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Abstract— At Philips, applications, in particular multi-  sistency has only small performance benefits over sequen-
media applications, are modeled as process networks. The tial consistency.

characteristics of such process network applications are dif- This paper is organized as follows. In Section II, the

ferent from scientific and engineering applications. In this Philips multiprocessor is described. Also, a concise intro-

paper we investigate whether using a relaxed consistencyd tion t ist A Section 11l th
model has performance benefits over a sequential memory uction to memory consistency Is given. section en

model when a multiprocessor executes a process network describes the experimental method used in this work. The

application. A trace-driven simulator, developed using Sys- results of the experiments are given in Section IV. Con-

temC, is used to model the distributed shared memory sys- clusions are drawn in Section V.

tem of a prototype multiprocessor developed at Philips. The

simulator offers two consistency models: Sequential Con- 1. BACKGROUND

sistency 6C) and a generalized Relaxed ConsistencyrR€)

model. Input traces are generated by running a process net-  In this section, the Philips multiprocessor is described.

work application in a cycle-accurate simulator of the proto-  |n addition, a concise introduction to memory consistency

type multiprocessor. The results show that relaxed consis- s given.

tency has only a marginal performance benefit (6.13 to 14.9

percent) over sequential consistency. A. Philips CAKE
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Multiprocessors The PhilipsCcAKE is a nonuniform, distributed shared
memory multiprocessor designed for scalability in terms
of number of nodes but also in terms of effortless and

|. INTRODUCTION seamless integration of (third party) intellectual property.

Philips is developing a scalable, parallel computer arch@ne node (otile) of a CAKE system is a single chip mul-

tecture that can be used as a computing engine in the full

To network

range of their electronics products. The multimedia ap- A

plications which will run on this chip multiprocessor ex- Y

hibit streaming-like memory access patterns. Therefore, | ru PU PU .

one of the programming paradigms for this Computer Ar- s s e [ o router — Tonetwork

chitecture for Killer ExperiencedAKE) is Kahn process ‘ I
networks [5] because multimedia applications can be im- Interconnection network
plemented efficiently as process networks. High perfor- ‘ ‘
mance of this multiprocessor is important for a seamless
user experience. Previous work [4][8][10] has shown that
the performance of a shared memory multiprocessor car ‘
be greatly influenced by its memory consistency model. Mermory controller
In this paper, results are presented of a study of the per !
formance benefits of relaxed memory consistency over se-
quential consistency for process network applications run- Off-ehip mermory
ning in CAKE. Our investigation shows that for one syn-
thetic process network application, relaxed memory con- Fig. 1. Organization of oneAKE tile.
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tiprocessor. Figure 1 shows the organization of or@e is set randomly. Thus, under sequential consistency, all
tile. It contains TriMedia anad1ips processors with their processors observe the same global ordering between the
private L1 caches, custom blocks, a network interface, memory operations of the individual processors.

a shared L2 cache with multiple banks, input/output cir- Researchers realized that a strict ordering betvaagn
cuitry, and a memory controller. All these elements arpair of memory references is usually not needed. In a
connected by a central, scalable interconnection netwadit of programs, only a strict ordering between synchro-
which also provides invalidation based, snoopy coherenagizing memory accesses and the block of memory op-
Off-chip bRAM (Dynamic Random Access Memory) mayerations between the synchronizing memory accesses is
be connected to the tile. Multiple tiles may be connected teeeded. This led researchers to invent relaxed memory
create an even larger multiprocessor. In a multi¢ilKE  consistency models. Relaxed memory consistency mod-
system, the L2 caches are kept coherent by an invalidatiets have in common that they allow the processors in the

and home based directory protocol. system to see different orderings between all or selected
_ categories of memory operations. A relaxed memory con-
B. Memory Consistency Models sistency allows the system designer to expose reorderings,

Culler et al. give the following definition of memory that occur as a result of architectural optimizations, to the
consistency in [2]: “A memory consistency model ..programmer. This usually removes any overhead needed
specifies constraints on the order in which memory opeie provide the illusion oscwhen the system would imple-
ations must appear [to the processors in the system] to m@ntscinstead of a relaxed memory consistency model.
performed with respect to one another”. Memory consis- A machine that implements a relaxed memory con-
tency, in contrast to coherence, reigns the order betwegistency model always provides some kindsafety net
any pair of memory references. An important aspect okhich allows a programmer to enforce a sequential order
memory consistency igisibility. The order between the between (sets of) memory operations. The safety net al-
memory references that is promised by a memory consiews correct execution of parallel programs on multipro-
tency model has to be visible only whenever a processeessors that have a relaxed memory consistency model. A
bothers to look. This gives the system designer freedosemmonly used safety net is some forrmemory barrier
to overlap and reorder (parts of) memory operations in omstruction. Depending on its type, certain or all types of
der to enhance the system performance. As long as tii@mory operations may not be reordered with respect to a
visible order is in agreement with the promised memorynemory batrrier.
consistency model, these behind-the-scene reorderings are
perfectly valid. [1l. EXPERIMENTAL METHOD

