S h

a

r

e d V

ir

t

ua l

Me

m

or

y

A

cro

ss SMP

No desUsi

n

g Automatic

Up date: Proto cols and Performance

P r i n c e t on uni

versit

y

Technic

a

l Re port TR-

5 1 7- 9

6 . S u b m i

tt e d f

o r pub

li

c atio n

. Please do not distribute.A n

g e l o s B

il

as ,

Li vi

u

I

f to de,

DavidMa

rtin, andJas

winder

PalSing

h

Depart ment ofComputer Science, PrincetonUniversity , Princeton,NJ

0

8 5 44 A b

s t r a ct As the wor

kstation market moves form single pro-

cessor to smal l-scale shared memory multiprocessors,

it is very attractive to construct larger-scale multipro-

cessors by connecting widely available symmetric mul-

tiprocessors (S

MPs

) in a less tightly coupled way.Us-

ing a shared virtual memory (SVM) layer for this pur-

pose preserves the shared memory programming ab-

straction across nodes.We explore the feasibility and

performance implications of one such approach by ex-

tending the AUR

C (Automatic Update Release Con-

sistency) protocol, used in the SHR

IMP multicom-

puter, to connect hardware-coherent SMPs rather than

uniprocessors. We describe the extended AURC proto-

col, and compare its performance with both the AURC

uniprocessor node case as wel l as with an al l-softwareLazy

Release Consistency (LRC) protocol extended for

SMPs. We present results based on detailed simula-

tions of two protocols (AURC and LRC) and two ar-

chitectural con�gurations of a system with1

6 proces-

sors; one with one processor per node (16 nodes) and

one with four processors per node (4 nodes).

We �nd that, unless the bandwidth of the network

interface is increased, the network interface becomes

the bottleneck in a clustered architecture especial ly for

AURC. While a LRC protocol can bene�t from the

reduction in per processor communication in a clus-

tered architecture, the write-through tra�c in AURC

increases signi�cantly the communication demands per

network interface.This causes more tra�c contention

and either prevents the performance of AURC from

improving under SMP or hurts it severely for appli-

cations with signi�cant communication requirements.

Thus, while AURC performs better than LRC, for ap-

plications with high communication needs, the reverse

may be true in clustered architectures. Among possi-

ble solutions, two are investigated in the paper: proto-

col changes and bandwidth increases.Further work is

clearly needed on the systems and application sides to

evaluate whether AURC can be extended for multipro-

cessor node systems.1

I

n t r o d u ct ion

While hard ware cache-coherent distributed sharedmemory machines have been shown to perform well at

least on a moderate scale, they are expensive and com-

plex to build.Many research e�orts have recently in-

vestigated supporting a coherent shared address space

with less hardware support, ranging from less cus-

tomized and integrated coherence controllers[1

2

] to

supporting shared virtual memory(

S VM ) at page level

through the operating system [9, 6].For example, the

SHR

IMP multicomputer [1] takes the approach of us-

ing commodity PCs and attaching a hardware network

interface to them. This network interface consists of

two parts: an I/

O card that plugs into the I/O bus and

is used for communication with the outside world, and

a second simple card that snoops the memory bus. The

I/O card uses user levelDM

A to transfer data between

the network and the memory. This mechanism is called

DeliberateUpdate. The snoop card is used to support

virtual memory mapped communication. In particu-

lar, writes to local pages for which a remote mapping

has been established are automatically propagated to

the remote pages. The Automatic Update data by-

pass the I/O bus and are sent to the I/O card through

a private bus. The Automatic Update mechanism is

transparent to the user. It is possible to use such min-

imal hardware support to build an SVM layer that

outperforms all-software SVM implementations [6, 7].

One such protocol, called AURC (Automatic Update

Release Consistency), uses lazy release consistency [10]

together with the automatic update mechanism to im-

plement a multiple writer protocol [6]. A similar ap-

proach using a directory-based scheme has been taken

on other systems that provide automatic update sup-

port [11].

Recently, small-scale shared-memory SMPs have

become increasingly widespread. Inexpensive SMPs

based on Intel PC processors are on the market,

and SMPs from other vendors are increasingly pop-

ular.Given this development, it is natural to examine

whether the SVM mechanisms developed for unipro-

c e ss o r no des e x tend we ll to us in g an S M P as t he base

node , and how these mechanisms can be im pro ved for

this tas k . In this environment, the bus coherence pro -

tocol operates at cache line level within an SMP, and

the higher-overhead S VM mechanism provides com-

munication and coherence at page granularit y across

SMPs. Another view of this approach is that the less

e �cient SVM is used not as the basic mechanism with

which to build multiprocessors out of uniprocessors,

but as a mechanism to extend available small-scale

machines to build larger machines while preserving the

same desirable programming abstraction. The trends

in the marketplace make this two-level approach at-

tractive.

