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Abstract tion, so that the application is able to take advantage of the
overall cache capacity.

We propose to modify a conventional single-chip multi-  The remainder of this paper is organized as follows. Sec-
core so that a sequential program can migrate from one core tion 2 describes the machine model assumed in this study.
to another automatically during execution. The goal of ex- Section 3 introduces traffinity algorithm a method for de-
ecution migration is to take advantage of the overall on- ciding when and where to migrate. Section 4 presents simu-
chip cache capacity. We introduce the affinity algorithm, a lation resu_lts on the SPEC2000 _and Oldgn benchmarks. Fi-
method for distributing cache lines automatically on several nally, Section 5 relates our solution to prior work, and Sec-
caches. We show that on working-sets exhibiting a propertytion 6 concludes this study.
callec! “sp'littability", it is possible to trade_ cache misses 2 Machine model
for migrations. Our experimental results indicate that the : i o o
proposed method has a potential for improving the perfor- ~ We defineexecution migratioras the possibility, on a

mance of certain sequential programs, without degrading Multi-core processor, to migrate the execution of a sequen-
significantly the performance of others. tial program quickly from one core to another. We assume

that execution migration is possible only when the proces-
sor is inmigration modei.e., only a single task is running
1. Introduction on the machine. The migration mode could also be decided
. by the operating system based on process priority. How-
In the recent years, the number of cache levels integratecever, this is a separate problem, which we do not address
on high-performance processor chips has increased from Jn this study. We assume that all the cores are available for
level to 2 levels, now 3 levels of on-chip caches. By taking one application. The multi-core configuration we consider
advantage of the density of integration and bringing a lot of in this study is depicted on Figure 1. Each core has level-1
cache capacity in the close vicinity of the execution core, it (1) data and instructions caches and a unified level-2 (L2)
is possible to decrease the average memory access latenc¥ache. The level-3 (L3) cache is shared by all the cores.
However, for a given technology, there is a limitinherent to \We aim to distribute the working-set of an application onto
the two-dimensional chip layout. The cache levels closer to the L2 caches so as to benefit from the overall L2 capac-
the core have a small capacity and a small access latencyity, while keeping the latency of a local L2 hit. At a given
whereas peripheral levels have a larger capacity but also aime, only a single core, thactivecore, is executing instruc-
longer access latency. One could call this the “cache-wall” tions. It might be possible to save power on inactive cores by
problem, by analogy with the so-called “memory-wall”. We powering down parts that are not used (e.g., the instruction
proposeexecution migratioras a possible answer. Our ap- pipeline). However this study considers performance only,
proach is based on the assumption that future processorgot power consumption. We assume that all inactive cores
will be multi-cores [10, 12]. Some commercial multi-cores are powered on, in particular the retirement unit, architec-

are already available, e.g., the IBM Power4 [19], featuring 2 tural registers, TLBs, caches, branch prediction tables, and,
execution cores on the same chip. As it becomes difficult to more generally, all the tables holding architectural or mi-

exploit higher degrees of instruction-level parallelism, high- croarchitectural program state.
performance processors now try to exploit task-level paral-
lelism. Putting several execution cores on the same chip is &2-1- €aches

possible way to achieve this. However, it is important fora  We assume that the L1 data cache (DL1) is write-through
general purpose multi-core to offer good performance when(as in the IBM Power4 [19]), non write-allocate. We do not
a single sequential task is presented to it. From the point ofmaintain the inclusion of L1 in L2. To facilitate snooping,
view of a sequential program running on one core, the cacheone could maintain the inclusion of the L1 caches into all
capacity available on other cores is wasted. We propose tahe L2 caches considered as a whole. However in this study,
modify a conventional multi-core to allow a sequential ap- we assumed that the L1 tags were simply replicated, as in
plication to migrate from one core to another during execu- [4]. We assume a write-back, write-allocate L2. Because we
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Figure 1. Example of 4-core processor with migra-
tion mode enabled.

do not force the inclusion of L1 into L2 when in migration
mode, write allocation in L2 may be triggered even upon
DL1 hits. Multiple copies of a line may be replicated on

several cores. However, when in migration mode, cache co-

transition PC, i.e., the PC of the instruction followifig

The I-fetch unit returns the transition PC to the migration
controller. The migration controller forwards the transition
PC to the I-fetch unit of X2, and X2 starts fetching instruc-
tions. While pipeline X1 is draining, instructions following
T progress in pipeline X2. However, the issue stage of X2
remains blocked so that instructions in X2 cannot execute
beforeT retires. This is for ensuring that, when instructions
execute on X2, the architectural state is up-to-date. Ghce
is retired, X2 becomes the new active core.

An event requiring to redirect the control flow, like a
branch mispredict, may occur while X1 is draining (i.e.,
after setting the transition point). In this case, instructions
in X1 after the branch mispredict are flushed, as usual, but
the I-fetch unit of X1 remains blocked. The mispredicted
branch becomes the new transition point. Pipeline X2 is
flushed, and the new PC is sent to the I-fetch unit of X2.

