thegewe do not insert calls to logging functions when a
new instruction is loaded. The routine which decides if d talthe logging mechanism should be inserted is outlined in
Listing 3. In case that the current statememnt marks the beginning of an instruction we save the instracéiddress in a
local variable. This is passed later on to the logging fuomgiand finally used to obtain the code position of this irtsion if
debug information is available. In case of data load or sawents calls to the corresponding logging functions areries.
The instruction address is passed on to these functionshigeith the size of the memory reference and its addresss. Th
address can be used to obtain the start address of a memakydid the offset of the memory reference. The thread ID is
not known yet. It is determined by the logging function on flye

2) Data structure for statistics:

To store statistics about each coherency block the loggingtions use a two level hash map as depicted in Figure 8. An
instance ofstruct CBI ock represents a coherency block within a single parallel gecfrhe key used to address this
element within the hash map is the start address of this eabgrblock within memory. The size &@Mér d depends on the
platform (32/64bit). Each instance et ruct CBl ock contains another hash table where information about acdasses
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|
switch (st->tag) {
case |st_I Mark:
addSt nt Tol RSB( sbQut, st );
ins_addr = nkl RExpr_HWord( (HWord)st->Ist.|Mrk.addr );
break;

case |st_WTnp:
addSt nt Tol RSB( sbQut, st );
data = st->|st. W Tnp. dat a;
if (data->tag == lex_Load) {
addEvent _Dr( sbQut, data->lex.Load. addr, sizeofl RType(data->lex.Load.ty), ins_addr );
}

br eak;

case |st_Store:
data = st->|st.Store. data;
addEvent _DW sbQut, st->Ist.Store.addr, sizeoflRType(typeX | RExpr(tyenv, data)), ins_addr );
addSt nt Tol RSB( sbQut, st );
br eak;

case Ist_Dirty:
di = st->Ist.Dirty.details;
if( di->nFx = 1fx_None ) {
tl_assert(di->mAddr != NULL);
tl _assert(di->nSize != 0);
if( di->nFx == Ifx_Read || di->nFx == Ifx_Mdify || di->nFx == Ifx_Wite) {
tl _assert(0);

}
addSt nt Tol RSB( sbQut, st );
br eak;

case |st_Exit:
flushEvent s(sbQut);
addSt nt Tol RSB( sbQut, st );
br eak;

Listing 3. Instrumentation routine

( struct CBlock ) p ~
struct CBlockStat
struct _VgHashNode *next;
UWord key; UWord key;
Ulint offset;
Ulnt size;
VgHashTable stats; < uint tid:
L ) char op;

Addr ins_addr;
ULong count;

. v

Fig. 8. Hierarchy of hash maps used to log information aboeinary references

to this block are stored. An access class is identified by adegived from a string containing the instruction addressctvh
contains

« the instruction address which caused the memory reference,

« the size and offset of the memory reference,

« the thread which executed the instruction

« and the type of memory reference (load or store)
in this order. The string is hashed by Robert Sedgwick’s ¢ithms in C) hashing function [1]. Other hash functions are
ready to use if necessary. The key size is currently 32biaflosystems but can easily be extended to 64bit. The elenaénts
this second hash table are instancestif uct CBI ockSt at which essentially stores the number of references of tigie ty
as well as the attributes mentioned above.

3) Logging mechanism:
The logging mechanisms for load and store operations wotkénsame way:
1) Calculate start address of the affected coherency blkek for theCBI ock hash map) and the offset of this access.
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2) Decide if the access spans one or two coherency bldckshe access spans two coherency blocks it is split into two
different accesses each covering only one block.

3) Lookup the affected block in théBl ock map and create it if it does not exist yet.

4) Determine the ID of the thread which is currently running.

5) Create the hash key for the statistics map of this block.

6) Search for a similar memory reference in the statisticp.rfahere is no entry, create a new instanceCBf ock St at
and insert it into the statistics map.

7) Increment the counter for this class of references.

