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Editorial 

Information Systems Research: A Teleological Approach? 

The request to write this editorial came at a very 
opportune time, coinciding as it did with an intense 
examination of the development of the field of 
information systems and an analysis of the progress of 
IS research. I have therefore used this opportunity to 
focus my thoughts and outline some of my conclusions. 
By doing so I don't pretend to answer any questions, 
merely perhaps to stimulate thought amongst those 
SACJ readers involved in IS research. 

The last fifteen years has seen a tremendous growth 
in the study of information systems. During this period 
a number of journals devoted to IS research appeared 
such as MIS Quarterly, The Journal of MIS, Infonnation 
and Management and Data Base. There are now many 
research-based activities: the International Conference 
on Information Systems; the annual IS doctoral 
dissertation colloquium; and various awards for IS 
research contributions. Hundreds of universities world
wide have formed information systems departments with 
(reasonably) standard curricula. 

Yet with all this, what has really been achieved from 
a research viewpoint? Are we any closer to 
understanding the true nature of information systems? 
Is there a general unified theory of information 
systems? Is there ev.en an accepted, unique body of IS 
knowledge? The answer to all of these must surely be 
no. 

We have, I believe, achieved precious little. Yes, 
we do understand something of IS development 
approaches. We understand a little more now than we 
used to about how users interact with systems. But to 
get back to the first question, do we really understand 
what information systems are and how they work? No. 
Which begs the question: Why not? 

There are,_ ag<1in I believe, a number of reaso_n_s, but 
the foremost must be that the majority of people in the 
IS research community either reside in the business 
schools of the USA or are drawn from other disciplines. 
These people, it would appear, are researching for 
research's sake; to publish in order to secure tenure or 
develop a research track record, not to further the body 
of knowledge of the subject. There seems an almost 
frantic zeal to generate and test hypotheses, trying to 
adopt and pursue what is seen to be a "scientific 
approach". But there is very little focus - there can't be, 
or the answers to my questions earlier would be yes 
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rather than no! 
Let me hasten to add that there is nothing unique 

about these IS researchers. "Publish or perish" is still 
very much alive and well! But also they are really not 
all that different from other social scientists. As Nagel 
(3] :observed: 

"... in no area of social enquiry has a body of 
general laws been established, comparable with 
outstanding theories in the natural sciences in scope 
of explanatory power or in capacity to yield precise 
and reliable predictions : .. " 

Why should this be the case? Is it because the great 
intellects gravitate to the natural sciences and the social 
sciences pick up the second best who are incapable of 
generating these general laws? I hope not! The answer 
may well be that we have become locked into a 
particular research approach which is inappropriate to 
developing a body of social science, and more 
particularly, IS knowledge. Maybe we should be 
learning from our own source discipline (systems 
theory) and be developing a real research approach 
which complements our field of study. 

To explore this further let me go back to the roots 
of information systems. What is an information system? 
Do we really have an accepted definition? Probably the 
most widely referenced is that provided by Davis and 
Olson (2): 

"an integrated, user-machine system for providing 
information to support operations, management and 
decision-making functions in an organization. The 
system utilizes computer hardware and software; 
manual procedures; models for analysis, planning, 
control and decision making; and a database". 