2.3. Program state maintenance
In order to minimize the migration penalty, the architec-

herence is maintained differently from normal mode. Upon tural and microarchitectural program states are updated con-

writing a L2 line on the active core, thmodifiedbit is

set, as usual, but copies of that line on inactive cores (“in-

active lines”) are not invalidated. Instead, tmedifiedbit
on inactive L2 lines is reset, and inactive L2 lines remain

valid. Consequently, at most a single copy of the line can be

markedmodifiedat any time. The content of inactive lines is
maintained coherent via a dedicatgutiate bugsee Section

2.3). There is a delay for updating the copies, and the most e

up-to-date copy is the one marketbdified When a line is
evicted from L2, it is written back to L3 only if itenodi-
fiedbit is set. A line markednodifiedmay be forwarded to

another core upon request (L2-to-L2 miss). In that case, the

line is simultaneously written back into L3, and thmdi-
fiedbit is reset. A L2 line whichmodifiedbit is not set can

be used only by the local core. It cannot be forwarded to an-

other core, and must be re-fetched from L3.

Throughout this study, we do not distinguish between
L2-to-L2 misses and L3 hits. In other words, we assume

that the L2-to-L2 miss penalty is roughly equivalent to a
L2-miss/L3-hit penalty. Though this may be wrong for a
particular technology or implementatiohyve believe this

is a fair assumption.

2.2. Performing a migration

The decision to migrate the execution is taken byrttie
gration controller The migration controller monitors all the

L1-miss requests issued from the active processor, and it

tinuously. Each instruction retiring from the active core is
broadcast to inactive cores :

o If the instruction writes in a register, we broadcast the
logical register number and the value : each inactive
core writes the value in its local copy of the architec-
tural register file.

If the instruction is a store, we broadcast the store ad-
dress and value : each inactive core writes the value in
its local L1 and L2 cacha$the cache line is present

e If the instruction explicitly modifies the TLB content
we broadcast the TLB-modifying instruction so that
the update is replicated on all inactive TLBs. For archi-
tectures with hardware-managed TLBs, the TLB en-
gine must be able to update inactive TLBs.

e [f the instruction is marked as a transition instruction,
it also unlocks the issue stage.

We assume that there is a dedicatpdate bugor broad-
casting retired instructions. At a given time, only the active
core is writing on the bus. The retirement unit of each inac-
tive core monitors the bus and “retires” the instructions (al-
most) as if they had been executed on the inactive core. The
update bus is conceptually depicted on Figure 1. An actual
implementation, for example, could be a pipelined ring.

It should be noted that we have implicitly assumed that

bases its decisions on current and past requests. When théere is an architectural register file that is written at retire-
controller decides to migrate the execution from core X1 ment. This is the case for in-order issue processors (e.g.,
to core X2, it sends an interrupt request to the I-fetch unit Sun Ultrasparc, Intel Itanium), or for certain out-of-order is-
of X1. Upon receiving an interrupt request, the I-fetch unit Sue microarchitectures (e.g., HP PA-8x00, Intel P6). Some
stops fetching instructions and sets a transition point. Set-processors, on the other hand, merge the architectural and
ting a transition point consists in choosing an instruction rename registers in a single physical register file (e.g., MIPS
(preferably the one that was fetched the latest), marking thisR10000, Alpha 21264) [17]. These processors should be
instruction as the transition instructidh and recording the ~ modified so that the active retirement unit is able to broad-
cast register values. This can be done either by having ex-
1 Accessing a remote cache may take longer than accessing a sharelf@ read ports on the physical register file, or by storing val-
cache level [4]. On the other hand, if there is a direct access to re- ues redundantly in a duplicate physical register file which
mote caches, a cache-to-cache miss might be faster. read ports are accessed at retirement.




L1 caches.When a line is brought into the active L1 upon of the overall cache capacity, while having as few migra-
a L1 miss, the line is broadcast to all the inactive L1 cachestions as possible ?
through the shared L2-L3 bus. This way, when execution 5 ; Partitioning a working-set
migrates to another core, the L1 miss frequency is the same
as if execution had not migrated. Because DL1 caches are The problem we are trying to solve may be viewed as
write-through, there is no write-back traffic from inactive a graph partitioning problem [13]. Let us consider a graph
L1 caches? which nodes are the static cache lines constituting the pro-
. . . . gram working-set. An edge from line A to line B means
Branch predictor. In order to train inactive branch predic- {4t line B may be referenced just after line A, the edge be-
tors, branch instructions are broadcast on the update bu$ng weighted with its frequency of occurrence. The 2-way
at retirement. The branch instruction at retirement CO”_SiStSpartitioning problem (a.k.a. graph bisection or graph bipar-
mainly of the branch address and branch outcome (diréc+tinning) consists in splitting the set of nodes in two subsets
tion and targe). It may require to implement a specific path 4f the same size, while minimizing the cut size, which, in
from the retirement unit to the branch predictor, so that in- o,r nroblem, is the frequency of transitions from one subset
active cores can update their branch predictor (some procesy, the other. This problem is NP-hard [9]. Several heuris-
sors update the branch predictor tables in the execute stagg)cs gre known [1], but they are not suitable for an imple-