8) Repeat these steps 3) to 7) for a second block if the acpass snore than one block.

4) Considering batrriers:

Barriers are currently not recognized automatically.dadt Pluto relies on client requests to be notified aboutdrarriThese
client requests are inserted into the application undertefore and after a parallel section. When a thread exetiweslient
request it tells Pluto its thread ID and if it encountered asged a barrier. Additionally Pluto keeps track of threashtion
and therefore knows the number and IDs of all threads cuyreahning. Using this information Pluto can determine if al
threads have reached a barrier as follows:

1) When a thread executes a client requests and tells Platattreached a barrier, Pluto sets a flag for this thread.

2) Every time a thread reaches a barrier, Pluto checks ihedlatds currently running reached this barrier by checkiedy t
flags. If all threads reached the barrier Pluto initiates ahflaf its logging buffers to write the statistics for this giéel
section to file. Afterwards Pluto clears its hash tables ameghgres for a new parallel sections.

3) When a thread executes a client request and tells Plutdtthassed a barrier Pluto immediately checks if the barrier
flags of all threads are set. If this is the case, the threarkitly passing the barrier is the first one which executes
code after the barrier. In this case Pluto clears the baflegs of all threads. If the barrier flag for at least one thread
was not set, the thread currently passing the barrier d&llitbfore another thread reached the barrier. Thereforty Plu
knows that partial synchronization between threads hagpband prints a warning about this event.

The mechanism described above is implemented by means dbitwoasks supporting a total of 63 threads (thread ID 0O is
reserved). The masks are initialized with zero. For eackatthicreated the bit number corresponding to its thread IBtisos

1. If a barrier is reached, the bit position of the thread Whieached the barrier is set to one. Therefore, the checkeeed
to simple logical operations performed on these two bit rmask

5) Flushing the log buffers:

The log buffers are flushed if a new parallel section begintherguest application terminated. In both cases Plutotéera
over the coherency blocks and all statistical entries withis block. The statistics per block are sorted by threadviich
simplifies the work of the parser later on. While iteratingepthe statistical entries Pluto determines if this block baen
accessed by at least two threads. Only if this is true, thekbie considered interesting and written to file. At this tithe
address of the instruction which caused the reference isidered again and translated to a code position (file namédirzend
number) if possible. After the information has been writterfile the hash maps are destroyed. Note that filtering memory
blocks at this point disallows for considering sharing @égdretween parallel sections as described in II-1. Skippirg check
and writing all data to file is possible without requiring nifachtions of the parser. Adapting the parser is only neacgs$a

it must support sharing events between parallel sections.

6) Output file format:
The output file is plaintext and is organized as follows:

(...)

na,1,37,1,1,1

na,1,37,1,1,1

[ 6299648]

na, 0,32,8,s,1

na, 0,0,8,s,1

na,1,32,8,1,2

[6299776]

er at ost henes. c: 78, 0, 40, 8,1, 2759
erat ost henes. c: 78, 1, 40, 8, |, 2447
(...)

Listing 4. Example for the output format of Pluto

The delimiter==== is used to separate parallel sections. A new coherency lioidicated by its address in decimal form
enclosed by brackets. Afterwards each statement des@ibkess of memory references in the order code positionadhii@,
offset, access size, type and count. If no debug informdtare been available at runtime the code position is seiato

3Note that in case of 64bit systems a single memory referemnenever span more than two cache lines. This is why we clyrenty support 64bit
systems. In case of 32bit systems a memory reference mayder and therefore need special handling.
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( CBlock h

( Parser )
map<int, ULong> thread_loads;

vector< map<ULong, CBlock *> *> section_vector o> | map<int, ULong> thread_stores;

set<int> threads;
ULong fs_estimate;
void import(); ULong ts_estimate;
vector< CBlockinfo *> * get_section_join_cblock_info() —<>| map<unsigned int, MemAccessSet *> access_sets;
void print_summary();
void print_cblock_masks();