Note how this emphasizes the man-machine 
interrelationship and underscores computers as a core 
component when they are not even necessarily a part of 
the information system. The worst aspect is that it does 
little to describe what a system is, and this may well be 
one of the causes of our research dilemma. Again, if 
we draw on systems theory then a more appropriate 
definition might well be: "a hierarchical set of 
procedures utilizing information to monitor and control 
organizational performance". Note that this definition 
fits with general systems theory that all systems have 
four basic foundations: cybernetics, hierarchy, control 
and information (1). 
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An additional aspect not apparently recognised by IS 
researchers is that the information system, just like any 
other system, biological or otherwise, suffers from the 
problem first identified by our own Jan Christiaan 
Smuts [4]: that of holism. Simply put, this says that 
the whole is greater than the sum of the parts. This 
means that information systems, unlike science, cannot 
be reduced to simple isolated fields of enquiry and then 
analyzed or tested using hypotheses and laboratory 
experiments from which elaborate generalizations may 
be inferred. They have levels of complexity with new 
factors emerging at each level. The problem with most 
of the current research is that it starts out with a 
reductionist approach· and then focuses on the highest 
( or lowest) level. Thus the majority of the topics have 
as their target the interaction between user and -
computer or the management or application of 
technology. There is very little research that is taking 
place at fundamental level, that of developing a general 
theory of information sytems. This is the teleological 
approach, searching for the natural laws and developing 
the theory based on deduction and logical development. 
Until we can advance that area of knowledge and, from 
a basis of these fundamental laws, develop a hierarchy 
of hypotheses that can then be tested, we will have little 
focus to our IS research. It will remain a fragmented, 
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uncohesive smattering of the work of individuals who 
are merely grasping at tenure. There are few people 
who would today argue against the inclusion of 
information systems as a field of study at a university or 
as a fruitful research area. But until such time as we 
focus on the foundation theory, it will remain 
unstructured and immature. 
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Abstract 
We investigate the peiformance of shared caches in a shared-memory multiprocessor executing parallel programs, and 
formulate simple models for estimating the load placed on·the bus by such a shared cache. We·analyze three parallel 
program traces to quantify the amount of sharing .that takes place during program execution. These results indicate that 
shared caches can substantially reduce the load placed on a bus by a large number of processors. Finally we propose a 
new metric of group locality to aid in predicting thf;peiformance ofa parallel program running on a machine with shared 
caches. 
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1 Introduction 
There is considerable interest in the design of scalable 
shared memory ~ultiprocessors: The problem of buil~ing 
such machines is largely that of building a memory system 
that is fast enough to supply the' multiple processors with 
the data they need to execute programs and communicate 
with each other. 

A bus is an attractive option for connecting multiple pro
cessors to a shared memory since it is cheap, reliable, and 
has low latency. Unfortunately, the bus is a bottleneck be
tween the processors and the memory, which means that 
only a small number of processors can be connected to 
the bus before it saturates. This problem is solved by a 
tree-structured memory system consisting of a hierarchy of 
shared buses and caches. In this case only a small num
ber of processors are connected to each bus, easing· the 
bandwidth requirement of each individual bus; Several 
such machines have been proposed, e.g.~ the Encore Giga
max [13], and the VMP-MC multicomputer [3]. 

The. VMP-MC architecture exploits share,d caches to 
increase the scalability of. t.he n;iacbine. Preliminary re
sults indicate that ~ubstantial reductions are possible in t~e 
shared niemory'bandwidth required per processor when the 
machine' is executing parallel applications ... This enables 
m<?re proce.ssors to be used in the systeµi, and therefore in
creases. the potential perfo:rman~e of the machine. 

'In µte n~xf section we motjvate the u$e q( shared caches 
for a large-scale multiprocessor running parallel programs. 
Next we ~esctjbe ,simple models for estim~ting the· load 
placed (,)n the bus by a snared cache. We presenr the re
sults of an analysis of parallel program .traces, w~ich pro
vide an indication of the potential benefit that can be gained 
from usillg.shared caches. Finally we propose~ new metric 
of group locality which can assist in predicting .the perfor
mance of a parallel program running on a machine with 
shared caches. 

*This work was sponsored in part by the Defense Advanced Research 
Projects Agency under Contract N00014-88-K-0619, and by an IBM grad-
uate fellowship. · 
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2 Background 
Processor cycle time is decreasing much faster than mem
ory cycle time. Since the performance of a machine 1s usu
ally measured by the number of instructions executed per 
second, the average me,mory access time has to be dose 
to the processor cycle time for the performance of the ma
chine to approach its peak :performance. 1. This usually re
quires a multi-level cache design [8]. In addition, it has be
come feasible to integrate large instruction and data cac~es 
on-chip ( 12 Kbytes in' the Intel i860). In such a multilevel 
cache hierarchy, the majority of the traffic (90% to 99% 
in uniprocessors with large cache blocks [9]) is absorbed 
by the first-level cache, which mearis tha(J,be higher levei 
caches are idle most of the time. ;;I 

In a multiprocessor system one can in~~JlSe the utiltZa
tion of a higher-leyel cache by sharing it among several pro
cesors. In addition, sharing a cach.e between' seyeral pro
cessors executing the &ame parallel program can improve 
the hit ratio of the shared cache, and so tncrease the scal~
bility and performance of the machine. 

