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0. tract

With the growing use of networks of personal computers and workstations,
creating applications which can take advantage of using more than one machine on the
network has become more practical and desirable. The use of a distributed virtual
memory shared across machines of the network would present the programmer with a
familiar environment for program control and synchronization. However, moét
dkﬁbuwd virtual shared memories suffer serious performance problems due to the
delays caused by memory page faults on local machines.

This paper suggests an approach to minimize these delays through an educated
allocation of the physical memory as local permanent memofy, virtual permanent
memory and temporary or "cache" memory, and through a careful distribution of
memory pages amongst the machines. A step by sfep process to reduce delays through
the duplication of shared memory pages is presented, along with a set of conditfons for
determining which pages to duplicate and when to stop adding pages into the

~ permanent memory.

The paper then suggests a method for handling page fault requests through a
pre-determined priority and a process for determining these priorities in an attempt to
equalize the delay on each node in the network.
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1. Introductio is d d 0

With the greater affordability and power of workstations currently available,
networks of small workstations are becoming more prevalent in business world
environments. If several machines on a network were able to work together on a single
problem, their combined resources could provide a considerable performance
improvement when compared with solving the problem using only a single workstation.
Such co-operation between nodes, however, would require that more than one machine
have access to certain parts of data.

This desire to have machines co-operate efficiently led to the development of a
distributed virtual shared memory (or DVSM) model. This model provides the system
with a view of a single shared address space which is available to some (or all) of the
machines in the network. The application programmer can access this memory just as'
if it were local memory, but the same data would be available to all of the machines in
the DVSM environment. However, there is not an actual physically shared memory in
the network. This view of a shared memory is provided through the distribution of
memory amongst the local physical memories of the machines and a communication
system which supports the ¢xchange and update of this data between machines.

The advantagé of a DVSM is that it provides the programmer with a familiar
environment for the exchange of data and the synchronization of pfocesses, as well as
often resulting in more understandable code. A DVSM relieves the programmer of the
necessity of dealing with low level communication protocols which are often more
complex than other communication techniducs, such as parameter passing, and result in
confusing code when compared to the virtual memory cnviroﬁmcnt.

The most important consideration in a DVSM system is that it must guarantee a

coherent view of the shared data across all of the machines. In other words, like
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hardware caches, a read to any active copy of the data on any of the machines in the
network must always return the same value -- the value of the last update to that shared

address. In their paper [7], Kessler and Liviy suggest four major ideas that DVSM

algorithms use to maintain the abstraction of a coherent memory:

(1) The [DVSM] is partitioned into pages, the granularity
afforded by virtual memory.

(2) The page is the unit on which coherency is maintained.
Writes to a given page are strictly ordered and eventually
propagated to all nodes. o

(3) Copies of each page of the [DVSM] will exist on one or
more nodes as per the coherency constraints. At any
time at least one copy of each page exists.

(4) Virtual Memory hardware is used to restrict access to
shared data.

It is in the handling of these memory pages and in maintaining the system's

coherency that DVSMs experience significant communication delays which can

degrade their performance.
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.2 e Page Fa oble

While 2 DVSM environment makes work easier for the programmer, a shared
virtual memory has one serious problem that is nét a consideration with a physical
shared memory multiprocessor systems: the communication delays incurred by the
system.

There are two properties of a DVSM that require communication over the
network, and therefore delays. First, a DVSM needs to share data with other machines
in the network, and secondly it must assure that the data is consistent across the entire
network.

The first property is encountered when one workstation requires data from a
portion of tﬁe shared memory which the workstation does not currently hold, or what is
known as a read page-fault. Whenever a program needs to access a remote page of
memory, the DVSM system needs to determine who has a current copy of that page,
and then requests a transfer of that memory across the network. However, unlike
hardware cache handling, the amount of data transferred is usually on the order of
kilobytes as opposed to only a few words. The transfer of this much dafa can result in
considerable delays especially on a congested or unreliable network.

Finding ways to improve the performance of shared memory systems has been
the focus of a lot of research [2-4, 6-10, 12-14]. One of the ways discussed, and the
one this paper considers, is the initial reading of additional data at the start of execution.
The reading of additional pages before execution will reduce the need for later
communication as some of the page faults that shared memory accesses would have
generated have been eliminated and combined into one communication. Since the

overhead of communication is often a significant part of the overall communication
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delay (see Table 1), any reduction in the number of actual page faults will result in an
improved performance. -

The maintenance of data consistency amongst multiple copies of shared data
also results in considerable communication overhead. This overhead, a write page-
fault, results when a process attempts to wn'tc to the shared memory. Unlike a read
fault, this overhead is encountered whether the writing process already has a copy of
the memory page or not. Whenever any page of the shared memory is changed, the
shared memory system must guarantee that all other active copies of the page are either
made consistent with the new data, or that they are removed ﬁom the system so that
the now invalid data will no longer be used.

