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ABSTRACT 

There are many good arguments for implementing information systems as distributed systems. These 
arguments depend on the extent to which interactions between machines in the distributed implementation can 
be minimized. Sharing among users of a computer utility is a type of interaction that may be difficult to 
provide in a distributed system. 

This paper defines a number of parameters that can be used to characterize such sharing. This paper 
reports measurements that were made on the M.I.T. Multics system in order to obtain estimates of the values 
of these parameters for that system. These estimates are upper bounds on the amount of sharing and show 
that although Multics was designed to provide active sharing among its users, very little sharing actually 
takes place. Most of the sharing that does take place is sharing of system programs, such as the compilers 
and editors. 
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I. Motivation 
One of the driving forces in the development 

of large, central computer systems was the high 
cost of computer hardware. Current trends in 
electronic technology indicate, however, that 
hardware costs are no longer the dominant factor in 
the design of an information system. 

There are many reasons to implement a large 
information system as a distributed system, with 
several independent, communicating machines. These 
reasons include: 

I. Increased reliability. Each machine in a 
distributed system would be smaller and 
simpler than the single machine in an 
equivalent central system. Thus the 
individual machines would be less likely to 
fail, and a failure in one machine need not 
disrupt all system operations. 

II. Ability co grow. Adding a new machine to a 
distributed system can increase the computing 
power available without affecting the existing 
system. 

This research was performed in the Computer Systems 
Research Division of the ~.I.T. Laboratory for 
Computer Science. It was sponsored in part by the 
Advanced Research Projects Agency (ARPA) of the 
Department of Defense under ARPA order No. 2095 
which was monitored by the Office of Naval Research 
under contract No. N00014-75-C-0661. 

III. 

IV. 

Distributed authority. The availability and 
protection of information managed by each 
machine in a distributed system can be 
independently controlled. 
Better response. The parallelism available in 
a distributed system allows it to respond more 
rapidly than a multiplexed centralized system. 
Communication delays also can be reduced by 
placing the information and computing power 
physically near where they are needed. 

All of the arguments for choosing a 
distributed organization for an information system 
are dependent on the extent to which that system 
can be separated into independent components. Many 
of the advantages of a distributed system disappear 
if a significant amount of essential information is 
shared by components that are implemented on 
separate machines. 

Sharing of information by processes executing 
on separate machines requires communication in 
order to keep the shared information consistent. 
Some protocols for maintaining consistency have 
been developed recently, but the problem is still 
poorly understood [I], [2], [3]. 

Current centralized systems can be divided 
into components, such as the files and processes 
belonging to individual users of a computer 
utility. However, the extent to which the 
components are independent is uncertain, because 
information is shared among components. Thus, 
before considering a distributed implementation for 
an information system, it is important to know the 
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nature of sharing in that system. This paper 
reports an attempt to measure sharing in a large, 
centralized computer system: specifically, the 
Multics system at M.I.T. 

The Multics system is a good choice for such 
measurements because it was designed to provide 
extensive facilities for controlled sharing, more 
so than other commercially available computer 
systems. Thus an examination of Multics should 
provide an upper bound on the amount of sharing in 
current systems. 

The data reported here were gathered on the 
M.I.T. Multics system. However, the measurement 
tools developed could easily be used on other 
Multics sites. 

2. Definitions 
Before attempting to measure sharing, it is 

necessary to define what should be measured. A 
shared unit is called an object, which refers to a 
logical unit of information. The definition of 
sharing that follows is an attempt to capture the 
aspects of sharing that may be difficult to provide 
in a distributed system. 

An object is said to be shared in a time window 
t if it is referenced by at least 2 different 
processes within the time t. 

It is useful to distinguish two kinds of 
references to an object: writes, which modify the 
contents of an object, and reads, which do not. 
This distinction allows us to define two 
specialized kinds of sharing: write-sharing, in 
which an object is shared and is also written by at 
least one process, and read-sharing, in which all 
references to the object are reads. Write-sharing 
is inherently the more difficult of the two to 
provide in a distributed system, because it 
requires communication among the processes that are 
referencing the shared object, while read-sharing 
does not. 