Figure I shows an example of a shared memory in~i~i
processor. 'The bus has sufficient bandwi.dth to support four 
processors'(each with an on-chip cache) c~nriected tc,.ex
ternal caches. If a group of four processo~s 

1
are ccinnecied 

to each external cache, the load presented to the bus by the 
group will be lo'wer than the ioad ·presented by four' proces
sors; each with an external cache, even if the caches are of 
the same siz~ [3]. This means that the.bus can now suppo.rt 
more than four processors, where 'each group of four pro
cessors shares a cache, as shown in Figure 2. It is also worth 
noting that the memory access latency is not increased ( to 
first order2), since both systems have 2 levels of caching. 

We previously investigated the performance of a shared 
board-level cache (3]. Trace driven simulations were run 
of several different 16-processor machines. The basic 

I For high-performance microprocessors the peak performance is ap
proximately ( cycle time )- 1 , since these processors execute most instruc
tions in one cycle. 

2This assumes that the utilization of all shared resources are low 
enough that queueing delays are not a factor. 
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Figure 2: Cache sharing. 
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Figure 1 : No cache sharing. 

machine structure is similar to that shown in Figure 2, 
which shows a 16-processor machine with four proces
sors ( each with an on,..chip cache) sharing each board-level 
cache. · In these simulations, the on-chip .caches were 16 
Kbyte unified caches with 32 byte blocks, while, the board"' 
level caches were 512 Kbyte unified cacheswitlrl28 byte 
blocks. These basic parameters were chosen to represent 
a "good" design, 3 and were not varied in the simulation 
runs. The experiment consisted of running the three 16 pro
cessor traces against machines which had different num
bers of processors sharing a board-level cache. These three 
applications are described in the Appendix. We consider 
these applications to be representative of general-purpose 
computer-aided design tools and simulators. The programs 
were not optimized for this architecture. 

Table 1 shows the decrease in the shared cache miss ratio 
as we increase the number of processors sharing the cache 
from 1 to 8. The miss ratio decreases by 55% for dcsim, 
57% for mp3d, and 61 % for /ocusroute. The lower miss 
ratios imply a reduction in the average memory access time, 
and a reduction ( of about 50% to 60% as well) in traffic on 
the global shared bus. 

These results are quite promising, and indicate that a ma
chine which has 2 groups of 8 processors sharing a board
level cache would have up to 60% less global bus traf
fic than a system with only one processor per board-level 

3The on-chip cache parameters represent our guess as t~ what will be 
commercially available on microprocessors in 1990. The shared cache pa
rameters were chosen after making a few runs to find the maximum block 
size that did not dramatically increase the number of coherence invalida
tions required. 
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Processors per shared cache 
Name 1 2 4 6 8 
mp3d 77 67 54 43 33 
dcsim 20 17 14 11 9.3 

locusroute 3.3 3.1 2.2 1.7. 1.3 

Table l: Shared cache miss ratio (% of references to the 
shared cache) 

cache, with the same size caches. This means that we can 
put roughly twice as many processors on the bus when shar
ing the caches by 8 processors, compared to the case where 
we do not share the caches. This should enable us to double 
the performance of our system .. 

These results do notexplain where the·reduction in traf
fic is coming·from, or how to further reduce the global bus 
traffic.. It 'is· also not clear-how these ·results will apply to 
much larger systems. In order to answer these questions, 
we will now present simple models for shared cache be
havior, and use it it to estimate the performance of such a 
cache. 

3 Dynamic Behavior of Shared Caches 
We shall discuss cache sharing in terms of the terminology 
introduced in Figure 3. Several processing elements (PEs) 
are attached to a bus, which is connected to the input port 
of the shared cache. Each PE issues a stream of memory 
references that flows in the direction of the shared memory. 
We shall refer to subsystems which are closer to the source 
of the references than the shared cache is as upstream, and 
anythingdoser to memory as downstream. 

The reference streams of all the PEs are merged, and 
this is the input to the shared cache. The shared cache, in 
tum, generates output references to the downstream sys
tem. Block transfers occur in response to the memory ref
erences: from the shared cache to upstream PEs, and from a 
downstream cache or memory module to the shared cache. 