While there are some similarities between the behavior of shared memory and
hardware caches, techniques for mamt?mmg consistency in caches may not work well
in a shared memory environment. A common approach to cache coherence is to
update the main memory copy of the block, and then "invalidate" all of the cache
copies, so no one will use the now out-of-date information. While this performs
satisfactorily for hardware caches, a shared virtual memory often deals with a much
larger amount of information that would be invalidated -- as much as several kilobytes
as opposed to only a few bytes. The result is that any further access to the data on that
page, even the data that was not changed, will generate additional read page-fault and
will r;;uire the entire page to be resent over the network.

In a cache, this delay is sufficiently short, because only a small amount of
"correct” data has been invalidated, and there will likely be few accesses to that data.
In a shared memory system however, there is a far greater chance of that page being

needed again on one or more nodes, thus generating new page-faults, and increasing

the amount of time lost to communication delays.




This indicates that an approach other than page invalidation should be
considered. Wilson, LaRowe and Teller [14] demonstrate that in most cases an update
based scheme will perform better than a page invalidation scheme for a DVSM
even if the actual delay of performing the updates takes longer than the invalidation
message would because it will not generate the additional number of page-faults that
the invalidation would incur.

These schemes will be considered in more depth in section five, where a system

model for evaluating these proposals will be discussed.




3. Solution to Reduce Page Fault Delays
Reducing the overall delay in program execution resulting from page fault

communication was the basis of work by Clancey and Francioni at Michigan
Technological University. Their work [3], though, presents a simplified system
which assumes that the same program is executing on each node of the network,
although such an assumption is never stated. The results of examining this single
program - multiple data environment will be used to extend the ideas to a more
general MIMD system in sections 6 and 7. |

Clancey and Francioni present a system where local memory is partitioned into
two areas: the "home set" and tﬁc "copy set". The "home set" is the collection of
pages that are owned by that node, and that will always be available on that node for
the duration of the program execution -- there is no migration of page ownership across
the network. The "copy set" is that portion of memory that is used for temporary
storage of faulted for pages. All page replacement occurs in the copy set, never in the
home set, and only occur as a result of page faults.

In order to better understand the behavior of their techniques and measure their
gain, a general equation representing the total length of time to service all of the page
faults was derived [3]:

Costyethod = "method (tjfs * Xmethod zhop) * OHyothod (1)

“where Tmethod = total number of page faults using the distribution

method
lg = the time required by the faulting node and the home node

of the faulted-for page to service the fault
Xmethoa = the average round-trip distance in hops from the

faulting node to the home node

= average internode transmit time of a message

thop
OH,pthoq = Overhead time required to implement the distribution
method




The first method Clancey and F ranciom' propose fO{ improving performance is
derived from this equation. Since many programs exhibit a consistent pattern of '
memory accesses even with different data sets, this behavior could be used to attempt
to reduce the number of page faults. If a certain page is often faulted for by a
program, it generates a lot of network messages, and therefore delays, which would
not occur if the page had been in the home set initially. If a page were initially loaded
on each node, it would never generate a page fault. The overhead of Uansfening‘that
page would have only been incurred once at the start of execution. Initially loading a
faulted for page reduces the total number of page faults by some factor, ry,.. Because
each node is running the same program, similar behavior is expected on each computer,
and the page can be duplicated on every node so that a page fault is never generated in
the system.

However, if a page is added to the home set of a node, then the corresponding
copy set must be reduced by one page since there is a constant amount of available
memory. Reducing the size of the copy set, though, can generate new page faults due
to new page replacements that are required. The number of these new page faults, r .,
could outweigh the benefit of the page duplication by causing page thrashing in the
copy set.

The performance gained by this technique is dependent on how many \
more page faults are eliminated by the duplication of a page in the home set than are
generated by the reduction in the copy set size. If duplicating a page creates more page
faults than it removes, performance will suffer, and even if the number of page faults is
very close there would be a slight performance loss due to the added overhead of
loéding the page on every node. The number of pages that can be duplicated in this

manner before this performance loss occurs varies between applications.




The second technique that Clancey and Francioni present has its basis in the
distributed computing idea of load balancing. When a node generates a page fault, not
only is its own program delayed, but it forces a delay in the execution of the node that
has to service the request. Load balancing suggest that ideally this delay should be
distributed equally over all of the nodes so that no single process is delayed
extraordinarily by servicing requests, and thus resulting in a slower execution of the
entire system.

The cost associated with this technique is in a one time analysis of determining
if there is a consistent behavior in the pages that are requested independent of the data
set. Determining this can be done by running the program multiple times with different
types of data sets and seeing if a pZttern of pages faulted for occurs. If no pattern can
be determined than this technique can not be used; however, if there is a tendency for
the same pages to be faulted for more often than others, this method can be applied.