The most important memory consistency modesés A Overview of the Experimental Method

guential consistencysc). It was introduced in 1979 by _
In order to determine whether a relaxed memory con-

Lamport in [6]. A popular graphical model afc was in- : - !
troduced by Adve et al. in [1] and is reproduced in Fig§|stency model has benefits over sequential consistency for

ure 2. Every processaP, issues memory operations inProC€ss network applications, we wanted to simulate a pro-
cess network benchmark application in the cycle accurate

simulator of CAKE, cakesim . However, the directory
system in this simulator was not finished at the time our re-
search started. Therefore, we used the approach as shown
in Figure 3.

Memory trace files are generated by running the pro-
cess network benchmark application (1) in the execution
basedcakesim simulator (2). A custom built SystemC
simulator (3) runs those memory traces through a model
Memory of CAKE’s DSM system and returns simulation results.

. . . _ B. Custom BuilcAKE Simulator
Fig. 2. Programmer’s view of sequential consistency.

Figure 4 shows one simulator tile, which contains mod-
program order. Only one of the processors at a time cats of processors, a shared L2 cache and shared memory
be connected to the memory. It then performs one or mowéth its directory controller. Multiple tiles may be con-
atomic operations on the memory. After this, the switchected to form a massive, coherent multiprocessor.
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Prmnoaon is supported, so any producer or consumer process is tied

0 PN to one specific processor during a simulation run.

‘@/ The L2 cache is banked and supports an infinite num-
ber of simultaneous requests from the processors. When
any new request maps to a cache block that is currently in

@ transaction, this new request is buffered until the transac-

tion has been finished.

The directory protocol is a simple, strict request—
response, invalidation and home based protocol. The home
replies with a negative acknowledgmemagk) to re-
guests for memory blocks that are already in a transaction.

This idea is taken from the directory protocol used in the
Silicon Graphics Origin2000.
memory system
The shared memory that is being kept coherent by the

directory protocol consists of the concatenation ofaib
buffer memory, thus forming a single, contiguous range of
_ _ shared memory. The rest of the memory is not shared and
Fig. 3. Experimental setup. therefore not handled by the directory protocol. The block
of shared memory is distributed evenly over the tiles; each
The private L1 caches have been left out of the modéle is assigned an equal portion of the shared memaory with
because of time constraints. Because the L2 cache is tsize of

Memory traces

Simulation results

clusive, this will have minimal influence on the number of M; = % (1)
L2 coherence actions via the directory protocol. However, T

the absence of the L1 caches will increase the executigtes, wherel/; is the memory size for tile, M is the
time of the simulated system. total memory size and is the number of tiles.

The simulated processors support a configurable max-The network models a router with constant delay. It
imum number of outstanding references and include @es not model contention.
memory barrier instruction. A processor stalls when the Implementation of the simulator took approximately six

maximum number of outstanding references is reached Qfynths, during which 5,490 lines of code were written.
when a memory barrier is detected (details are explained in

Section 1I-C). No data dependency checks are done when simulator Memory Consistency Models

the processor issues a memory reference. The instruction _ _ _
window has an unlimited size, which means that memory 1h€ simulator implements two memory consistency
references that are hundreds of places apart in the trace fil@dels: (1) straightforward sequential consistency and (2)
may be concurrently outstanding due to a very long |aten@ygeneric relaxed consistent model. The sequential model
of the ‘oldest’ memory reference. The processors Suppdﬁbased on three sufficient conditions which, when imple-

semaphore based synchronization which allows the mo@ented in a multiprocessor, guarantee a sequential consis-
eling of aFiFo with a limited size. No process migrationt€nt system. These three conditions can be derived from

work done by Dubois et al. in [3] and [9]. Culler et al. [2,
p.289] formulated these three conditions as follows:

PU VR (— PU 1. Every process issues memory operations in program or-
| ' der.

2. After a write operation is issued, the issuing process
waits for the write to complete before issuing its next op-
L2 eration.