The n processors in the system are divided into m 
groups, where each group of p = n/m processors shares 
a cache. This is shown in Figure 4. The nodes labeled 
P1, P2, ... , Pn are the processors, the nodes 81, 82, ... , Sm 
are the shared caches, and the node labeled Bus is the down-
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Figure 3: Terminology for shared caches. 

stream bus. The shared caches Si are the same size, irre
spective of the number of PEs sharing the cache. In the 
special case where there is no sharing ( m = n, p = 1 ), the 
shared caches will be denoted by 81, 82, ... , Sn, 

The amount of data that has to be transferred from the 
downstream memory system into a PE or cache will be 
called the load placed by the PE or cache on the down
stream bus. The load placed on the bus by Si is denoted by 
li. The load is measured in number of block transfers per 
second.4 We will use li to represent the load of Si· 

The main purpose of a shared cache is to reduce the load 
that is placed on the downstream system. For a bus with a 
fixed capacity, a reduction in the per-processor load means 
we can connect more processors to the bus without satu
rating it. Provided that the latency does not increase too 
mQch, the result is that the performance of the system will 
increase (for programs which can use the extra processor 
cycles). 

In this study, the performance of a shared cache config
uration will be measured by the ratio R between the load 
placed on the downstream bus· by the shared caches, and 
the load placed on the downstream bus if caches are not 
shared: · 

R= 1::1~i = ~ 
z:;=1 zj L 

L is the total load placed on the downstream bus by the m 
shared caches, while L is the total load placed on the bus by 
the n caches when only one processor shares each cache. 
If R = 1 for a given system, it means that it performs the 
same. as a system· with private caches. If R < .· 1, the sys
tem performs better than a system with private caches. In 
the next sections we examine the performance of a shared 
cache system executing a parallel program. 

3.1 Parallel Program Behavior 
A parallel program is considered to execute in a single ad
dress space, with multiple lightweight processes (threads). 
Two processes (threads) share a block simply by refer
ring to it with the same virtual address. The programming 
paradigm we consider here uses a number of processes ex-

4In this model we consider only the data transfers. In reality there are 
also other bus transactions, e.g., invalidation signals, but most of the bus 
bandwidth is consumed by the block transfers. 
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ecuting identical code on different items of shared data [5]. 
Data items are obtained from one or more queues. Barrier 
synchronization is used to separate different phases in the 
computation. 

We consider references to a given cache block of data, 
and determine the amount of bus traffic that results from a 
reference to that block. Program references can be divided 
into three groups on the basis of block behavior: references 
to ( 1) private blocks, (2) shared read-only blocks, and (3) 
shared read/write blocks. 

3.1.1 Private blocks 
Private blocks interfere with our goal of reducing the down
stream bus traffic, since a block which is referenced by one 
processor, and brought into the shared cache, will not sub
sequently be referenced by another processor. Although 
these references form a substantial fraction of the data ref
erences (60% to 70%) in the parallel programs we exam
ined, most ofthese references hit in the caches, and do not 
cause any bus traffic. 

Most of the code in a shared program is shared by all 
the processors (at least in the paradigm we consider), so 
there are few instruction fetches from private code. Private 
data is dominated by references to the stack and dynamic 
temporary variables. 

Finally, the shared caches are large and block replace
ment is rare. Private blocks tend to stay in the cache for 
a long time, which means that reference to private blocks 
is largely a cold-start phenomenon. Therefore we will not 
further consider private data in this paper. 

3.1.2 Shared read-only blocks 
The degree of sharing (k) of a shared bloc~is defined as the 
number of different processors that access the block during 
a specified window of duration w cycles .. , 

For shared read-only blocks, the reduction of traffic will 
depend on k, with w equal to the program execution time 
(assuming no context switches). A simple example will il
lustrate this. Suppose we have two systems, each with four 
processors. In the one case, each group of two processors 
share a cache, while~ in the other case, each processor has 
its own private cache. If all four processors reference a 
specific block, };;. = f. The. bus traffic in the non-shared 
case will be foufblock 'transfers (i.e., L = 4 ), while in the 
shared case it will be two (i.e., L = 2). The shared case 
therefore requires 50% of the bus bandwidth required by 
the non-shared case (i.e., R = 0.5). If the degree of shar
ing was lower, this will change. If only processors 1 and 
4 read the data, there would be no reduction in bus traffic 
for the shared case compared to the non-shared case, and 
therefore R = 1. 