" To achieve the best performance, the number of page fault requests serviced by
cach machine in the network should be about equal. An arbitrary distribution of pages
across the network is unlikely to result in the optimal selection. Pages should be
distributed so that the pages which caused the most faults are all on different nodes.
This distribution will attempt to minimize the longest amount of time that any one node
spends servicing page faults rather than executing its own process.

Clancey and Francioni implemented these two techniques separately and
recorded performance improvement ranging from 2% to 80% by duplicating pages and
from 2% to 6.1% by reorganizing the distribution of pages across the network.
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4. Problems Resulting fro lications

While the techniques proposed by Clancey and Francioni work for a SPMD
application, in the rﬁore general and flexible MIMD environment, there are some
important considerations that their methods do not address. Most of these
considerations result from the fact that in a MIMD environment, each node could be
executing a different program with a completely different behavior than other
progm. In a SPMD application, it is assumed that most of the nodes will follow a
similar faulting behavior. In MIMD environments however, each node has a different
program with different memory requirements and faulting pattern™ Therefore the
duplication of pages on each node could result in data that is never used being stored
on machines at the expense of more useful information.

Another major difference between SPMD and MIMD environments is the type
of information that the shared memory stores. In a SPMD environment, the program
instructions as well as some data will be in the shared memory, since all nodes musf use
the same program. Most data is kept locally on each machine, and only critical data or
synchronization flags are usually stored in the shared memory.

In a MIMD environment though, each node is running a different program.
The instructions therefore wouldn't need to be in the shared memory since no other
node is likely to use them. However, unless each node has some form of local
permanent storage, f(;r instance a local hard drive or floppy disk, the program
instructions will need to be read through the network, probably from a file server. Ina
MIMD system, it is primarily the data which is shared by all of the nodes that is stored
in the virtual memory. Since different types of information (instructions and data) are
stored in different locations (file server and shared memory) a MIMD system has to

consider different types of page faults.

- 10 --




The differer;t types of page faults result in different delays on the system. In
SPMD, all page faults result only in the access of memory on a remote machine. In
MIMD, page faults looking for data will still only access remote memory, but when
there is a page fault resulting from needing program instructions, there is the additional
i/o delay of reading from storage besides the regular communication delay to a remote
machine. Therefore when considering how to reduce delays, rather than just reducing
-page faults, the types of page faults being generated and eliminated need to be
examined.

Another major consideration for a MIMD environment is the data coherency
problem.” In SPMD, most of the shared memory is program code, which is not
changed. Most data is stored locally, with only important data that is nced/ed by all of
the machines in the shared memory. Since most of the shared information is
instructions, there are probably few writes to the shared memory, reducing the
importance of an "efficient” coherence protocol. With very few changes to memory, a
simple invalidate scheme might be sufficient.

In MIMD environments, the shared memory is made up almost entirely of data.
Depending on the application, there might be a significant number of writes to the
shared memory. For that reason, an inefficient coherence protocol would drastically
hurt performance as a large number of unnecessary messages and page-faults might be
generated. As an application becomes more write intensive, the importance of the
coherency protocol increases. A

The need for different pages by each node, the diﬁ"erent delays caused by the
two different types of page faults, and maintaining the consistency of data across a
changing number of machines are the three main considerations in reducing the page-

fault delays in a MIMD system that are not as crucial in a SPMD environment.
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Before examining how techniques similar to those proposed for SPMD could

be used in a MIMD environment, this author makes some assumptions about the

machines on the network, the properties of the communication network, the memory

handling of the machines and the shared memory system implementation:

1. For this analysis, a system of N identical computers which are

connected by a single high-speed backbone along with a single
file server is considered [Figure 1].

2. Each of these N computers has a finite amount of pliysical memory

which is large enough to allow for efficient execution of most
applications using paging of memory. In other words, most
applications can not fit entirely in memory, and will generate some
number of page-fault requests. Each user workstation is assumed
to have only one user process at a time.

. None of the user workstations have any form of permanent storage.

All stored files reside on the network file server.

. The file server is not a user workstation, and has no application

processes on it. The file server's only purpose is to service requests
for stored data from a central location.

The communication behavior of the network needs to be considered next.

1. All inter-process communication occurs on a single communication

backbone via message passing. There is no physical shared memory,
or alternative method of data transmission besides the backbone.

. The communication backbone allows one message at a time to be

transmitted. Requests for control of the backbone are executed
sequentially in the order the requests were made to either the high
priority queue or the low priority queue, which are maintained by
the hardware controller of the backbone. Page requests are
queued at a low priority, while responses to page requests are
queued at a higher priority. This priority scheme assures that data
will be made available to a requestor as soon as possible, allowing
execution of those processes which have been delayed the longest
to resume as soon as possible.

—-12--



3. The backbone supports a multi-casting protocol so that a single
message can be accessed off the network by some, or all, of the
workstations in the network.