3. After a read operation is issued, the issuing process
waits for the read to complete, and for the write whose
value is being returned by the read to complete, before is-
suing its next operation. That s, if the write whose value is
being returned has performed with respect to this proces-
Fig. 4. Organization of oneAKE simulator tile. sor (as it must have if its value is being returned), then the

|-
Directory controller #> To network
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processor should wait until the write has performed witthe same tile, all inter-process communication will hap-
respect to all processors. pen inside the tile (via the cache) and no network commu-
In correspondence with these conditions, under sequetication will occur. Another extreme would be to locate
tial consistency, a processor issues the references from the producer and consumer process on different tiles and
trace file in sequential order and waits for each referencetigeir correspondingirFo buffer on a third tile. This situa-
complete before it issues the next reference. A referencedign would lead to maximum network communication and
considered complete when the cache returns the value (f®iche usage.
a read) or signals write completion. The third condition is
guaranteed by the directory protocol, which does not allo oo | eur 1] ez
any read to an address for which the write (whose value| . s
being returned by the read) has not yet globally performe o + feee
The generic relaxed model is implemented by allow
ing a processor to simultaneously issyg,. references
to the cache. As soon as any of these outstanding refer-
ences completes, a n_eW reference is issued to .the ca 82 6. Distribution of processes ard-0 buffers over the sim-
Because the outstanding references may have different |gsior tiles (for an uneven number of processors per tile).
tencies, in the long run the sequential ordering is violated.
When the processor detects a memory barrier, it stops is-Figyre 6 shows the choice for the arrangement of the
suing new references to the cache and waits until all cCUsrocessors aneiFo buffer memory that has been made for
rently outstanding references have completed. Only thefe experiments in this work. In this configuration, mini-
the memory barrier is retired and new memory referenc@ga| network communication occurs because the processes
are issued to the cache. that communicate via a slice of shared memory reside on
the same tile as the share’lH0) memory itself. For an
unevemumber of processors per tile, only the first or sec-
Figure 5 shows the process network benchmark appﬁnd half of one processiFo buffer is assigned to the tile.
cation used in this research. It consists of only a prathe other half is assigned to the neighboring tile. These
ducing and a consuming node which are connected by B#0 processes therefore communicate via the network.
8 kilobyte FIFO. The FIFO buffer memory is located in

PU3
consumer

PUn
producer

FIFO buffer 0

FIFO buffer 1

Directory protocol
transactions.

D. Process Network Application Model

IV. EXPERIMENTAL RESULTS

FIFO In this Section, we describe the results of two experi-
Prodend | Consuin ments. In the first experiment, the simulator was config-
ured to model acAKE system in order to investigate the
benefits of relaxed memory consistency kE. In the
Fig. 5. Process network benchmark application. second experiment, the simulator was configured to max-
imize network communication in order to investigate the
shared memory and the processes directly manipulate timfuence of the network latency on the performance of the
memory. The processes communicate 256 yt® el- memory system. For both experiments, the execution time
ements. Inside these elements, they read or write 4 bydéthe processors was measured. The execution time of
integers. Because these memory accesses are to seqagprocessor is defined as the cycle in which the last out-
tial, monotonously increasing memory addresses, we estanding reference completes after the trace file has been
pect that multiple outstanding references from any pratepleted. During one simulation run, the process networks
cessor will have a high chance of mapping to the samm®mmunicate 50,008/F0 blocks of 256 bytes.
cache block. Therefore, we expect that relaxing the mem-
ory model will not increase performance spectacularly. A. Benefits of Relaxed Memory Consistency for CAKE

Figure 7 shows the simulator configuration for this ex-
periment. Like a reatAKE system, this simulator con-

The way the processes ardro buffers are distributed figuration consists of 4 tiles and each tile contains 9 pro-
over the tiles influences the network communication chacessors. The tiles are connected by the network. Because
acteristics of the simulated system. For example, if twof the arrangement of the processes and shared memory
processes and tieFo buffer they access are assigned taver the tiles (which is described in Section IlI-E), only the

E. Communication Patterns
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Tile2

pus

Normalized execution time

K

1 2 3 4 5 6 7 8

Degree of relaxation (max. number of outstanding
references)

pu3
\D Cache-communicating processors B Network-communicating processors\
pu5

Fig. 9. Normalized execution times for tk@aKe-like simulator
pui pu?2 pu3 pu 8 - -
configuration.
Tile 3 Tile 4
Fig. 7. cAKE-like simulator configuration. rmaz, the number of outstanding references a processor

is allowed to haver,,.. = 1 is equivalent to sequential

dark gray processes communicate via the directory prot
col. The light gray processes communicate via the sharty
cache (not shown in the figure).

Bgnsistency. The first thing we conclude from this graph
that relaxing the memory model reduces the execution
time by 6.13 to 12.0 percent for intra-tile communicating

processes and by 7.59 to 14.9 percent for inter-tile commu-

130 nicating processes, so relaxing the memory model has per-
g 125 o formance benefits. We do not know which valuergf,,
o | . . . . . .
5 120 is realistic for the process network workload; this issue is
c 1154 . . . . .
S o left for future investigation. The second conclusion is that
% 105 the largest performance increase is observed when
E100{ is raised from 1 to 2 outstanding references. In this case,
S %1 L i the decrease in execution time is 6.13 percent for cache-
g 9% communicating processors and 7.59 percent for network-
> B . . .
w 8s communicating processors. Increasing,. further only

80 T T T T T T

1 6 11 16 21 26 31 36

gives relatively small performance improvements.

