AD-A217 126

APPROVED FOR
- PUBLIC DISTRIBUTION

MASSACHUSETTS INTITUTE OF TECHNOLOGY VLS| PUBLICATIONS

VLSI Memo No. 89-565
October 1989

A Locality-Based Multiprocessor Cache Interference Model

Anant Agarwal

Abstract

Keeping data consistent in cache-coherent multiprocessors often requires the invalidation
of cached blocks and results in higher miss rates. The increase in the cache miss rate due
to invalidations is related to the number of processors and to the level of sharing.
Analytically modeling this increase is important for the accurate performance evaluation of
cache-based multiprocessors. Previous modeling efforts assumed a uniform probability of
access to shared blocks. However, applications that we have studied show significant
temporal locality of access to shared blocks, which substantially alters the magnitude of
sharing related misses. This paper develops a multiprocessor cache interference model
using temporal locality information measured from address traces of parallel applications.
The model is very simple and yields reasonable predictions.
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Abstract

\K/eeping data consistent in cache-coherent multiprocessors often requires the invalidation
of cached blocks and results in higher miss rates. The increase in the cache miss rate
due to invalidations is related to the number of processors and to the level of sharing.
Analytically modeling this increase is important for the accurate performance evaluation
of cache-based multiprocessors. Previous modeling efforts assumed a uniform probability
of access to shared blocks. However, applications that we have studied show significant
temporal locality of access to shared blocks, which substantially alters the magnitude of
sharing related misses. This paper develops a multiprocessor cache interference model using
temporal locality information measured from address traces of parallel applications. The
model is very simple and yields reasonable predictions. <. . . . [
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1 Introduction

In an invalidation-based cache coherence scheme, when a processor writes into a block currently
cached by one or more other processors, each of the other cached copies must be purged. These
invalidations increase the cache miss rate. Invalidation-based cache coherence schemes include
several snoopy-cache protocols (1, 2, 3] and the directory-based protocols [4, 5, 6, 7). Most
commercial bus-based multiprocessors also use similar schemes for cache coherence.

The cache miss rate of an individual processor depends on the level of sharing, the number of
processors, and the characteristics of program accesses to shared memory. Dubois and Briggs (8]
estimated the miss rate of a cache in a multiprocessor environment assuming that every shared
block was equally likely to be accessed. The miss rates obtained turn out to be very pessimistic
for the applications we measured. The chief reason for the discrepancy was that references to
shared memory displayed temporal locality in much the same manner private references did.
We will show how temporal locality information can be extracted from parallel address traces
and used in a simple multiprocessor interference model to get good estimates of multiprocessor
cache miss rates.

Several recent studies addressed the issue of locality in multiprocessor memory referencing.
Agarwal and Gupta [9] proposed using the notion of processor locality, which is measured as
the number of local accesses of a block of shared data before a remote write. They also studied




the time intervals between references of local and remote processors as a measure of temporal
locality. Eggers and Katz {10] used the lengths of write runs to characterize multiple local writes
to a shared block before a non-local reference. Dubois and Wang [11] used the lengths of bursts
of local processor references to shared blocks as a measure of locality.

Both the analytical modeling study of Dubois and Briggs and the simulation model of
Archibald and Baer assumed that each shared block was equally likely to be accessed dur-
ing any cycle as in the Independent Reference Model {12]. The Dubois and Briggs model was
quite complex and built the sharing related invalidation model on top of a single processor cache
model assuming the LRU stack distribution for the private references. Dubois and Wang (11]
recently extended this work to include the burst access notion of locality. Bursts were defined
as a sequence of uninterrupted local accesses. The burst lengths and number of bursts were
measured from parallel applications. Because the burst length changes with the number of pro-
cessors in the system, separate measurements must be carried out for each number of processors.
Although in some applications the bursts might occur over a small enough interval that the ef-
fective length remains the same even if the number of processors is increased. Our focus here
is to obtain a simple model for the miss rate as a function of the number of processors. Our
model uses the time interval between successive references to a block by a given processor - a
parameter independent of the number of processors in the system - to characterize locality.

2 The Model

As in the Dubois and Briggs study, we will denote the cache under counsideration the local cache
and all the others as remote. We will assume an infinite cache. Several recent muitiprocessor
studies have made this assumption. Finite cache effects can be easily factored in using single
processor cache models. Furthermore, by focusing on the invalidation misses alone we can
simplify the model greatly. In practice, network traffic will also result from writebacks and local
writes to clean objects. However, the focus of this paper is on misses which necessarily stall the
processor. Both writebacks and local writes to clean objects (assuming buffered invalidations
and a weak coherence model) can proceed without stalling the processor.