4. Each workstation is assumed to have network hardware which
examines the messages on the network and determines if a message
is for that workstation without slowing down the execution of the
main CPU. Only if the message is directed for that workstation is
the processing of the CPU interrupted while the message is handled
and acknowledged. ' '

5. The backbone is considered efficient -- there is no significant delay
in message transmission once control has been granted, and the
distance between workstations on the network has negligible effect
on the time of transmission.

6. The communication network is assumed to be robust. No messages
are lost or corrupted during transmission although the network
recognizes such problems if they occur. Re-transmissions are not
required often enough to add significantly to the network delay.

The memory behavior of the local machines and the shared-memory system,
also needs to be considered. q

1. Each workstation has its own physical memory which is handled
in pages of a definite, unchanging size. Any portion of this memory
may or may not be allocated into the shared memory of the entire
system.

2. The shared memory system allows each workstation to contribute a
different amount of memory to the system, depending on that
workstations needs. This allows better optimization of the entire
system.

3. There is some mechanism on each workstation that allows memory
pages to be indicated as permanent -- such pages will never be
considered for removal during a page replacement operation and will
always be resident for the duration of the application.

4. The shared memory system provides each workstation with a

permanent table which for each pagecof shared memory lists all
of the nodes in the network that the page permanently resides on.
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X 5. The page replacement policy of the entire system is a least recently
used (LRU) algorithm. ,

One assumption is made about the applications -- that each page of the shared
memory is used on at leas’t two different workstations within the time of the application.
This prohibits the performance degradation of adding shared memory overhead to data
that should have been kept in local memory on the only machine that needed it. ‘

With these basics of a network and system, analysis of how to apply the SPMD
ideas to a MIMD system is possible.

—-14 -




6. MIMD Selution without Consistency Concerns

To simplify the analysis, first consider a situation where data ¢onsistency
problems never occur. Such a situation could occur, for example, in an application
where all the data is initially generated and updated by one process. Only after all
updates are completed is the data then used by multiple workstations in a read-only
situation. Since no data is shared until all changes to the shared memory are complete,
there is no danger of using outdated information, and since there is only one process
making updates, there is no race condition or synchronization problem of assuring the
proper ordering of updates. ’ °

One example of such an application system is in the area of image processing
and pattern ;ecognition. In pattern recognition, images must often be filtered to
examine only the relevant data, segmented into regions where the desired patterns
might exist, and finally each region needs to be examined in detail. If an image is
loaded into the shared memory of the system, one workstation nught be responsible for
performing all of the ﬁltgﬁng, and updating of the image. This'same workstation
would then examine the image for important regions and isolate them -- a process
known as image segmentation. Only after these rcgioné, which might overlap [see
Figure 1], have been identified would other workstations begin the task of attempting to
recognize some feature within the region. In fact, any application where a large
amount of data is processed sequenﬁally,' and the results are examined in individual
discrete parts or as a whole by different techniques that do not change the data, would
qualify as this type of systém. |

The techniques being applied are attempting to minimize the average delay to :

\\the system. On any node there are two types of delays that will be encountered - the
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total deldy that occurs from waiting on page faults, 7., .., and the total delay that arises
from servicing page faults from other nodes, T, -

So, the total delay can be expressed as:

Cost =T ppis* Tser (2

The delay incurred in servicing a single request is the time it takes for a node to
recognize a request, create the reply and send the reply to the requesting node. This is
the same delay as is encountered by the requesting node except for the amount of time
it takes to generate the initial request message and transmit it over the network. Since
the entire delay for the request can be measured, and has been in Table 2 [Remote
Memory Access Time], and the time for creating and sending a short request message
has also been identified in Table 1 [Data Transmission Time], the delay of servicing a
single request is the difference in time between the delay in the requesting node, and
the amount of time it takes the servicing node to receive the request. The total delay to

the servicing node can be expressed as: ‘
Tser = Nyeq *(Tonem - Treq) ©)

where N,., q is the number of requests serviced by a node is the delay incurred

» Tnem
by a node faulting for a page of shared memory (generating and sending a request, as
well as waiting for the reply to be created and transmitted), and T req is the time,
required to generate and send a short request message across the nétwork.

Since there are two types of page faults, the total delay that these faults generate
is depbndent not only on the number of faults, but on the type of each fault. Each fault
for program instructions will incur a delay to access the file server, while each fault for

shared memory will incur a delay to access remote memory. Both of these times can

be measured [Table 2]. The total delay from page faults can be written as:
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Typait = (Fp * T + (Fy *Tonem) (4

where Fp is the number of page faults for program instructions, 7 file 18 the delay of

requesting and reading one page from the file server and F,, is the number of page

faults for shared memory that occurred.

In considering the initial distribution of pages; two requirements must be met.
First, all nodes are loaded with the first page of program instructions -- it is assumed
that this page will include the actual starting instruction for the program. Second, every
page of the shared memory must belong in the "home set" of at least one workstation.