The time window in the definition of sharing 
is a very important parameter, since it is an 
indication of the communication bandwidth needed to 
provide sharing. A much higher bandwidth is needed 
to provide sharing in a small time window than is 
needed to provide sharing in a large time window. 
The shared memory of a centralized system provides 
a very high bandwidth, while the bandwidth 
available in a distributed system is generally 
lower. 

Finally, it is necessary to measure the 
sharing of different types of objects separately, 
because different types of objects are referenced 
in different ways, some of which may be more 
difficult to provide in a distributed system. The 
types of objects considered here are segments, 
directories, and pages. 

3. Goals 
Having chosen a definition of sharing, we can 

now ask what parameters best characterize the 
amount of sharing that takes place in a computer 
system. The parameters described below appear to 
be most useful for this purpose. 

One parameter that is definitely of interest 
is the percentage of all objects of each type 
supported by the system that are shared in a given 
time window. The magnitude of this parameter 
increases as the time window is increased. An 
infinitely long time window gives the percentage of 

all objects of a given type that are shared at some 
point during their lifetimes. This parameter can 
be used to decide whether or not provisions for 
sharing should be made at the time that an object 
of that type is created. Smaller time windows give 
percentages of objects involved in more active 
sharing. 

A second parameter of interest is the 
percentage of all object references that reference 
shared objects. This parameter provides an 
indication of the number of references that may 
require special treatment in a distributed system. 

Another parameter that we wish to measure is 
the average number of processes that share a 
typical object. If a shared object is implemented 
by a multiple-copy strategy, then this parameter 
can be used to estimate the number of copies 
required and the communication that may be needed 
to keep the copies consistent. 

4. Measurement Techniques 
Knowledge of the parameters described above 

would allow us to estimate the storage capacity and 
communication bandwidth needed to provide sharing 
in a distributed system. Unfortunately, the 
Multics system does not provide the information 
necessary to measure these parameters directly: 
they must be indirectly measured or estimated. 
This section outlines the feasible measurements, 
and how these measurements relate to the parameters 
described above. It also provides a brief 
description of the virtual memory management 
algorithms used in the Multics system, which yield 
some data on the use of objects by processes. More 
detailed descriptions of these algorithms and the 
databases that they maintain appear in [4] and [5]. 

The measurements reported were made by 
examining supervisor data bases that describe the 
use of objects by processes. These databases were 
copied from a running system to produce a 
self-consistent snapshot of the state of the system 
at one instant in time. Forty such snapshots were 
analyzed to obtain the data presented here. 

The Multics supervisor provides three 
primitive types of objects: segments, which are 
logical information containers holding up to 261120 
36-bit words, directories, which form the hierarchy 
used to organize segments, and pages, which are 
information containers holding 1024 36-bit words. 
Each page is part of some segment or directory and 
contains part of the information content of that 
segment or directory. The Multics virtual memory 
mechanism maintains detailed information about the 
use of segments and directories by processes for 
approximately I000 segments and directories. This 
information is contained in a software-implemented 
cache, known as the Active Segment Table (AST), 
which is managed by an LRU algorithm [4]. The 
segments and directories that are described in this 
cache are referred to as active. For the system 
being measured, the average length of a active 
segment was 8.6 pages, while the average length of 
an active directory was 3.9 pages. 

For each active segment, the AST contains a 
list of the processes that have referenced that 
segment since it last became active. If two 
different processes appear on the list for a 
particular segment, then that segment has been 
shared, by the definition of sharing given above, 
in the length of time that the segment has been 
active. Unfortunately, the length of time that a 
particular segment has been active cannot be 
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determined directly from the available information 
and must be estimated. This time varies from a 
minimum of about 1 minute to several hours. The 
mean time is about 6 minutes. 

Similar information is available for the 
active directories. Processes do not frequently 
reference directories explicitly, but a reference 
to a segment implicitly references all directories 
above that segment in the file system hierarchy. 
Because of these implicit references, and the LRU 
management algorithm, directories tend to remain 
active longer than do segments. The average length 
of time that a directory was active in the system 
being measured was about 25 minutes. 