Although R depends on the exact sequence of references 
made by each processor, we can estimate the value of R 
under a set of reasonable assumptions. We assume infinite 
caches, and that blocks will never be replaced once they are 
in a cache. If a block is shared by k processors, then there 
are (~) ways to assign the block ton processors. Each of 

these combinations c, where 1 ~ c ~ (~), places a load Le 
on the downstream bus. We can now find the expected total 
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Bus 

n = m, p = 1 
(no sharing) 

~ 
p processors per group 

Figure 4: Sharing structure. 

load C on the downstream bus by summing the products of 
P{ c} (the probability of c) and Le. We assume that each 
combination c is equally likely, so that P{ c} = 1 / (~): 

G) 1 G) 

C = ;LeP{c} = (~) ;Le (1) 

The load Le can be calculated by noticing that one block 
transfer is required into every shared cache which contains 
at least one processor referencing that block. If there are 
no processors referencing the block in a particular shared 
cache, no block transfer is required into that cache. 
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Degree of sharing (k) 

Figure 5: Ratio R for p = 4 and p = 8 configurations, 
n = 16. 

Figure 5 shows R for two different configurations of a 16 
processor system, calculated using equation 1. In the first 
configuration, the system consists of four groups of four 
processors each ( m = p = 4), and in the second it consists 
of two groups of eight processors each (m = 2,p = 8). 
We observe that R decreases rapidly for small values of 
k (ask change from 1 to 2, R decreases 10% in the p = 
4 case and 20% in the p = 8 case). As k increases, the 
reduction in R becomes less dramatic. If k = n, then R = 
1 / p, which means_ the downstream traffic out of a shared 

34· 

cache is independent of the number of processors sharing 
the cache. 

To get an idea of the pcrf ormance improvement one can 
expect from real programs, we measured k for all the read
only shared data in the three programs (mp3d, dcsim, and 
locusroute) described in Appendix. The histograms in Fig
ures 6 through 8 show the.number of reads to all read-only 
blocks for each value of k. 

.., 40000.0 

I 
0 35000.0 

.8 
§ 30000.0 
z 

25000.0 

20000.0 

15000.0 

10000;0 

5000.0 

o.o--+---+--+-_______ ....... .....,.._.__.~-.......,._--
o 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 

Degree of sharing (k) 

MP3D r/o shared data: number of reads. Block size 4 bytes . 

Figure 6: Number of references to shared read-only data 
formp3d. 

From these histograms we can calculate.an average _value 
fork to use in estimating R. For mp3d, k = 14, for lo
cusroute k = 4.5, and for dcsim k = 8.5. These values 
were obtained by weighting each value of k according to 
the number of references it received. R can be read off the 
graph in Figure 5. 

With finite caches, replacement interference becomes a 
factor. If the shared cache is the same size as the non-shared 
cache, it is likely that the interference in the shared cache 
will be higher than that in the non-shared cache, simply be
cause the combined working sets of the PEs connected to 
the shared cache will be larger than the working set of the 
single PE connected to the non-shared cache. However, 
with very large caches this will be a small effect, since re
placement is very rare in large caches. In addition, it is 
always possible to increase the size of the shared cache to 
the point where the interference will be comparable to that 
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Figure 7: Number of references to shared read-only data 
fordcsim. 
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locusroute r/o shared data: number of reads. Block size 4 bytes. 

Figure 8: Number of references to shared read-only data 
for /ocusroute. 

of the non-shared case. 

3.1.3 Read/write shared blocks 

The behavior of read/write shared blocks is more com
plex, since consistency has to be maintained between all 
the caches. The details of this behavior will depend on the 
cache coherence protocol that is used. As a reference point, 
this discussion will be carried out in terms of the ownership 
protocol used in the VMP multiprocessor [4]. 