In order to determine which pages of the shared memory should be placed on
which workstation, it is necessary to know how many times each workstation faults for
each page. This requires multiple executions of the entire application with different
pages being assigned to cach workstation every time. Every workstation must have
been missing each page dﬁring at least one of these executions so it can be determined
roughly how many times it will be faulted for — this is only an approximation because
page faults might change based on which pages were included in the home set.

In order to meet the requirement of having each page of shared memory on at
least one workstation, a page is initially assigned to the home set of the node that
faulted for it the most. This will eliminate the most number of page faults possible, as
well as reducing the number of service requests that will be required of the home node.
Since each node has different behavior, and will be responsible for varying amounts of
page faults and requests serviced, each node will have a different cost. This delay can
be expressed as:

Cost; = (Fy, i * Th1e) * (Fp i * Do) + Nregi * Tmem - Treg) 3

for each node i in the network.
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When considering the effect of loading an additional page on a workstation, the

effect of adding another program page is different from adding a page of shared
memory.

On a given node i, if the most faulted for program pagc is loaded into the
permanent memory, the total number of faults for program pages, F, o, will be reduced

by a factor of Fp’ elim

the number of times that program page was faulted for. As.in
the SPMD system, adding an additional page to the permanent set will reduce the
available copy set though, generating new page faults. These new page faults will be

some mix of faults for program pages generated by adding a program page to the home

set, FPp, and faults for shared data pages generated by duplicating a program page,
FP,,.
The delays eliminated and generated can be expressed by the formulas:

Tetim = F, p,elim *T fle (6
Toen = (FF, *Tﬁ[J+um *Tonem) (D

Since both Tﬁle and T, .. are measurable, it is possible to define a ratio R such that:
R= Tﬁle/Tmem (®)

Since this algorithm is trying to reduce the delay in the system, a new program
page should only be loaded into the home set if the delay eliminated is greatm: than the
delay generated by reducing the copy set. By combining this relationship with
equations 6, 7 and 8, it can be determined that the program page in question should
only be added to the home set if the following condition is met:

Fy elim > FPy + (FP, /R)  (9)

On the other hand, if the most faulted for shared memory page was added to
the home set of node i, the number of memory page faults F,, ; will be reduced by the

number of faults that page had generated, F m elim- Lhis reduces the total delay by:
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T

T F mem

elim = “'m,elim * (10)

As in the program page case, a new delay will also be introduced because of page faults
generated by the reduced copy set where FM, P is the number of additional program
page faults and FM,, is the number of additional shared memory page faults. This

delay is of the same form as equation 7.

Following the same logic as in the previous example, a -shared data page should
only be duplicated if the delays eliminated are greater than the delays created by the
smaller copy set. Using equations 7, 8 and 10, this relationship can be expressed as:

Fm,elim > (FMp *R) + M, (1)
So in order to duplicate a page of shared memory, it needs to not only eliminate more
faults than it creates, it has to eliminate enough faults to counter the added delay of
accessing the file server instead of shared memory.

Following these two relationships (equations 9 and 11), pages should be added
to a workstation one at a time until these relationships fail. At that point, the maximum
number of page faults has been climinated, and the final total delay of a node can be

expressed by combining equations 5, 6, 7, and 10;

C“tzTﬁle*(Fp'Fp,elim+FPp+Wp)+Tmem * - Fmetim + FPm *
M)+ T,

Cost =T pom * R *(Fp'Fp,eIim +F'p) +Fm,i"Fm,elim )t Toer (12)

where ', = FP +FM,, and F',, = FP, +FM,,  (13,14)

As long as the relationships 9 and 11 were followed, it can be demonstrated that
this process will reduce the total delays due to page faults. By substitution in equation.

12 the following relationship can be derived:
Fp,eljm > FPP +(FP,/R) (9
FPp < Fp,elim - (FP,, /R)
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Cost = Tyom * R *(Fp'Fp,elim +F'p) +Fm,i'Fm,elim Tt T (12)
by substitution
Cost < Tyyom * (R *(Fp'Fb,elz’m +Fp,elim'mpm/R) +Wp) +Fm'Fm,elim +
Fo)+ T ser
Cost < Tmem *R *(Fp‘(FPn/R)/f\FMp) +Fm—Fm,eIim +F’m) + Tser

Cost <Tpom * (R "‘FP) -FP,, + (R—"‘FMP) +F, 'Fm,elim +F )+ Tepr

Cost < Ty * (R * Fy) - FPyy + R *FMy) + Frp - Fry opion + FP, + FM,,) +
T

ser
Cost < Topem * (R *Fp) + R *EMP) + Fm -Fm»elim* FMm) + Tser

P clim > R *FM,) + FM,, (11)

m,elim
M, < Fm,elim - R *FMp)

by substitution
Cost < Tpyom ™ (R *Fp) + R *EMp) + Fyy - Foy olim ™ o, elim - ® *Wp)) *
T
ser

~COst < Loy * R *Fy 4 Frp) + Ty (15)

Since the initial cost was of the form T, * (R *Fp + Fp) + Ty thetotal

delay has been reduced as long as the relationships above are followed.