The �rst question to be answered is, how will us-

ing k, c-processor SMPs, connected this way, com-

pare to using SVM across k � c uniprocessor nodes.

Clustering processors together using a faster and �ner-

grained communication mechanism has some obvious

advantages ; namely prefetching, cache-to-cache shar-

ing and overlapping working sets [ 4 ]. The hope is

that for many applications a signi�cant fraction of

the interprocessor communication may be contained

within each SMP node. This reduces the amount of ex-

pensive (high latency and overhead ) cross-node SVM

communication needed during the application ’s exe-

cution. However, it unfortunately i n c r e a ses the band-

width (i.e. communication per unit time) demands

on the node-to-network interface. This is because the

combined computation power within the SMP node

typically increases much faster with cluster si ze c (lin-

early) than the degree to which the per processor cross-

node communication volume is reduced. This means

that depending on the constants, the node-to-network

bandwidth may become a bottleneck if it is not in-

creased considerably when going from a uniprocessor

to an SMP node.

A second question to be answered is whether the

communication bottlenecks exposed by the SMP con-

�guration are inherent to SVM or they stem from the

write-through nature of the automatic update mecha-

nism used in A U RC. To investigate this question, we

have also simulated an all-software LRC protocol sim-

ilar to the one used in TreadMarks, slightly adapted

to take advantage of the multiprocessor con�guration

of nodes.

In this context, the contribution of this paper is

twofold. First,it describes how to extend the AURC

protocol to use hardware-coherent SMPs as the basic

nodes, and examines the issues in this process. Then,

it examines the performance of a few applications with

di �erent communication requirements for which the

performance on uniprocessor-node LRC and AURC

systems is well understood [ 7]. It also compares two

extended protocols (MP-AURC and MP-LRC) with

di�erent communication tra�c requirements. We �nd that clustering in SMP nodes does indeed reduce the

amount of SVM communication per pr ocessor (e.g.

page faults), but causes increased aggregate band-

width requirements per network interface. This af-

fects AURC substantially more than LRC because of

the contention e�ects induced through automatic up-

date. The performance of MP-AURC can be improved

by reducing the automatic update tra�c and /or in-

creasing the node-to-network bandwidth. Overall the

AURC family of protocols performs better than the

LRC protocols. However for applications with high

communication needs LRC may perform better than

AURC in the multiprocessor node case, but still worse

than AURC in the uniprocessor case, which remains

the best performing system overall.

The rest of the paper is organized as follows. In

Section 2 we describe the AURC protocol for a system

with one processor per node. Section 3 discusses the

extensions to the protocol for SMPs and the lower-

level issues that must be resolved. The simulator we

use is described in Section 4 along with the positions

we took on lower-level issues. Section 5 presents the

applications we used in the simulations. Performance

results and analysis are presented in Section 6. Finally ,

Section 7 summarizes and concludes the paper.

2 A u t o m at i c U p dat e a nd AU R C

The Automatic update mechanism can be viewed

as the propagation of local writes to remote memory.

In that sense the remote memory is a copy of the lo-

cal memory updated with a write-through mechanism.

Thus Automatic Update allows selective writes to be

performed twice (doubled) both on a local memory

page as well as on a remote memory page, assum-

ing a mapping was previously set between the source

and the destination. As mentioned above Automatic

update is implemented by having the network inter-

face snoop all write tra�c on the memory bus. Pages

with outgoing automatic update mappings use write-

through caching, so that every CPU write to such a

page causes a transaction on the memory bus. On see-

ing a write, the network interface hardware checks to

see whether the page being written has an automatic

update mapping; if it does, the network interface auto-

matically creates a network packet and sends it to the

correct destination. The AU feature provides useful

support for a shared virtual memory implementation.

Automatic Update Release Consistency (AURC) [6] is

a protocol designed to support a lazy release consis-

tency (LRC) model in this environment.

2 . 1 T h e A U R C P r o to co l

The novel approach in AURC is to use automatic

update mappings to merge updates from multiple writ-

ers on the same page into a unique copy of that page at

the ho me node’s memory (see Figure 1). This scheme

replaces more expensive all-software solutions used in

L R C i m p l eme n t ati on s fo r write dete ction li ke \di � "

comp utation [ 9 ] or software dirt y bit sc hemes [ 1 5] .

While the home ’s copy is updated e xclusi vely throu gh

�ne -grain automatic updates , a non-home node ob-

tains an up-to-date copy of the page when needed

through a page fetch re quest sent to the home follow-

ing a page fault due to a coherence invalidation. The

coherence actions are performed entirely in software

at synchroni zation time using vector time-stamps [1 0]

to ensure a correct ordering of events according to the

LRC model de�nitions.