The VMP ownership protocol works as follows: a cache 
block can be in one of two states, shared or private. In 
shared mode, only read access is. allowed. If a processor 
wants to write to a block, the block has to be in private 
mode. In shared mode, a block can be present in more than 
one cache at a time, while in private mode it may only be 
in one cache at a time. When a block is read in private 
mode, all copies of the block in other caches have to be 
invalidated. The protocol also allows a shared block to be 
converted to a private block, but we will not consider that 
case here. 

k, with w equal to the execution time for the program, is 
not a useful parameter for predicting the performance of a 
shared cache on read/write shared data. The reason for this 
is that read/write shared blocks typically do not stay in a 
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cache for very long, but are invalidated whenever another 
processor wants to write to that block. To take this into 
consideration, we propose the readership metric'( d): 

Readership This is defined as the average numb~r of dif
ferent processors (excluding the owner of the block) 
which read a block between the start of one write 
run and the start of the next write run5 on the block. 
The readership measures the extent of read-sharing of 
read/write shared blocks. If the readership of a block 
is high, a shared cache can reduce the traffic on the 
downstream bus as we discussed earlier for read-only 
shared blocks. 
For example, consider the reference stream shown in 
Table 2, generated by processors in a four-processor 
system (all references are to the same block x). Pn 
refers to processor n, and Cn refers to the private cache 
of processor n. In this example d = 2, since two 
other pr~essors (processors 2 and 3) read the block 
between the two write runs. 

Reference Description 
Pl writes x; x moved into Cl, private 
P2 reads x; x writeback, moved into C2 shared 
Pl reads x; no action, x still in C 1 shared 
P2 reads x; no bus traffic, x still in C2 shared 
P3 reads x; x moved into C3 shared 
P4 writes x; x invalidated in C 1, C2, and C3, moved 

into C4 private 

Table 2: Example reference stream. 

Since the general behavior of these blocks is complex, 
we will investigate the behavior for two simple systems 
of n processors. Assume that k = n, and consider the 
ratio R for two extreme cases: d = n - 1 and d = 0. 
Again, we consider infinite caches, fully associative, with 
uniformly distributed references from all processors which 
share a block. 

1. If d = n - 1, all processors are expected to read the 
block before somebody writes it. To calculate L, we 
notice that there will be n - I transfers of the block 
when everybody reads it, followed by I transfer when 
it is written back. This means there will be n trans
fers on average for every write. In the case where p 
processors share a cache, there will be m transfers for 
every write, using the same arguments as for read-only 
shared blocks. Therefore, R = m/n = I/p. 

2. When d = 0, all ,references to the shared block are 
writes (this serves to show the other extreme of be
havior). The distribution is uniform, so the probability 
that any Pi will read the block is 1/n. To calculate L, 
we observe that there are two cases: if Pi has a block 
in private mode, the next write will be from Pi with 
probability 1 / n and cost 0, or it will be from one of 
the other processors with probability ( n - 1) / n and 

5 A write run (5] is defined as a sequence of write references to a 
shared block by a single processor, uninterrupted by any accesses by other 
processors. 
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cost 2 block transfers ( one for the write back, one for 
the read). It follows that L = 2(n - I )/n. Lis cal
culated in a similar way by observing that, if Pi has 
the block in private mode, it will also be in the shared 
cache SJ, where j = Li/p J + 1. The next processor 
to read the block will be in the same group with prob
ability 1/m = p/n and cost 0, or in another group 
with probability ( m - 1) / m and cost 2 block trans
fers. Therefore, L = 2(m - 1)/m, and 

R = L/L = n(m - I) 
m(n - 1) 

For the case where we have 16 processors, with 2 
groups, each with 8 processors, R = 8/15 = 0.53, 
and with 4 groups of 4 processors each, R = 4 / 5 = 
0.8. 

We can expect the behavior of a real program to lie some
where in between these extremes, assuming that references 
to the shared blocks are uniformly distributed across pro
cessors. 

The preceding discussion assumed a uniform distribu
tion of references from processors sharing a block. How
ever, in the case of read/write shared data, there is the po
tential to achieve very small values of R by appropriately 
structuring the algorithm and data structures. For example, 
if we can ensure that all processors in one group will write 
to the block before a processor from another group writes 
to it, R will improve to m / n = 1 / p, the same as for shared 
read/only data. We can do even better than this if we write 
programs so that read/write data is partitioned so that only 
one group accesses a partition mostof the-time. In this case, 
R can approach 0. 