So far, only the delays for page fault requests have been considered. By
duplicating shared memory pages, the delay do to servicing page faults from other
workstations might also be aﬁccfcd since a node besides the original node might now
be able to handle the request. There are several possible schemes for determining
which node should handle a page request if more than one workstation has thaf page in
its home set, including nearest neighbor, random selection, queues of servicing nodes
and pre-defined priority.

In a nearest neighbor scheme, the node nearest the requesting node would

service the request. In this backbone network however, there is no significant
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difference in the communication time between any two workstations, so there is only a
negligible benefit of choosing one workstation over the other. The only benefit would
be that all of the requests could be split amongst the duplicating workstations reducing
the load on each machine. However this technique does not consider the current load
already on é workstation, so it might be sending requests to an already overloaded
node.

In random selection, the requesting node would randomly choose amongst the
nodes that own the desired page [as is stored in the table provided by the shared
memory system] and request the page from that node. This has the same benefit that
nearest neighbor does in that it provides for splitting the load of servicing requests over
multiple workstations. However, it suffers from the same drawback in that nodes that
are already very busy might be sent more work by this technique. The benefit of this
technique is can not be expressed algebraically since it is not possible to predict where
work will actually be sent.

In a scheme based on keeping queues of servicing nodes, the theory is that a list
of all the nodes with each page is kept either locally or centrally. Each time a fault for
a given page occurs, the first node on the list services the request,. and is then placed at
the end of the list. This would provide the most even distribution of requests for each
page amongst nodes that have a given page. Unfortunately, it is difficult to keep the
global list without forcing each request to check a table stored at one central location,
creating a communication bottleneck as workstations need to request where the page is
before they can actually request the page -- resulting in two request-reply pairs per
page-fault.

If local queues were kept on each node and only its own faults were circled on

that list, there is the danger that all of the requesting nodes will make requests to

-2] --




workstation P at the same time, and then they will all make requests to workstation Q at
the same time and repeat this same pattern resulting in temporary bottlenecks at each of
the servicing workstations, and increasing the delays as each requesting node has to
wait for all the replies to be sent.

All three of these techniques have one other fault. They are looking at
distributing the work for each page across all of the available nodes. However if one
page is faulted for very often, then even splitting this work could result in significant
delays since the servicing node might have other shared mcmor,pv@s which it is also
getting a portion of the requests to service. The final technique of pre-defined priority
attempts to address this problem.

The theory behind the pre-defined priority scheme is very different from the
basis of the three other schemes. Where the other techniques attempt to equally divide
the load of each page across all the nodes that have it, pre-defined prionity looks at all
of the workstations and tries to equalize the total delay in each node. This technique
requircs that a measure of the total delay for each node be maintained. Since 7,

and TﬁIe are measurable and the final number of page faults afier page duplication can
be determined, the value of T,

wait for each node can be calculated.

T, is the variable that can be changed in an attempt to equalize the total delay,

Cost, over the system\. Rather than trying to split all of the requests for .the same page
across the network, pre-defined priority assigns pages to specific nodes and that node
then serves all requests for that page. By determining the average number of times a
page is faulted for through multiple executions of the application, a,.pattem might be

found that will allow workstations with a lower delay service more requests than the

workstations that are already heavily delayed.




In order to accomplish this, a record is kept of the "total current delay” that has
been assigned to a workstation already. Initially this is the delay caused by the page
faults that node generates. To this factor, the delay of servicing requests that have been
assigned to the node will be added. First, if any page of shared memory exists only on
one node, that node is assigned to service all requests for that page, and this delay is
included into the "total current delay" record. After all of the single copy pages have
. been assigned, the remaining pages are assigned in decreasing order of page faults that
have to be serviced. Performing the technique in this order allows the largest delay
encountered to be assigned as early as possible so that the delay on that node can be
equalized by assigning later pages to other nodes. In order, each page is assigned to the
node owning that page which has the lowest total current delay. The delay for these
requests is then added to the workstation's total current delay, making it less likely to
accept another page. This algorithm is performed until each page of the shared
memory has been assigned to a workstation.