Update bus bandwidth requirement. The bandwidth re- ~ mentation in hardware. Our problem is specific. We want a
quirement on the update bus is proportional to the retire- hardware mechanism that learns the program behavior au-
ment bandwidth. For example, let us assume that the actomatically. We are not relying on information from the pro-
tive core can retire 4 instructions per cycle, but only a sin- grammer or the compiler. So we are looking for an online
gle store and a single branch. We should broadcast 4 reg@lgorithm, simple enough to be implemented in hardware.
ister identifiers (e.g., 6-bit register identifiers), four 64-bit However, unlike classical graph partitioning problems, we
values, one 64-bit store address, one branch address, plus@ Nnot need an optimal partitioning, but one that is good
few bits for identifying the instruction type. The branch ad- €nough that the frequency of transitions from one subset to
dress is used only for updating the branch predictor, so itthe other is small, say less than 1 transition every 100 L1
does not need to be a full 64 bit address. Let us assume thafisses. If the working-set behavior does not make it possi-
we send only the 16 low-order bits of the branch address.ble (€.g., because lines are referenced in random order), we
With these assumptions, the bandwidth requirement is ap-do not care about finding an optimal partitioning.

proximately 45 bytes per cycle. 3.2. The affinity algorithm

2.4. Migration penalty The algorithm we propose does not require maintaining
a graph representation of the working-set. It is based on a
quantity which we calaffinity. At time ¢, the affinity A, (¢)

#s a signed integer value associated with each element

the working-set (i.e., each cache line). Our goal is to split a
working-set in two subsets of equal size : elements with a

The basic idea explored in this paper consists in trading
migrations for L2 hits. The trade-off depends on the rela-
tive penalties of migrations and L3 accesses. The penalty o
a migration from X1 to X2 corresponds approximately to
the number of cycles between the retirement of the transi-"" - """ - . . .
tion instructionT on X1 and the retirement of the instruc- POSitive affinity define one subset, elements with a negative
tion following T on X2. We assume that is the instruc-  affinity define the other subset.
tion that was fetched the latest on X1 when X1 receives thePrinciple. Let S be the working-set. LeR € S be then
interrupt signal from the migration controller. For simplic- elements ofS that have been referenced the most recently,
ity, we also assume that the delay for transmitting the transi-n, = |R| being a fixed parameter. We define the affinity
tion PC from X1 to X2 equals the delay for broadcasting the of R as
transition instruction on the update bus. With these assump-
tions, the migration penalty corresponds to the number of Ag(t) = Z Al(t)
cycles for broadcasting@ on the update bus plus the num-
ber of pipeline stages from the issue stage to retirement. - ) o

The relative penalty?,,;, of a migration compared with ~ Initially, A.(t.) = 0 at timet, when an element is first
a L2_m|sle3_h|t depends on many parameters . techno|ogy'referenced._ T|me|s |ncremented on eaCh reference. We up—
microarchitecture, application, ... We make no assumptiondate the affinity as follows. For afl € S,
on the value ofP,,;, in this study, butP,,;; > 1.

eER

3. The migration controller At+1) _{ ﬁﬁgfiiiﬁgﬁﬁg% :;Eég (1)

What constitutes the core of the problem can be stated as
f_ollows : hoyv to distribute the working-set of an applica- with the sign function being defined as
tion automatically on several caches so as to take advantage

i () — 1 ifz>0
2 Although we maintained a strict L1 mirroring for our simulations, we S1Igu\L) = -1 ifxz<0
believe there are possibilities to release this constraint, which purpose

is only to minimize the migration penalty. Expression 1 defines what we call thfinity algorithm



O with A being initialized asA(0) = 0. In addition, we de-
o o=k fine the following quantities, andO., :
T
It
A L(t) = A(t) — A1)
affinity AR QO sion(&) A () el\l) = Aell) —
e O——adT=0—=4] R 0. () = Ac(t) + A(t)
A) AW
0O, BN From Definition 1 of the algorithm, quantiti (¢) remains
D unchanged while € R, wherea®). (t) remains unchanged
° while e ¢ R. Hence it is sufficient to recorfl whene en-
A= 0, -0 ters R andO, whene leavesR. Whene entersR, we ob-

tain I, from I, = O, — 2A, and where leavesR, we ob-
tain O, from O, = I. + 2A. One can recoved, from
A =0, — A.

We assume that there is a dedicated storageatftire
ity cache, that records the valu@, for all cache lines in