The amount of write-sharing of segments can be 
estimated by examining the access privileges that 

processes have to shared segments. (This only 
gives an upper bound on the amount of 
write-sharing, as a process that has write access 
to a segment does not necessarily write that 
segment.) 

There is less information available about the 
use of pages by processes. An estimate of the 
sharing of pages can be made by considering a page 
to be shared if the segment or directory of which 
that page is part is shared, that is, all pages of 
shared segments and directories are considered to 
be shared. This estimate is again an upper bound, 
as most segments and directories have more than one 
page, and all processes that reference a segment or 
directory do not reference all of its pages. 

We can easily estimate the magnitude of two of 
the sharing parameters described in the previous 
section from the data described above: the 
percentage of objects that are shared, and the 
average number of processes that share an object. 
A good estimate of the percentage of object 
references that reference shared objects cannot, 
however, be obtained from the available data. 

5. Results 
This section reports estimates of some of the 

sharing parameters described in section 3. The 
results reported in this section are averages 
obtained from 40 snapshots of the M.I.T. Multics 
system taken during the spring and summer of 1977. 
Except as noted below, estimates based on data from 
any single snapshot were within 10% of the reported 
averages. 

5.1. The Sharing of Segments and Directories 
Table 1 shows the total numbers and 

percentages of the active segments and directories 
that were shared in all 40 snapshots. The table 
shows that about 57% of the active directories were 
shared, while only 12% of the segments were shared. 

Table 1 
Sharing of Active Segments and Directories. 

Unshared Shared 

Segments 21037 (88%) 2910 (12%) 
Directories 4467 (43%) 5980 (57%) 

Thus directories near the top of the file system 
hierarchy tend to be shared. 

System processes, which perform such functions 
as making backup copies of recently modified 
segments and creating processes for users, 
reference many directories but do so very 
infrequently. These references contribute to the 
high level of measured directory sharing, but would 
probably not contribute to sharing across machine 
boundaries in a distributed system. The references 
that cross system boundaries could be minimized by 
using different processes to perform system 
functions at each site. A later section of this 
report discusses the effects of such system 
processes on our measurements. 

5.2. Read-Sharing and Wrlte-Sharlng of Segments 
Table 2 gives the numbers and percentages of 

active segments that were read-shared or 
write-shared. 

Table 2 
Read-Sharing and Write-Sharing of Segments 

Read-Shared 2505 (10.5%) 
Write-Shared 405 (1.7%) 

These figures suggest that very little 
write-sharing of segments takes place. An 
examination of the write-shared segments showed 
that most were being used to implement sequential 
communication between processes, (such as mail, or 
resource requests), which could easily be provided 
in a distributed system without shared memory. 

5.3. The Effect of System Processes and Segments 
The measurements of sharing presented above 

include all of the processes, segments, and 
directories in the Multics system. We would like 
to he able to examine sharing of objects by user 
controlled processes separately from sharing due to 
the system processes mentioned above. 

It is also interesting to examine the sharing 
of user-created objects separately from that of 
system objects such as system programs or 
subroutine libraries. Many system objects are very 
rarely modified, and therefore could easily be 
duplicated at each site in a distributed system; or 
they are directly related to the functioning of the 
machine, and thus would not be shared across site 
boundaries in a distributed system. 

Table 3 gives the results of performing some 
of the measurements reported in Tables 1 and 2 on 
the same system (a) with the effect of system 
processes removed, and (h) with both the system 
processes and system segments and directories 
removed. The table gives the total numbers and 
percentages of read-shared and write-shared active 
segments and of active directories in the 40 
snapshots. Three sets of figures are given, one 
for each of the two restricted cases mentioned 
above, and a summary of the results reported in 
Tables I and 2 for comparison. 

One reason for the larger proportion of shared 
directories is that the implicit references to 
directories cause a directory to be shared if two 
processes are using segments below that directory. 
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Table 3 
The Effect of System Processes and System Objects on Sharing Measurements 

Read-Shared Segments 
Write-Shared Segments 
Shared Directories 

All Processes, 
All Objects 

User Processes, 
All Objects 

User Processes, 
User Objects 

2505 (10.5%) 2236 (10.6%) 308 (2.1%) 
405 (1.7%) 180 (0.8%) 24 (0.2%) 

5980 (57%) 2899 (31%) 2476 (24%) 

These figures show that the system processes 
are responsible for a substantial proportion of the 
sharing of directories, and most of the write 
sharing of segments. They also show that most of 
the read-shared segments are system segments. Each 
process references a large number of system 
programs. The segments that contain these programs 
account for most of the read-sharing. 