Copy N-1

Copy 1 Copy 2 . . .

(home)

Copy N

Figure 1 : Automatic Update Mappings for N copies.

Pages shared by only two nodes can be treated spe-

cially. In this case, coherence can be maintained en-

tirely by the hardware with reciprocal AU mappings

between the two copies (see Figure 2 ). This spe-

cial case protocol called Copyset-2 is part of AURC

and is initially chosen for each shared page until more

than two copies are created. At this time, AURC

switches to the general scheme described above (Fig-

ure 1) which is called Copyset-N. By combining these

two AU-based schemes, AURC can reduce the com-

munication cost by avoiding the page faults for pages

which are shared by only two nodes. The price for the

reduced number of page faults is an extra automatic-

update tra �c.

Copy 2

Copy 1

Figure 2: Automatic Update Mappings for 2 copies.

3 C l u s t e re d Ar c h itecture a nd Pr oto -

cols

The reference architecture we use for our measure-

ments is a shared virtual memory system consisting of

a number of SMP clusters interconnected by a high-

speed network. The clusters are bus-based SMPs each

containing a number of processors, a memory mod-

ule and an I / O interface. The memory bus is a split

transaction bus. The network interface implements

memory mapped communication between clusters and

consists of two components: a user-level DMA engine connected to the I/O bus and an automatic-update

snooper connected to the memory bus.

Shared memory coherence is supported at two lev-

els. Intra-cluster coherence is maintained at cache-line

level by a standard snoopy protocol. The inter-cluster

coherence is implemented at page granularity in soft-

ware using either MP-AURC, a shared virtual memory

protocol that is an extension of AURC [ 6] or MP-LRC

a simple extension of the LRC protocol for SMPs. In

the following paragraphs we describe these extensions.

3 . 1 I n t e r - c l u ster C o herence

To a large degree, the extended MP-AURC and MP-

LRC protocols are similar to the simple ones (AURC

and LRC).

Copy 1 Copy 2

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 50000000

100000000

150000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time

F

i g u r e 5

: E xe cu ti o n Ti me

Bre a k do wn for

Ocean

,

A U R C, 8

00 MB

/ s Memory Bus,25

6MB/s

I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 50000000

100000000

150000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time Figure 6: Execution Time Breakdown for Ocean, MP

-AURC, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 50000000

100000000

150000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time Figure

7: Execution Time Breakdown for Ocean, MP-AURC-2, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 50000000

100000000

150000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time

F

i g u r e 8

: E xe cu ti o n Ti me

Bre a k do wn for

Ocean

,

L R C, 800

MB

/ s Memory Bus,2

5 6MB/s

I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 50000000

100000000

150000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time Figure

Execution Time Breakdown for Ocean, MP

-LRC, 800MB/s Memory Bus, 256MB/s I/O Bus.

0123456789101112131415 Processor 0 5000

10000

15000

20000

25000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

25000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received Figure 12: Tra�c in Bytes for Ocean, MP-AURC-2, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

25000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received

F

i g u r e 1

3 : Tra

� c in

B y te s f or Ocean

,

L R C, 8

00 MB

/s Memory Bus,2

5 6MB/s

I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

25000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received Figure 14: Tra�c in Bytes for Ocean, MP

-LRC, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0

50000000

100000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time

F

i g u r e 1

5 : E xe cu ti o n Ti me

Bre a k do wn for FFT,

A U R C, 8

00 MB

/ s Memory Bus,25

6MB/s

I/

O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0

50000000

100000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time Figure 16: Execution Time Breakdown for FFT, MP

-AURC, 800MB/s Memory Bus, 256MB/s I/O Bus.

0123456789101112131415 Processor 0 50000000

100000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0

50000000

100000000

Execution Time

Total CPU-Cache Stall Time Handler Compute Time Thread Barrier-WN Wait Time Thread Lock-WN Wait Time Thread Data Wait Time Thread Compute Time Figure 19: Execution Time Breakdown for FFT, MP

-LRC, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received

F

i g u r e 2

0 : Tra

� c in

B y te s f or FFT,

A U R

C, 800

MB

/s Memory Bus, 25

6MB/s I/

O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received Figure 21: Tra�c in Bytes for FFT, MP

-AURC, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received Figure 22: Tra�c in Bytes for FFT, MP-AURC-2, 800MB/s Memory Bus, 256MB/s I/O Bus.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Processor 0 5000

10000

15000

20000

KBytes

# Memory-Cache Bytes # Memory-WB Bytes # DU Bytes Sent # Bytes Received

F

i g u r e 2

3 : Tra

� c in

B y te s f or FFT,

L R C, 8

00 MB

/s Memory Bus, 25

6MB/s I/

O Bus.