Negative and positive feedback effectsOne can have an ~ the working-set. The valug is recorded in th&-window,
intuitive understanding of how the algorithm works by con- Which is a|R|-entry table representing. If we want all
sidering a working-set which elements are referenced with the elements infz to be distinct, we need to implement a
equal frequency, and which size is much larger tHanLet fully associative memory with LRU re;p_laceme_nt, which can
us assume that the distribution of affinity values is not bal- P& costly to implement. In practice, it is possible to release
anced. For instance, a majority of elements have a positiveth's_ constraint, which is not an essential feature of the al-
affinity. It means thatd  is positive most of the time. From ~ 90rithm. Instead, we implement the R-window as a FIFO
Definition 1, and because each element spends a majorit;ﬁ'rSt"” first-out), i.e., amemory array and acwcu_lar pointer
of time out of R, the affinity of each element decreases, ON thatarray. When a cache linés referenced at tima its
though not monotonically. Symmetrically, if a majority of 2ddress is pushed in the R-window, along with the value
elements had a negative affinity, the affinity of all elements Le(t). - . . .
would increase. This negative feedback makes the affinity, 1he total affinity Az in the R-window can be obtained
values converge toward a balanced distribution, with ap- incrementally. At a given time, cache linec is brought
proximately as many elements with positive and negative into the R-window and lin¢f is evicted from it. The affin-
affinity. Moreover, the splitting is not arbitrary. Let us con- ity cache provideg). (¢) and the R-window providek (t),
sider a group ofn synchronous elements, i.e., elements that from which Oy (?) is derived. The total affinity in the R-
are often inR at the same time. For simplicity, let us as- Window is obtained as

sume|R| = m. If the sum.A of their affinity values is pos-
itive, the affinity of each of then elements is incremented
when them elements are simultaneouslyR) i.e., A is in-
creased bym. Otherwise if A is negative, the affinity of
each of them elements is decreased, i.el,is decreased

Figure 2: Practical implementation of the affinity
algorithm for 2-way working-set splitting. At time
eisreferenced and f is evicted from the R-window.

ta

Ap(t+1) = Ar(t)+ A(t) = Af(t)

AR(t) + Oc(t) = Oy (t)

by m. This positive feedback tends to give an identically-

signed affinity to synchronous elements. Positive feedback

manifests also withR| # m. However,R should not be
much larger thamn, otherwise the contribution ofl to Ar

Figure 2 gives a summary of the affinity algorithm imple-
mentation.

Limited number of affinity bits. In practice,O. is coded
with a limited number of bits. Consequently, the affinity

is no longer preponderant, and the positive feedback effectalgorithm works with saturating addition. Throughout this

is lost in noise.

study, we assume 16 bits are used for coding the affinity.

The two effects, a local positive feedback and a global The other parameters are dimensioned accordingly :

negative feedback, act together to achieve working-set split-
ting. The interaction between them is sometimes complex.
We show in Section 3.3 how the affinity algorithm behaves

on some examples.

Postponed update.In a practical hardware implementa-
tion, it is difficult to update the affinity of all the elements
of the working-set simultaneously. However, it is possible

to postpone the update. We will update the affinity of an el-

ement only when this element enters or leaike¥Ve define
the signed quantity(¢) as follows :

A(t+1) = A(t) + sign(Ar(t))

e hits[/.] = bits[O.] = 16
e bits[Ag] = bits[O.] + log, (| R|)
e hits[A] = bits[O.] + 1

3.3. Behavior on examples

This section shows the behavior of the affinity algo-
rithm on some examples. The version of the algorithm
we implemented is the one described on Figure 2. We as-
sume a working-set ofV elements, each being identified
by a number betweefi and N — 1. We work with two
examples of working-set behavior, which we call respec-
tively Circular and Hal f Random(m) for convenience.
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A, for each e €[0..3999] on Circular (upper graphs) and HalfRandom(300) (lower

graphs) with |R| = 100, after 20k, 100k, and 1000k references.

The Circular working-set behavior corresponds to the in- As noted in Section 3.2, the positive feedback is stronger
finite reference stream 0,1,2,..,,N-1, 0,1,2,..,,N-1, 0,1,2,..,N-when the R-window size equals, i.e., the size of a group
1,... The Hal f Random(m) working-set behavior corre-  of synchronous elements. We verified experimentally that,
sponds to the infinite reference stream which consists inin order to splitHal f Random(m) correctly, one should
taking m random numbers if0, £ — 1], thenm random  not take| 2| much larger tham.

numbers in[$, N — 1], then againn new random num-
bers in[0, & — 1], m new random numbers i, N — 1],

Initial affinity. In the definition of Section 3.2, we force
Ac(te) = 0 at timet. whene is first referenced. How-
and so on. In fact{ircular is an important case, as many ever, if the behavior of a working-set changes suddenly, the
applications exhibit this kind of working-set behavior, es- affinity algorithm will be able to adapt, but it will evolve
pecially after filtering by a L1 cache. On the other hand, from different initial conditions. We ran the algorithm on
Hal f Random is artificial. Nevertheless, it shows the be- a Circular behavior with different initialization methods
havior of the affinity algorithm in a more difficult situation. (non-null constant, random valué,.(t.) = 0) and with

We consider a working-set df = 4000 elements. We  different values for{ 2|. Unlike on Figure 3, the splitting
assume a R-window sizgk| = 100. Figure 3 shows the  for Ciircular was not optimal, which is not a problem as
affinity A. for eache € [0..N — 1] on Circular and long as transitions do not happen too often. Actually, we
Hal f Random(300) after t=20k, t=100k and t=1000k ref- observed that the R-window acts as a sort of low-pass fil-
erences. On this example, after some time, the elementder with respect to affinity frequencies @hircular : after
are split in two equally-sized subsets according to the signenough time, the transition frequency never exceeded one
of their affinity. At t=100k on this example, the splitting transition every2|R| references. Hence we made sure to
is optimal, with only one transition every 2000 references take a R-window that is not too small.
for Circular, and one transition every 300 references for 3 4 Filtering transitions