5.4. The Average Number of Processes that Share an 
Object 

The figures presented so far suggest that 
sharing of segments may not be very important in 
Multics. The percentages of shared segments seen 
here suggest that relatively rarely is a particular 
segment shared. The third of the sharing 
parameters discussed in section 3, the average 
number of processes that share an object, presents 
a different picture. 

Table 4 shows this average for the three cases 
indicated in Table 3. The figures in parentheses 
show the average for the shared objects only, while 
the first set of figures shows the average for all 
objects, shared or unshared. 

Table 4 
The Average Number of Processes Sharing an Object 

Segments Directories 

All Processes, 
All Objects 2.4 (12.5) 4.1 (6.5) 

User Processes, 
All Objects 2.4 (13.2) 3.4 (8.7) 

User Processes, 
User Objects I.I (3.4) 2.2 (3.1) 

The figures in Table 4 show that although few 
segments and directories are shared, those that are 
shared are widely shared. This seems to be true 
for user-created objects as well as for 
system-created objects, although the averages for 
the user-created objects are lower. 

Figure 1 is a histogram of the data used to 
derive the average for all processes sharing all 
segments. It shows the number of segments that 
were shared by exactly N processes as N varies from 
1 to 50. Notice that most of the segments are 
unshared or shared by only a few processes, while a 
few segments are shared by most of the processes on 
the system. These few are the segments that 
contain the most popular system programs. These 
widely-shared segments account for the large 
averages reported in Table 4. 

Figure 1 
The Number of Segments Shared 

by Exactly N Processes 

1(21037) XxxxxxJIXXXXXXXX xxxxxxxxxxxxxXYJKXXXX * 
2 (952) xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx* 
3 (289) XXXXXXXXXXXXXXXXXXXXXX xxxxxxx 
4 (221) xxxxxxxxxxxxxxxxxxxxxx 
5 (134) xxxxxxxxxxxxx 
6 (98) XXXXXXXXXX 
7 (89) XXXXXXXXX 
8 (77) XXXXXXX 
9 (57) XXXXXX 
I0 (58) XXXXXX 
I I  (37)  XXXX 
12 (26) x x x  
13 (33)  x x x  
14 (35) XXXX 
15 (31) XXX 
16 (25) XX 
17 (23) XX 
18 (21)  XX 
19 (16) XX 
20 (16) XX 
21 (II) X 
22 (22) XX 
23 (24) XX 
24 (13) X 
25 (Ii) X 
26 (23) XX 
27 (18) XX 
28 (27) XXX 
29 (17) XX 
30 (21) XX 
31 (22) XX 
32 (25) XX 
33 (20) XX 
34 (22) XX 
35 (33) XXX 
36 (30) XXX 
37 (25) XX 
38 (22) XX 
39 (41) XXXX 
40 (43) XXXX 
41 (47) XXXXX 
42 (37) XXXX 
43 (38) XXXX 
44 (27) XXX 
45 (17) XX 
46 (12) X 
47 (ii) X 
48 (5)  
49 (7) x 
50+ (21) XX 
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5.5. SharinK of Pages 
As previously noted, information on the 

sharing of pages by processes is not directly 
available, and must be estimated based on the use 
of segments and directories. The three-level 
memory hierarchy used by Multics allows us to 
distinguish three sets of pages for which sharing 
parameters can be estimated. Each level of the 
memory hierarchy is managed by a page replacement 
algorithm that closely approximates LRU, so as to 
keep the most recently referenced pages in the 
lowest levels of the hierarchy. In the snapshots 
analyzed in this report, all pages in main memory 
(core) had been referenced within the last 0.5 
second, and all pages in the second level of the 
hierarchy, the paging device (PD), had been 
referenced in the last 4 minutes. Pages in the 
third level (disk) had not been referenced in the 
last 4 minutes. (These time intervals, which 
indicate the time at which a page was last 
referenced by any process, should not be confused 
with the time window of sharing, which is the same 
for segments and directories as for their pages.) 