Processor The overall conclusion we draw from the first experi-

Fig. 8. End times of individual processors in thekEe-like
simulator configuration (shown in Figure 7) fof,.. = 3. fits
Figure 8 shows the execution time of the individual prog

cessors for the first experiment o5, = 3 (T'maz IS the
maximum number of outstanding references a processor

ment is that for our small process network benchmark ap-
plication, relaxed memory consistency has marginal bene-

over sequential consistency ircake-like system.

Network Influence on the Benefits of Relaxed Memory
Consistency

is allowed to have). In this Figure, processors 1-9 re- In order to investigate the influence of the network la-
side on tile 1, processors 10-18 reside on tile 2, and &Y On the simulation results, experiments have been
on. The Figure shows that the processes that communicgf@e With a simulator configuration as shown in Figure 10.
via the network (8, 9, 26 and 27) take 26 to 35 perceﬂihe system consists of eight tiles. Because each tile con-

longer to finish than the processes that do not communi-
cate via the network. The difference between the execu-
tion times of the sets of intra-tile—communicating proces-
sors is only at most 6.1 percent. Therefore we define the
execution times of respectively the cache- and network-

communicating processes as the average of the end tmll?gs. 10. Simulator configuration that emphasizes the influence

of the network and directory protocol on the process network

of the corresponding subsets of processors.

RR RN RR

Interconnect

Figure 9 shows the normalized execution times dfxecution time.

the cache- and network-communicating processors versus
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tains only one processor, the influence of the cache on timg. But this is simply caused by the fact that the network

simulation results is minimized. does not model contention. If the network model would
1.00 —= have included contention, then the lines would diverge for
2 0.95 \ = increasingL.
20907\ L4 The overall conclusion we draw from the second exper-
2 ggi t=80 iment is that in our experiments, the advantage of relaxed
o U.0U 7 =120 .
£ 075 L2160 memory consistency decreases when the network latency
g 070+ -+ L=200 increases.
o
€ 060- L—320 V. CONCLUSIONS ANDFUTURE WORK
Z 0.55 . .
0.50 ‘ We have performed experiments with a model of the
T 2 3 4 5 6 7 8 9 10 CAKE multiprocessor that offers two memory consistency
Degree of relaxation (max. number of outstanding models: (1) sequential consistency and (2) a generic re-

references)

laxed consistent model. The benchmark application was
Elg. 11. Norn_1al|zeq process network execut|_0n time for_a muly synthetic producer—consumer process network applica-
tiprocessor Wlth. 8 tiles and 1 processor per tile for varying d&jon connected by an 8 kilobytaro. The following con-
grees of relaxation. clusions can be drawn from the benchmark and simulator

. , L used in this research:
Figure 11 shows the nt_)rmallzgd execution times qf the Relaxed memory consistency provides only marginal

Processors VerSUsnae, NINE SEries are shown fpr NIN€henefits (6.13 to 14.9 percent execution time drop) over
values of L, the network round trip latency. This Chartsequential consistency.

shows that the network latency has a strong influence OMrhe largest performance increase is observed when

the speedup achievable by relaxing the memory model: yho mayimum number of outstanding references a

the lower the network latency, the higher the speedup processor is allowed to have, is raised from 1 to 2.

that can be gained by raising the maximum number of OUt-rpg 4qyantage of relaxed memory consistency decreases
standing references, ... In other words, the higher the for increasing network latency

network latency, the lower the advantage of relaxing thqowever, limitations of the simulator (the absence of con-

memory model. tention in the network and the absence of L1 caches) and
130 the small, synthetic benchmark prohibit final conclusions.
2 120 At We therefore recommend to use eitoakesim or RSIM
& 110 = max=2 [7] for further investigation to achieve more definite con-
é 100 1 K::i clusions. The use afakesim has the benefit that it most
E 90 ~ nax= closely resemblesAKE itself. Furthermore, because it is
_§ 80 1 ::maxzs an execution-driven simulator, it can simulate real-world
s 701 vr::} process network applicationssimM also allows us to sim-
3 607 :max:o ulate real-world applications because it is also execution-
g 50 max_ driven and very detailed. Furthermore, the use of the freely
40 A available and well-knowrsiMwould allow us to compare

0 40 80 120 160 200 240 280 320

Network round trip latency (processor cycles) the research to other work performed using this simulator

which would give us a better indication of the validity of
Fig. 12. Normalized process network execution time for a mufhe simulation outcome.
tiprocessor with 8 tiles and 1 processor per tile for varying de-
grees of relaxation.
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