Hal f Random(300).
f (300) One may define “splittability” as the existence of a bal-

Impact of the R-window size. The ability of the affinity anced partitioning with a transition frequency smaller than,
algorithm to split a working-set is somewhat independent say, one transition every 10 references on average. For ex-
from the R-window size. However, this is true to a certain ample, let us consider a working-set which elements are ac-
extent only. We observed that the algorithm is able to split cessed in a completely random fashion, with equal probabil-
aCircular working-setif N > 2|R|, but notif N < 2|R]|. ity. Such working-set is not “splittable” : however we split
This can be understood intuitively from the discussion in the set in two parts of equal size, the transition frequency
Section 3.2 on the negative feedback effect. For the neg-equalsl /2. There exists applications with random-like ref-
ative feedback to be effective, elements must spend moreerence streams (we observed such behavid6dngzipand
time out of R than in R. Hence the R-window should be 175.vprfor instance). For these applications, there is noth-
smaller than half the working-set size. The size of the R- ing to expect from the affinity algorithm. Nevertheless, we
window has also an impact on the positive feedback effect.want the transition frequency to be as small as possible in



this case, because the penalty of migrations is not compen-[ benchmarkl input instr. | 16KB | 16KB
sated by a reduction of L2 misses. Our goal is to limit transi- i-miss | d-miss
tions on working-sets that are not “splittable”, while allow- SPEC2000

ing fast transitions on working-sets that are “splittable”. To 164.9zip train 1000 0.00] 15.41
this aim, we define &ransition filter F'. The transition fil- 171.swim train 1000| 0.27| 21.32
ter is an up-down saturating counter updated on each refer-| 172 mgrid train 1000| 0.08 6.50
ence : for a referenceat timet, F(t + 1) = F(¢t) + A.(t). 175.vpr train / place | 1000| 0.01| 14.41
Instead of looking at the sign of. for determining which 176.gcc train 1000| 41.61 8.27
subset belongs to, we look at the sign @f. The optimal 179.art train 1000| 0.00| 97.74
saturation level for the counter depends on the migration | 181.mcf train 1000| 0.00| 68.80
penalty. If we double the saturation level (i.e., we add one | 186.crafty train 1000 | 83.46 5.57
bit to F), we roughy divide by two the transition frequency 188.ammp train 1000| 0.03| 127.12
on working-sets with a random behavior, but we also dou- | 197.parser train 1000| 0.16 9.81
ble the delay between the potential and actual transitions on| 255 vortex train 1000| 41.83 6.65
working-sets that are “splittable”. For example, with 16 bits 256.bzip2 train 1000| 0.00 7.20
of affinity and a 20-bit transition filter, the transition fre- 300.twolf train 1000| 2.71| 20.04
quency is1/20+20-16) ~ 3% on a working-set with no Olden

“splittability” and for which the affinity appears to be satu- bh 2k bodies | 1000 0.00 4.60
rated positive or negative with probability2. On the other bisort 250000 num| 419| 0.00 2.06
hand, there is a delay of 16 references between the potentiall em3d 2000 nodes 47 0.00 3.54
and actual transition on working-sets that are “splittable”. health 5lev,500iter| 154 | 0.00| 10.36
L2 filtering. When a working-set fits in a single L2 cache, L MSt 1024nodes| 156] 0.00] 3.06

migrations are useless. All the requests resulting from L1
misses are processed by the mechanism described on Fi
ure 2, but it is possible to decrease unnecessary migration
by updating the transition filter only on L2 misses. It should
be noted that, with such L2 filtering, a migration can hap-
pen only upon a L2 miss.

Table 1: Benchmarks, inputs, dynamic instruction
g.ount, number of IL1 and DL1 misses. All numbers
are in millions.

of migrations. Hence the transition filter should be dimen-
sioned accordingly. For example, if only 25% of references
update the transition filter, the transition filter can be 2 bits
shorter.

3.5. Working-set sampling

The affinity cache size should be proportional to the to-
tal on-chip L2 capacity. For instance, let us assume a 4-core3.6. 4-way working-set splitting

processor with a 512-Kbyte L2 cache on each core. The to- _ . -
tal on-chip L2 capacity is 2 Mbytes, hence we are inter- .0 far we have considered 2-way working-set splitting.
ested in splitting working sets which size does not exceed 2HOWever, itis possible to achieve 4-way splitting by apply-
Mbytes. Assuming 64-byte cache lines, we need a 32k-entryind 2-way splitting recursively. First we split the working-
affinity cache. Each entry holds a tag (some bits from the Set in two subsets, then we split each subset. X éte the
line address), an affinity valueO,, plus a few bits for age- ~ 2-Way splitting mechanism for the whole working-set. This
based replacement, say 2 bits. If we assume 20 tag bits ang?€chanism comprises a R-windowRx, the associated
16 affinity bits, the total affinity cache size is 152 Kbytes, “ARx; &x, and a transition filtet’y . Similarly, we define
i.e.,7.4% of the total on-chip L2 data. two 2-way splitting mechanisms[+1] andY'[—1]. In the