Table 5 reports estimates of the amount of 
read-sharing and write-sharlng of the pages in the 
fastest levels of the memory hierarchy. 

Unlike most parameters, the amount of sharing 
of pages observed in the individual snapshots 
varied considerably from the averages reported 
here. The percentage of pages in main memory that 
were read-shared, for example, varied between 15% 
and 57%. The contents of memory at the time of a 
snapshot depend strongly on the references to pages 
that were made within 0.5 second of the time of the 
snapshot. Few processes run in that time interval, 
and the references made in that time interval may 
not be typical. 

Table 5 
Sharing of Pages 

Referenced in Referenced in 
Last 0.5 Second Last 4 Minutes 

Read-Shared 1569 (29%) 12025 (23%) 
Write-Shared 67 (1.3%) 874 (0.8%) 

Notice that the pages more recently referenced 
are more likely to be shared. We expect that 
shared pages are more frequently referenced, as 
they are referenced by more than one process. 

We can also estimate the average number of 
processes sharing a page at each level of the 
memory hierarchy in the same way as was done for 
segments and directories in section 5.4. Table 6 
presents these estimates, 

Table 6 
The Average Number of Processes Sharing a Page 

Pages of Pages of 
Segments Directories 

Core Pages 7.1 26.3 
PD Pages 4.7 16.1 
Disk Pages 2.1 5.4 
All Pages 2.7 7.9 

Notice that the number of processes that share 
a page is highest in the fastest portion of the 
memory hierarchy. This is because the chance that 
a page will be referenced increases with the number 
of processes that share that page, and thus shared 
pages compete more effectively for space on the 
paging device and in core. 

It is interesting to note that the average 
number of processes sharing pages of segments is 
larger than the average number of processes sharing 
segments. This observation suggests that the 
probability that a particular page is shared does 
not depend on the size of the segment that contains 
that page. Thus the more pages that a segment 
contains, the more likely it is that that segment 
is shared. As all pages of a shared segment are 
deemed to be shared, such a tendency would account 
for the larger averages for pages than for 
segments. 

6. Conclusions 
The results in the previous section show that 

very little sharing of user-created objects takes 
place among user-controlled processes on the M.I.T. 
Multlcs system. This fact suggests that it may be 
possible to implement a Multics-llke system in a 
distributed environment where sharing of memory 
pages is not possible. 

There is very little write-sharing of 
segments. Most of the write-shared segments are 
referenced only by system programs, which use 
simple protocols to synchronize their writes. 

Although a higher proportion of directories 
than of segments are shared, it is unlikely that 
shared directories would cause as much trouble in a 
distributed system as would shared segments. 

Updates to directories are performed by the 
supervisor, which could be modified to provide the 
same functionality in a distributed system. 
Updates to segments, however, are made by user 
written programs, which rely on the fact that all 
processes share the same physical copy of a segment 
in order to synchronize their references. It would 
be difficult to provide the same functionality in a 
distributed system. 

The figures presented suggest that although it 
would be possible to build a "distributed Multics", 
such a configuration may not be economically 
feasible. The segments and directories that are 
shared by all processes would need to be present at 
each site in such a system. Thus a distributed 
computer utility would need much more memory than a 
centralized utility to support the same number of 
users. 

The measurements reported here are, as noted, 
upper bounds on the amount of sharing in a computer 
utility: the actual level of sharing may be much 
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lower. With better information about the actual 
patterns of references to objects made by 
individual processes, the working set model [6] 
could be used to give accurate estimates of the 
time window in which each object is being shared. 
Such information would allow us to measure 
accurately the sharing parameters described in 
Section 3. Accurate measurements would be very 
useful in determining the amount of extra memory 
that would be needed to support a distributed 
computer utility. 

More accurate measurements would not, however, 
affect the conclusion that the level of sharing in 
a computer utility does not logically preclude a 
distributed implementation. 
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