A shared block can have two cache states: present (Pres) or absent (Abs). In an infinite
cache, the mechanism that causes a block to change state from present to absent is the invalida-
tion signal initiated by a remote write reference, while a local reference to the block ensures its
future presence. Let the probability of a reference to a shared block during any cycle be s, the
probability of a write be w, and the number of processors in the system be P. Instruction blocks
are treated as private as they are never written. Given a shared reference, let the probability
of a request to a specific shared block be p,, and let p; be the corresponding probability of an
access from the local processor.

The probability of an invalidation in a cycle from &+ - mote processor to a given shared
block is swp,, which is simply the product of the probab... .es of accessing a shared block, the
write probability, and the probability of a remote reference to the given block. If there are
P processors, assuming the accesses from different processors are independent, the probability
that no remote processor writes into the shared block in any cycle is (1 - swp,)P-1. Then,
the probability of an invalidation is one minus the probability no processor writes to the block
during that cycle. The invalidation probability during a cycle is given by

1-(1-swp)P!




Figure 1: States of a cache block.

If the block is absent from the local cache, the probability it returns to the cache on an
access is simply the probability of a local reference to that shared block, which is sp;. These
transition probabilities can be represented in a state transition diagram as in Figure 1.

The steady-state probability the block is absent from the cache is

1-(1-swp,)P-1
1= (1-swp,)"-1 +sp

Pabs =

In an infinite cache, the probability of a miss (pm ) is the probability of a shared reference
times the probability the shared block is absent, and is given by,

1-(1-swp,)P-!
1-(1- awp,)]!'l + spi

P = s (1)

If the probability of a write from a remote processor to a given block in any cycle is much
smaller than one, that is, if swp, is small, we can simplify the above equation to get,

8
P z——-——ﬁl (2)
m 1+m -

When wp,(P —1) is small compared to p;, which happens for high temporal locali.y of local
accesses, we can further simplify the miss rate expression as,
swp. (P -1)
R ——— 3
Pm o (3)

2.1 The IRM Model for Shared References
Let the number of shared blocks be B. Using the Independeut Reference Model for the

shared blocks, each shared block is equally likely to be accessed on a shared reference. Then,
pt = p- = 1/B. This yields a model similar to that used by Dubois and Briggs.

3




- 1-(1-sw/B)P-!
Pm =T — su/B)P1 +s/B

-
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2.2 The Locality-Based Model

In the model discussed in the previous section, the probability of a remote processor accessing a
given shared block is equal to the probability the local processor accesses it. We have observed
that repeat local accesses of a given block are more likely than writes from remote processors [9].
Several common programming practices encourage such locality. Often, modifications of a set
of shared blocks are performed within critical sections that preclude accesses from the other
processors. In some systems, chunks of shared work to be performed are placed on queues and
assigned to idle processors. The set of block accessed by a processor is then related to the chunk
of work it has been assigned. Such locality properties in accessing shared memory is not only
a feature of current parallel programming techniques, but should be encouraged as much as
possible to reduce cache contention.

We will now derive an interference model based on slightly different assumptions than Dubois
and Briggs. We will assume as before that the probability of a remote reference to a shared
block (p,) is uniform for all the blocks and is equal to 1/B as before. The probability a shared
reference from the local processor is to the given block (p;) will be greater than p, if locality
holds. The locality parameter p; depends on the shared memory reference characteristics of
the parallel application, and is measured as the reciprocal of the average time interval between
repeat references to a shared block by a given processor. To compute p, we measure the number
of shared blocks, the reciprocal of which is p,.! s is measured as the fraction of shared references.
and w is the fraction of writes. The miss rate can now be written as,

1-(1-sw/B)P!
1-(1- e)w/li‘)P'l + spr

Pm =38 (5)

3 Address Traces

The model predictions are compared with simulations using three parallel address traces. The
traces used are POPS, P-Thor and LocusRoute. POPS [13] is a parallel implementation of a rule-
based programming language called OPSS, P-THOR is a parallel logic simulator implemented by
Larry Soule, and LocusRoute is a parallel VLSI router written by Jonathan Rose at Stanford [14].
Each of these applications has the characteristic that the processes obtain pieces of work to
perform from a large set.