This is of course predicated on the degree of sharing that 
actually exists in parallel programs: if it turns out that k 
is small, it will not help very much to organize data for 
maximum sharing. To get an idea of the values of k that 
one can expec_t in real programs, we collected the same 
type of histograms for read/write shared data that we earlier 
showed for read-only data. These are shown in Figures 9 
through 11. 

Calculating average values from these histograms (using 
the same method as for read-only blocks) yield k = 12 for 
mp3d, k = 7 for dcsim, and k = 6 for locusroute. These 
values suggest that it may indeed be possible to achieve 
significant improvements in R by proper data placement 
and the best assignment of processes to processors. This 
is especially important since our simulations indicate that 
read/write shared data accounts for most of the traffic in 
a shared-memory multiprocessor executing parallel pro
grams. 

We are developing a measure of this group locality, so 
that we can evaluate how successful our efforts at program 
restructuring are. Such a metric must be a good predictor of 
shared cache performance, and must also be computation
ally feasible. For a system with n processors, m groups, 
and p processors per group, where the memory is divided 
into blocks of equal size, and we are executing a parallel 
program, we defi~e the following: 
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Figure 9: Number of references to shared read/write data 
for mp3d. 
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Figure 10: Number of references to shared read/write data 
fordcsim. 

Definition 1 (Trace) A trace T is a sequence of references 
{ r 1, r2, ... } , where each reference r i is a tuple (processor, 
block, reference type). The reference type is either read or 
write. 

Definition 2 (Block trace) For a given block band trace 
T, the block trace n is a sequence of references 
{ b1, bi, ... }, where the bi are all the references to bin T, 
and where the order of the references in T are preserved. 

Definition 3 (P-group) AP-group is any set of cardinality 
p of processors. 

A P-group corresponds to one possible assignment of 
processors to a shared cache. We will now define a mea
sure of the quality of such an assignment. Since the order 
of the processor assignment is not important, there are (;) 
P-groups for this system. 

Definition 4 (G-subsequence) For a given block trace n 
and P-group g, a G-subsequence is any maximum length 
subsequence from Tb such that ( 1) the subsequence con
tains no writes by processors which are not elements of g, 
and (2) the subsequence contains at least one reference by 
each processor which is an elements of g. 

Definition 5 (Weight of G-subsequence) For a given G
subsequence sand P-group g, the weight of sis the number 
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Figure 11: Number of references to shared read/write data 
for locusroute. 
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Figure 12: G-scores for the first 100 P-groups. 

of references ins by elements of g. 

Definition 6 (G-score) For any P-group g, and all blocks 
b in memory, the G-score ( measured in number of refer
ences) is the sum of the weights of all G-subsequences in 
all block traces n. 

The G-score counts the number of references that are 
made during only those subsequences which reference all 
the processors in a P-group. The G-score should therefore 
be an indication of the quality of the processor assignment 
associated with the P-group. 

We measured the G-score for all the P-groups that occur 
in the mp3d trace, and ranked the P-groups according to 
G-score. For this 16-processor system with 2 groups of 8 
processors per shared cache, there are (;) = (18

6
) = 12870 

P-groups. Figure 12 shows the G-score for those 100 P
groups with the highest G-scores. 

The results suggest that the 4 byte blocksize has greater 
group locality than the 128 byte blocksize. Examination 
of the program revealed that most of the data were in fact 
word-aligned, and accessed on a word basis ( 4 bytes) by 
each processor, so that the 128 byte blocksize resulted in 
large amounts of false sharing, and hence poor group lo
cality. It is also interesting to note that there is a relatively 
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sharp rolloff in the G-score plot, suggesting that it may be 
advantageous to assign processes to processors according 
to the P-group with the highest G-score. 

4 Comparison with Related Work 
Multi-level bus structures were first proposed in the 
Cm* [ 10] architecture, which was a distributed-memory 
message-based system. [7] describes a dual processor ma
chine which has a multilevel cache structure. Each proces
sor has a private 64 Kbyte cache, and the two caches are 
connected to a shared 512 Kbyte second level cache. The 
main motivation seems to have been economy, and not an 
increase in performance. Yeh [15, 14] suggested the use 
of shared caches for avoiding the cache consistency prob
lem. They recognized that the sharing of operating system · 
code would probably improve cache behavior. The Alliant 
FX series machines [2] employ shared caches at different 
points in their multiprocessor machines, including shared 
first-level caches. To our knowledge they have not pub
lfshed any performance analysis of their shared caches. The 
Sequent Balance 21000 has two processors connected to a 
single first-level cache on every board. This seems like a 
bad idea, since the processors will compete for cache access 
on all references, and not just on first-level cache misses. 