ULong get_fs_estimate() const;
~ - ULong update_ts_estimate();

ULong get_ts_estimate() const;
ULong get_ts_fs_delta() const;

L v,
( M emA coessSet )
s : R
Cli int tid;
—<> Parser *parser; :2: gifise?t;
ULong fs_penalty; int key;
ULong core_speed; v g
int delta; ch_ar T
5 string codepos;
ULong count;
()
L J (--)

& J

Fig. 9. Class hierarchy of the parser

B. Output parser

The parser is responsible to read the log file of Pluto and koulze the estimates. Basically this could be done by Pluto
However, doing it within Pluto has two drawbacks. First, bwld require to re-run Pluto each time an option changes, e.g
the penalty per FS event or the core speed. Second, the peaely relies on hash maps, vectors and sets as provided by
the C++ Standard Template Library (STL). For these reasamsl@cided to use an external parser. The parser reads the log
file and builds a data structure similar to the two-level hasip used by Pluto. Afterwards it shows a small command line
and waits for further commands. After receiving a commaniteitates over this data structure and collects the infaomat
necessary to calculate the estimates for TS and FS.

1) Command line reference:
The parser is started by supplying the logfile to analyze aglesiargument. Afterwards the parser automatically ingptre
file prompts for further commands. Possible commands are:

o set corespeed <val ue>
Specify the core speed in MHz. This value is needed to comlreréstimates to an overhead in milliseconds. If this value
is not given, the parser omits the temporal overhead andspomy the estimates.
o set penalty <val ue>
Specify the penalty per FS event in clock cycles. The defallie is 50.
o set delta <val ue>
Specify if the temporal estimate should be calculated bypgigi or ¢'. The default is 0 which corresponds ¢o Set it
to 1 to usep’. Output of multiple coherency blocks is ordered accordimghe active estimate.
e show sumary <val ue>
Print a list of coherency blocks ordered by eithieor ¢’ dependent on the current value for delta.
o show cbl ock <address>
Print details about a specific coherency blocks, includtagaccess masks and code positons of references. The address
must be given as hex value with leadifilg as given by the summary.

2) Class hierarchy and data structure:

The most relevant section of the class hierarchy is showrigarE 9. Note that the class description is limited to the tmos
relevant members. An instance of cld®ar ser is created by the main method. Afterwards the parser imgbhgdog file.

For each parallel section a new hash map is created whichsteile the coherency blocks. The hash maps are organized in
a vector whose length corresponds to the number of parat@ions encountered during import. The section maps aontai
pointers to instances of cla€Bl ock. Within this class most of the logic is concentrated. Thealdest hr ead_| oads and

t hr ead_st or es correspond td.(*) and.S® and are used to calculafewhich is stored irf s_est i mat e. Basically these
variables are shortcuts which are created and updated &sgifiike is parsed. All information could also be derived wheis
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needed from the access classes. These are stored in the dpalccess_set s which corresponds tL, 5};.‘2, for the given
block. The associative containehr eads contains the thread IDs of all threads which accessed tliereocy block and is
used to iterate over tuples of threads during calculatiothefestimates. After the import is complete an instanceagsell i

is created to which the parser instance is connected. Adielsvcontrol is passed to the command line interface whidtswa
for user input. At this point all coherency blocks within baection yield valid entries fap andd. However, the information

is still spread over multiple sections. Listing the cohesehlocks triggers ther i nt _summar y() member method of the
parser. This in turn triggers a sequence of actions to mérgeénformation of all sections into temporary variables éaich
coherency block calle@Bl ockl nf 0. This is done to preserve the information of the originatanses for further analyzes.
Afterwards the temporary vector of info elements is sortgdsbor ¢’ and printed on screen. In a similar way investigating a
specific coherency block triggers tipe i nt _cbl ock_masks() member which collects the necessary information for the
given block over all sections, creates the access masks ramd the output. At any time the section vector remains a rea
only copy of data and should never be modified.
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