It is possible to decrease the size of the affinity cache €Maining, we assumgiy ()| = |Ry[y| = [Rx|/2.
by sampling the working-set. The lines are sampled by ap- 1 "€ three mechanism, Y [+1] andY[—1] share the affin-
plying a hashing functiori{ on the line address. There ity cache. Instead of defining two affinity values per ele-
are many possible ways to implemeht For this study, ment in the yvorklng-set, we take adva_n'_[age of working-set
we usedH(e) = e mod 31. Choosing a prime number sampling. First we read. from the affinity cache, as de-
like 31 limits the occurrence of pathological behaviors un- Picted on Figure 2. Meanwhile, we compdie). If 7(e)
der constant-stride reference streams, which are frequentS 0dd, Oc is processed by mechanis. Otherwise if
Moreover, it can be implemented in hardware by split- /t(€) is evenO, is processed by mechanisiisign(F'x )].
ting the bits ofe into blockse; of 5 consecutive bits, i.e., Which of 4 subsets an element belongs to is given by
e=>.2%e;. We haveH(e) = >, e; mod 31, which can (sign(Fx ), sign(Fy [sign(x))))-
be obtained with a carry-save adder and a ROM. It is pos- ; :
sible to reduce a 32k-entry/152-Kbyte affinity cache to 8k- 4. Simulations
entry/38-Kbyte by applying the affinity algorithm to only
one fourth of the working-set, for instance linesuch that ~ SimpleScalar infrastructure [3]. Our simulator is built on
H(e) < 8. For alinee such thatH(e) > 8, we do notal-  top of the PISA functional simulator. We show results for
locate any entry in the affinity cache. We simply rely on the 13 benchmarks from the SPEC CPU2000 suite [18], and 5
transition filter to tell us which subsebelongsto. It should  benchmarks from the Olden suite [7] (we used the sequen-
be noted that working-set sampling decreases the frequencyial version by Amir Roth [16]). Benchmarks from these

All simulation results in this study are obtained with the
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Figure 4: Fraction of L1-filtered references with a LRU-stack depth greater than a given cache size (from
16 Kbytes to 16 Mbytes). Comparison between the single stack (“normal”) and the 4-way stack (“split”).
The transition frequency is indicated on each graph.

suites that we did not select either have few capacity missesand giving the cache miss ratio as a function of the cache
or could not be compiled with the PISA gcc compiler. The size. The second part of the experiment consists in simu-
third column of Table 1 gives the number of dynamic in- lating the affinity algorithm and four LRU stacks. The ad-
structions simulated for each benchmark. We stop simula-dress of each cache line missing the L1 is sent to only one
tion after 1 billion instructions. of the four LRU stacks, which is determined as described
- in Section 3.6. After accessing the appropriate LRU stack,
4.1. LRU stack profiles we update the migration controller state (affinity cache, R-
In this section, we simulate LRU stacks [15] and show window, A, A, transition filter). We assume 20-bit transi-
that “splittability” is a rather common property of programs. tion filters, |Rx| = 128, and|Ry[+1]| = |Ry[_y)| = 64.
We work with a stream of references that is filtered by a Moreover, we assume an unlimited affinity cache size. We
16-Kbyte DL1 cache and a 16-Kbyte IL1 cache, both fully- do not apply L2 filtering in this experiment, as the L2 is not
associative with LRU replacement. Each reference consistsdefined. At the end of the simulation, we report the global
of a cache line address, assuming 64-byte lines. The fourth.RU stack profilep,(z), i.e., the fraction of all dynamic
and fifth columns of Table 1 give the number of DL1 and references with a LRU stack depth greater thaifthen we
IL1 misses respectively. In this experiment, we do not dis- comparep; () andp,(z), keeping an eye on the transition
tinguish between loads and stores. The first part of thefrequency. Results are presented on Figures 4 and 5. Each
experiment consists in determining the LRU stack profile graph shows (x) andp4(x) between 16 Kbytes and 16
p1(x), which gives the fraction of dynamic references (i.e., Mbytes (i.e., forz between 256 and 256k lines). Also in-
L1 misses) with a LRU stack depth greater tharconsid-  dicated on each graph is the transition frequency, that is,
ering that a reference which is encountered for the first timethe ratio of the number of transitions to the total number
has an infinite LRU stack depth. In other words, it is like of references. It is represented by a horizontal line, which,
simulating a fully-associative cache with LRU replacement
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Figure 5: Cf. Figure 4