A comprehensive overview of multi-level cache struc
tures for multiprocessors is given by Wilson [13] He con
centrated more on the multiple bus aspect than on shared 
caches. He also proposed a local memory system to get 
around the problem of downstream bus bandwidth, with a 
shared cache to take care of the rest of the traffic. He esti
mated the required shared cache sizes as an order of magni
tude larger than the sum of all the lower level caches, which 
is not supported by our analysis or measurements. 

It is interesting to compare our approach with the context 
switching approach [12]. In this design, the processor ab
sorbs the high memory access latency expected by switch
ing contexts. A suggested implementation of this idea with 
RISC processors is to have several processors on one board, 
connected to the cache. Each processor is loaded up with 
process state, and one executes until it misses in the cache, 
at which point the next one is started. The advantage of 
the shared cache approach is that one effectively gets the 
same behavior when a processor misses, except that all the 
processors can execute concurrently while they hit in their 
on-chip caches. 

Eggers [5, 6] proposes the notion of a write run, which 
we use in our definition of readership. The length of write 
runs is a measure of processor locality. This is useful for 
comparing cache coherence schemes that differ in the way 
they treat write sharing. However, it does not provide much 
insight into the behavior of shared caches. 

Weber and Gupta [ 11] counted the number of invalida
tions on a write to a block. By averaging their data from 
1 to infinity, an estimate of the readership can be obtained. 
They provided distributions of the number of invalidations 
per write, so one can actually calculate the readership distri
bution from their data. Agarwal and Gupta [I] defined and 
measured clings and pings for shared data, and also pro-
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vided some initial data on write invalidation distributions 
for small numbers of processors. This was done primarily 
to analyze the relative performance of different cache co
herence protocols, and to evaluate the feasibility of direc
tory schemes with small numbers of pointers to processors 
storing copies of a block. 

5 Future Study 
This paper describes work in progress, and we are cur
rently busy validating the models against trace-driven sim
ulations. Specific efforts include: measuring the effect of 
data restructuring on the group locality measure and the ex
tent to which that is a predictor of R, measuring the effect of 
different process-to-processor assignments on the locality 
measure and R, comparing different group locality metrics 
in terms of computational cost and quality, and measuring 
the effect of block size. on locality. 

6 Summary and Conclusions 
We presented simple models that can be used to arrive at 
rough estimates of the expected performance of a shared 
cache under various circumstances. These models show 
that a shared cache can reduce the load placed by multi
ple processors on a global bus, prov.ided that cache blocks 
are shared by the processors connected to the shared cache. 
We presented initial results of a· study of parallel program 
traces, and gave values for the degree of block sharing for 
these programs. This showed that, in the traces we exam
ined, both read-only and read-write shared data were shared 
by a significant fraction of the processors in the system. Fi
nally we introduced a new measure of group locality which 
can be used to study the the performance of a shared cache. 
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Appendix The Program Traces 
The traces used in these studies were all multiprocessor 
traces of 16-processor machines, obtained by running a 
multiprocessor simulator using the VAX T-bit mechanism 
to step the processes through their references in round
robin fashion. The traces do not include operating system 
references. Each trace consists of more than 7 million ref
erences, of which about half are data references. For a more 
detailed description of the programs see [11]. 

Locusroute: This is a global router for VLSI standard 
cells. Each processor removes a wire from the task queue 
and selects the best route for that wire. The cost data struc
ture on which the routing is based is shared by all the pro
cessors, and updates to this global structure is made without 
locking. 

Mp3d: This is a three-dimensional particle simulator for 
rarefied flow. Particle properties are stored in separate ar
rays. During each time step, the particles are moved one at 
a time. One lock protects an index into the global particle 
array. Because of the poor data layout, this program will 
not perform well on a cache-based multiprocessor. 

Distributed Csim: This is a distributed logic simulator 
which does not rely on a global time during simulation. The 
trace does not include references to locks. 
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