Unfortunately, since there is no control of the initial page distribution, this
technique could still result in an imbalance in the average delay of the system -- some
node could finish with a total current delay much higher, or much lower than most of
the network. This imbalance can be fine tuned 1f necessary to try and equalize the
performance. ,

If a node is delayed much less than most of the system, the last page of shared
memory that had been duplicated can be removed from the home set of that node. A
more faulted for page can then be placed into the shared memory. Thi¥'node can then
be assigned to service requests for the new page. This removes a heavy delay from

another node and moves it to this less delayed node. In addition to the new service

requests, more page faults will be generated as it will need to request the page that had




been removed from fhe home set. While this will result in a few more requests to the
node that will have to service requests, but the less delayed workstation will be delayed
more and the node that had been servicing the requests will be reduced in an attempt to
better distribute the load of the delay across the network.
If a node is heavily delayed, and there is no node that is less delayed than all of
| the other workstations, there are still some techniques which might give some benefit.
Ift_he node is delayed because it is forced to wait often, and is still required to service
requests because it has the only copy of a page of shared memory, these pages can be
’ dﬁpﬁéated on other nodes, thus eliminating the delays on the loaded workstation even
af it will forc_e greater delays on the network. If the node is delayed mainly because of
servicing requests for particular pages, these pages can also be split across other nodes.
| »l This technique will sometimes fail however since there will be applications
when the pattern of page faults is so random that a different page is faulted for many
tixﬁc;,s during each execution. If that happens, an already busy node might become even
mbre serious!y delayed. This is a problem, however, that can not be solved with a

static priority scheme.
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7. MIMD Solution with Consistency Concerns

With a technique usable for a simple read-only application, it becomes casier to
examine a more complex system where writing to the shared data pages is not limited,
giving rise to concerns about maintaining data consistency. Maintaining data
consistency is very important in any form of shared memory and has been the focus of
research of many people [1, 2, 5-12]. In many cases, this research has focused on
physical shared memory multiprocessor sysicms, but in a virtual shared memory the
efficiency of the coherency protocol becomes more vital because the delays inherent in
the required communication is greater.

Since the methods given in section 6 only consider the reads and page faulis to
the system, the added consideration.of maintaining consistency does not change these
procedures, but merely adds another delay into the total delay of the system.
Therefore, it is not necessary to consider whether page faults are for reads or writes
when attempting to reduce page faults as they will be treated in the same manner.

There are a number of common methods of guaranteeing data consistency
within a system. This paper will consider four of them: ownership migration,
invalidation, pessimistic write-through, and optimistic write-through.

In the usual implementation of ownership migration [10-12], the system keeps
only one copy of the shared memory as allowing writes to the data. The workstation
that owns the write-enabled page of memory also keeps track of every node that has a
copy of that page. When a node that does not own the write-enabled page needs to
write to that page, the workstation sends a message to the owner of the page and
requests ownership. If the owner is not writing to the page, it will transfer the write-

enable permission to the requesting page along with the list of all copies of that page. If
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the owner is writing, the requesting node must wait until the owner is‘ready to transfer
the page.

* There are problems with this solution though, relating to the fact that owncrshig
is associated with pages. If two nodes are attempting a series of writes to discrete sets
of memory locations that happen to reside on the same page, either one process will be
forced to wait for the entire series of writes by the other node to be completed before
being granted control, or ownership will thrash back and forth between the two
processes resulting in increased traffic on the communication network.

The second technique that is available is a combination invalidation and update
scheme [1]. As already discussed, an invalidation scheme is very inefficient because of
the number of unnecessary page faults it generates. Assume that the network has a
page length of 1 Kb, and a word length of 4 bytes, there are 256 words on a page.
Under this combination scheme, a write to one word will require the update of all other
nodes that have that page in their home set, and the invalidation of that page in copy
sets of nodes. This invalidation will not only prevent the use of the outdated data, it
will prevent the use of 255 words of data that were still valid. Any access to those 255
words will now generate an additional page fault, even though the data the node had
was correct. Since the pages that have been invalidated would likely be used again, the
additional page faults will degrade the performance of the system.

The method of pessimistic write-through updates works on the premise that any
write is likely to create consistency problems, so no write to the system is allowed until
every other node in the network says it is all right to write, enforcing a strict definition
of coherence [1, 10, 11]. Any node that desires to write to the shared memory
broadcasts a message to all other nodes requesting permission for the write, and then

waits until it receives responses from all nodes. Each of the other nodes receives the

—26 --




request and determines if the write can proceed. If the write does not interfere with the
node's own process, it replies to the requesting node that it may proceed, and continues
its own execution. If the write might cause conflicts because the node is using that
address, the non-requesting node needs to pause its own execution and allows the
writing node to proceed. After the requesting node receives replies from all other
nodes, it broadcasts the update, and then all processes are allowed to resume their
éxecuu'on.

While this technique guarantees data consistency it is extremely inefficient. For
a single write, N-+1 messages are required -- 1 request, N-1 replies, and 1 write update.
This is not only an excessive delay to the writing node, but it also ties up the<
communication network, prohibiting other messages from being sent.

The final method is an optimistic write-through update scheme [6, 10-12]. In
this technique, when a node wishes to write to shared memory, it broadcasts the update
to all other nodes [some implementations may delay this broadcast for better use of
the communication network]. Each workstation will read the message from the
network and will updﬁte the page accordingly if the workstation has it in either its home
set or its copy set.