for many benchmarks, is difficult to distinguish from the is still 64 bytes. The IL1 and DL1 caches are both 16
zero line. It can be observed that, on many benchmarks, theKbytes, 4-way set-associative. The L2 cache is 512-Khbyte,
curves forp; andp, are quite distinct. This is the case, for 4-way skewed-associative [5]. The DL1 is write-through,
instance, o179.art 188.ammpbh, health and several oth-  non write-allocate, while the L2 is write-back, write-
ers. These benchmarks exhibit “splittability”. On the other allocate. The affinity cache has 8k entries and is 4-way
hand, orl64.9zipl75.vpr 197.parseandbisort, p; (x) and skewed-associative. We apply 25% working-set sam-
pa(x) are very close whatever value of which indicates  pling, as described in Section 3.5. Upon a miss for kne
either a lack of “splittability” or not enough working-set in the affinity cache, we forcel, = 0 by settingO. = A
reuse. It can be observed that, in all cases, the transition fre{cf. Figure 2). The other parameters of the migration con-

qguency remains low. Among our benchmarks, the one with troller are : 18-bit transition filters|Rx| = 128, and
the highest transition frequency 155.vpr, with 1.34% of |Ry41]] = |Ry—1y| = 64. We apply L2 filtering as de-
transitions per stack access. scribed in Section 3.4 : the affinity cache, R-windoty,

We ran similar experiments with different cache line and A are updated on each L1 miss request, but the tran-
sizes, and observed that “splittability” is less pronounced sition filter is updated only on L2 misses. Results are
with larger lines. Going back to the graph partitioning prob- shown on Table 2. Instead of giving raw numbers for a
lem, using larger lines is like merging nodes, or equiva- given event (cache miss or migration), we give the aver-
lently, adding the constraint that merged nodes must be inage number of instructions per event (higher is better). Raw
the same subset. This constraint can only increase the minnumbers can be recovered from the number of instruc-
imum cut size. tions given on table 1. The column denoted “ratio” shows
the reduction in L2 misses. When this number is smaller
than 1, it means that execution migration is able to re-

In the following experiment, we assume a four-core pro- move L2 misses. The benchmarks for which this is the
cessor with a 512-Kbyte cache on each core, hence a tocase ard 79.art 181.mcf 188.ammp256.bzip2em3dand
tal 2-Mbyte on-chip L2 capacity. The cache line size

4.2. Four-core processor with 512-Kbyte L2 caches



L1 L2 | 4xL2 | ratio | migration The ESP MMM model [8] introduced the key idea that
miss miss| miss execution resources can be replicated not only for exploit-
SPEC2000 ing execution parallelism, but also for dealing with a large
gzip 64 775 7701 1.01] 2.2 x 10° amount of memory. This idea was re-visited for the DataS-
Swim 26 39 80 1.00| 1.4 x 107 calar architecture [6]. The concept of execution migration is
mgrid | 152 559 559 1.00 | 3.0 x 10° somevyhat related to DataScalar. However, ther_e are signifi-
vpr 541 904241 56363 1.60 | 2.0 x 10° cant differences. DataScalar works at the physical memory
: - = level, with a static binding between physical memory re-
gec 19 823 869 | 0.95] 2.1 x 104 gions and processors, whereas execution migration works
art 10 11 341 | 0.03| 2.0 x 10 at the L2-cache level. Moreover, DataScalar relies on spa-
mcf 14 24 36 | 0.67] 4.5 x 10° tial locality for minimizing the frequency ofead changes
crafty | 11| 4451 3942] 1.13] 2.2 x10° (equivalent of migrations), whereas execution migration re-
ammp 7 16 99| 0.17] 1.0 x 10* lies on “splittability”.
parser| 94 436 4371 1.00] 1.9 x 10° Execution migration makes sense only if the latency be-
vortex 17 2215 2018]| 1.10] 1.6 x 10° tween cores is small and the communication bandwidth
bzip2 | 138 253 724 | 0.35] 5.0 x 10° high, which is plausible on a single-chip multi-core. We be-
twolf 30 612 613 | 1.00| 1.7 x 10° lieve this approach is not viable on a traditional parallel ma-
Olden chine. The term “computation migration” has been used in
bh 216 | 1381971 63979 2.16 ] 6.9 x 10° the context of parallel machines (e.g.1 [7])._The_ goal was
bisort | 188 676 695 1.08 | 2.6 x 10° to speed—up.parallt_al programs. Execution migration, on the
em3d 13 65 776 0'14 1'3 105 other h(il_n?, is a microarchitectural technique that concerns
: - - sequential programs.
health 13 20 1471 0.14| 58 x 105 An approach related to ours is tltascaded execution
mst 50 2 72] 1.00] 1.8 x 10 model proposed in [2]. Cascaded execution was proposed
. . . . . as a compiler optimization for speeding-up sequential ex-
Table 2: L1 misses, L2 misses, L2 misses with mi- ecution, more specifically the execution of loops that are
grations enabled (*4xL2") and number of migra- difficult to parallelize. Iterations of the loop are distributed
tions are given in number of instructions per event among the different processors. At any time, only a single
(higher is better). processor is executing the loop. Execution switches to an-

L ) other processor after a certain number of iterations. Mean-
health In all cases, the frequency of migrations is kept un- while, other processors executdi@lper phasavhich goal
der control. This is due to the transition filter, but not s to prepare the data for future iterations on these proces-
only. L2 filtering is very effective at limiting unneces- sors. The helper phase can prefetch data into the caches by

sary migrations, for instance on benchmarks with a small executing a shadow version of the loop bodly, or it can reor-
Worklng-Set already flttlng na Slngle 512'Kbyte L2 cache ganize data to improve Spatia| |0ca|ity_