The four-processor POPS and P-THOR traces were obtained using a multiprocessor exten-
sion of the ATUM tracing scheme [15]. ATUM stands for Address Tracing Using Microcode.
In ATUM the microcode writes the addresses touched by the program to a reserved portion of
memory as a side effect of normal execution. In the multiprocessor extension of ATUM, each
access to trace memory is interlocked to enable the microcode in several processors to write their

'In applications where the temote shared references favor the blocks being accessed by the local processor,
the probability of a remote access p, can be measured from the trace using the reciprocal of the average interval
between remote references by a given processor to the shared block. Note that this average is also unrelated to
the number of processors in the system.
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Figure 2: Invalidation induced cache miss rate.

references to this memory. Thus a trace contains interleaved address streams of several proces-
sors. The traces used for this study were gathered on a 4-CPU VAX 8350 machine running the
MACH operating system. ATUM also records virtual to physical translation information that
allows a postprocessor to create a physical address trace required to detect sharing. Each trace
‘s roughly 3.5 million references long. For details regarding how time is counted in these traces
and trace details the reader is referred to [9].

The eight-processor LocusRoute is obtained from a parallel tracer implemented by Steve
Goldschmidt at Stanford that used the VAX T-bit. The basic idea behind multiprocessor T-bit
tracing is to schedule a new process on every trap instruction. After a process suffers a trap, and
the corresponding memory address is recorded, the scheduler saves the processor state of the
trapped process and schedules another process from its list of processes, typically in a round-
robin fashion. This method yields round-robin interleaved address traces of multiple processes,
where all addresses corresponding to a given process occur at fixed intervals in the trace.

4 Results and Discussion

Figure 4 plots the predictions of the locality based model (using the accurate expression), and
those using the Independent Reference Model, and compares these with simulations of the three
parallel address traces. Figure 4 shows the graphs averaged over the three applications. The
models are driven using parameters measured from the traces.

The figures show that the model performs reasonable well in predicting the cache miss rate
component due to invalidations. Without considering locality, the miss rate is overestimated by
more a factor of 10. Put another way, if paraliel applications are carefully written to enhance
locality of access to shared blocks, substantial performance benefits can arise.

How does block size impact the invalidation rate? The multiprocessor interference component
of misses displays a simple dependence on s and the local and remote locality parameters, p; and
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Figure 3: Invalidation induced average cache miss rate.

pr, as shown in Equation 3. The effect of block size on the invalidation rate is then related to how
the fraction of shared references, s, and these parameters vary with block size. If a larger block
places words used by the same processor into one cache block, p; increases yielding a lower miss
rate, while the opposite is true if unrelated words referenced by remote processors are placed
in the same block. Several recent studies have observed that increasing block size can hurt or
improve performance depending on the application’s memory referencing behavior (16, 17].

In this paper, we considered invalidating protocols. Some cache coherence protocols update
remote copies with the new value {18, 19] and do not hurt the miss rate. However, the write
update rate will depend on the above factors, and we believe similar ideas can be used in deriving
update rates for such protocols.

The model we derived leads to a very simple approximation for the cache interference in
multiprocessors. It shows that the coherence related miss rate increases linearly with the number
of processors. The model can be used in multiprocessor performance evaluation. Its simplicity
encourages its use in software systems, such as in schedulers. A scheduler must address the
tradeoff between locality (and hence lower miss rates) and load balancing. Models of this nature
can be used to make such tradeoffs. We are investigating an affinity-based scheduler that includes
this model.

In parallel applications, commonly, most blocks are not used by all processors. For example,
in some physical problems with near neighbor communication, a block might be shared among
a few of the processors. In such cases, the model can be modified so that the miss rate has a
bilinear form; the miss rate initially follows the usual linear model until the maximum number
of processors sharing the block is reached, and then flattens out. Such effects have been noticed
by several studies [11, 20, 21].




5 Conclusions

This paper presented a temporal locality based multiprocessor interference model that predicts
the cache miss rate 3s the number of processors in the svstem increases. Comparison with
simulations against parallel applications demonstrates that the model predicts the interference-
related miss component reasonably well. When the probability of invalidation from remote
processors is small. the miss rate bears a simple linear relationship to the number of processors
in the system. The predictions of a model using no locality information are very pessimistic.
More importantly, we see that the miss rate of a coherent cache for an application with significant
temporal locality is much lower than when such locality is absent.
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