The problem inherent in this technique is that due to the communication delay,
a workstation might have already used the outdated value by the time it learns of the
change. To deal with this, each workstation maintains a small log in memory of the
instructions it has performed. When it receives a write, it examines this log to
determine if it has used the outdated value. If not, execution can continue as normal.
If the invalid data had already been used, the workstation must "rollback" and undo the
instructions that it performed with the invalid data and all instructions since that use. A

complication arises though in that this rollback might require the undoing of a write that
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had been performed to the shared memory. This can result in the situation known in
distributed computing as cascading rollback. One write request can result in the
necessity to rollback other processes, which can force other follbacks, which can force
still other roflbacks. ‘

This technique however takes the optimistic approach that rollbacks will rarely
occur since a node is only forced to undo instructions if it had read from the same
address being ﬁpdated -- not just from the same page. Since each workstation is
running a different program, there is only a small chance that any two workstations will
be accessing the same memory address in the small amount of time that it takes for the
transmission of the update over the computer network. Even if such a conflict occurs -
and a rollback is required, a second rollback is only rcquired if a write to the shared
memory needs to be undone. Unless the application being considered is write intensive
to the shared memory, this situation becomes less likely, and with each rollback that is
required, the chance that another rollback will be required decreases. So this optimistic
approach assumes that this type of conflict will rarely occur, and allows the cascading
rollbacks to proceed if they are absolutely required.

The delay involved in a write under this scheme is relatively uniform across the
network, assuming that there are very few roll backs. When the non-writing node

receives the request, it is delayed for the time it takes to receive the message and
perform the update, T upd: The writing node on the other hand needs to delay for the

time it takes to send the short update message, 7, e If the number of writes on a node

iis W and the total number of writes is 7, the delay due to the consistency protocol

on node i can be expressed as:

Teonsistenti = Wi * Trgg+ W-Wy* Tupa  (16)

s




Unless there is some way to optimize the program to reduce the number of
writes in the system, or an even more optimistic approach is taken for grouping writes
before sending the update, there is no method of reducing this delay, so it does not

effect the decisions made in the duplication and placement of pages in the shared

memory.




8. Conclusions and Future Work

This paper demonstrates that the delays on a distributed virtual shared memory
MIMD system can be reduced using techniques very similar to those first proposed by
Clancey and Francioni for a SPMD system. Through a pre-production use
examination of the memory behavior of an application system, pages of shared memory
and local memory can be \assigned s0 as to distribute the expense of the shared memory
across the network as evenly as possible.

The reduction in the system delays is based on the number of faults th;u have
been removed as opposed to the page faults that have been generated by the change in
the system. By building the final configuration of the system step by step and re-
evaluating its performance in terms of several relationships, this method will produce an
efficient, if not optimal configuration.

This method requires multiple executions of the system before the configuration
is complete. The amount of time that this method requires suggests that it would only
be of value for large production systems where the same application is performed many
times on different sets of data.

Areas for future consideration would include an actual implementation of this
technique to measure the true effect on performance of these techniques; the
consideration of a dynamic priority scheme for servicing page-fault requests, so that a
node can request to have its own priority either raised if its current load is less than
most of the network, or to have its priority lowered if it is being delayed seriously by
service requests; and the evaluation of the optimistic write-through coherency scheme
to determine how often rollbacks and cascading rollbacks will occur, and if necessary
determine solutions to these problems that will not seriously degrade the performance

of the entire system.
»
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Appendix: Tables and Figures

Data Transmission Request & Data

Message Size Time Transmission Time
1 byte 175 uSeconds 1945 ySeconds
10 bytes 178 uSeconds 1972 uSeconds
100 bytes 215 uSeconds 2051 uSeconds
1 kilobyte 372 uSeconds 3331 uSeconds
2 kilobytes 830 uSeconds 4729 uSeconds

[Times based on 3000 trials on a network of Sun/4 workstations]

Table 1: Communication Delays Caused by Message Transmission

/ File Server Access | Remote Memory
Page Size Time Access Time Ratio
100 bytes 55086 uSeconds 2051 uSeconds 268
1 Kilobyte 5589 uSeconds 3331 uSeconds 1.68
2 Kilobytes 5725 uSeconds 4728 uSeconds 121 |

[Times Based on 3000 trials on a network of Sun/4 workstations]

Table 2: Comparison of File versus Remote Memory Page Fault Delays




. vs —

File Server Workstation 4
Disk Storage Local Memory
Tape Storage User Processes
'File Retrieval Shared Virtual Memory
Maintenance
Workstation 2 Network Communication Workstation 6
Workstation1 Workstation 3 Workstation 5 | --++ | Workstation N

All Workstations have identical resources and responsibilities.

Figure 1. Network Configuration, Resources and Responsibilities
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Image Processing Problem: Examination of Segmented Regions of an Image

LEGEND: A - Segmentation Region 1 B - Segmentation Region 2
C - Segmentation Region 3 D - Overlap Regions

Figure 2: Sample of Multiple Readers of Shared Memory Data
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