(e.g., bh, 255.vortex 186.crafty. Moreover, for bench-
marks with a large working-set not fitting in a 2-Mbyte 6. Conclusion
4xL2 cache (e.g.,171.swim 172.mgrid ms), migra-

tions are reduced thanks to the limited size affinity cache :
as we setd. = 0 when there is a miss in the affinity cache,
the transition filter value does not change. Benchmarks wit
the highest migration frequency are those on which mi-

grations permit decreasing L2 misses. For example, on . ,
181.mcfa migration occurs every 4500 instructions on av- & Working-set. We have shown that this method works on 4-

erage. For this benchmark, the number of L2 misses re-COre configurations. However, it works also on 2-core con-
moved per migration i4500,/24 — 4500/36 ~ 60. It means figurations, and we believe it is po_ssmle to adapt it to a
that as long as the migration penalty is less than 60 times!arger number of cores. An application can take advantage
the L2-miss/L3-hit penalty, i.eP,.;, < 60, we will ob- of execution m:graﬁmn_ﬁl |t§ working-set exhibits a‘property
serve performance gains a81.mcf which we call “splittability”. We have shown that “splitta-
bility” is rather common among popular benchmarks like
5. Related work SPEC CPU2000 and Olden. This stu_dy has exhi_bited a po-
tential for significant performance gains on certain sequen-
The “cache-wall” problem has been pointed out in a re- tial applications. However, the viability of execution migra-
cent study [14]. It was observed that by breaking a large L2 tion needs to be confirmed.
cache into several banks, it is possible to access some parts Although we did not consider any particular value for
of the cache faster. This leads to a non-uniform cache structhe migration penalty’,,;,, an implicit assumption was that
ture which tries to approximate a continuum of access laten- P,,,;, does not exceed a few tens of L2 misses. The opti-
cies. Cache lines move automatically so that lines that aremal tuning of parameters (R-window size, transition filter,
accessed more often are located in banks closer to the proworking-set sampling ratio) depends &,;,. If P4 IS
cessing core. small, e.g.,P.iy < 10, it is possible to tolerate migration

We proposed to modify a multi-core processor so that
the execution can migrate quickly from one core to another.
h The goal is to allow a sequential application to take ad-
vantage of the overall on-chip L2 capacity. We introduced
the affinity algorithm, a method for splitting automatically



frequencies higher than those reported on Table 2. More-
over, it may be useful to distinguish low-penalty and high-
penalty L2 misses. For instance, pointer loads found in ap-
plications using linked data structures generally have a high
miss penalty. One could decide to restrict the class of appli-
cations triggering migrations by having the transition filter

updated only on requests coming from pointer loads.

Further research is required to better understand “split-
tability” and ways to expose it. In particular, there is a con-
nection with cache prefetching. Execution migration is not

(2]

(3]

(4]

intended to replace prefetching. Future research should de-

termine how to best combine prefetching and execution mi-
gration. However, it is not clear to what extent execution
migration is orthogonal to prefetching. In theory, there is

more to “splittability” than predictability (e.gHalfRan-

dom. However in practice, much of the “splittability” we

observed seems to come framincular working-set behav-

iors on which prefetching is likely to succeed. It is possible

(5]

(6]

that execution migration, as a way to decrease L2 misses, is [7]

mostly interesting on applications using linked data struc-
tures. However, prefetching into a “larger” cache leaves
more room for the unpredictable portion of the working-

set, and execution migration may be useful on other appli-

cations as well.

As for the complexity of implementing execution migra-
tion, most difficulties lie not in the migration controller, but
in the hardware support for allowing fast migrations. In par-

(8]

(9]

ticular, a straightforward implementation of the update bus, [10]

as described in Section 2.3, may incur a significant power

consumption. Several directions are possible for decreas-
ing the update bus bandwidth without overly increasing the [11]

migration penalty. In particular, register updates consume

most bandwidth. One could decide to broadcast register up-

dates only when the transition filter absolute value falls be-
low a certain threshold, as it indicates a possible migration. [1
Upon a migration, it would be necessary to broadcast miss-

ing register updates. One may also filter register updates

with a small register-update cache. A register update would
be sent only upon evicting an entry from the register-update

[13]

cache. Upon a migration, the content of the register-update

cache would be spilled on the update bus.

Although execution migration offers a way to tackle the
cache-wall problem on working-sets exhibiting “splittabil-
ity”, we do not think that execution migration alone justifies
implementing a multi-core. The main motivation for build-

[14]

ing a multi-core remains increasing the execution through- [15]

put on multiprogrammed workloads and parallel applica-

tions. Then, execution migration comes as a bonus. We be-
lieve the hardware cost of execution migration will be better [16]
accepted if one can find other advantages to migrating the

execution quickly to another core. For instance, it has been
suggested that migrating periodically the activity to differ-

ent parts of the chip permits a higher heat dissipation [11].
Another interesting direction to explore is the use of execu-

tion migration to exploit branch prediction tables.
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